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Nanotechnology is exerting a huge impact on various sectors of everyday life 
as it has a tremendous potential for revolutionizing a long list of consumer 
products and industrial applications. The key to success in the nanotechnology 
field lies in the fact that materials at the nanoscale possess novel and enhanced 
properties such as greater strength and improved conductivity when 
compared with their bulk-sized equivalents.  

The most probable occupational and consumer routes of exposure to 
engineered nanomaterials (ENM) are via the respiratory tract and skin. Due 
to their small size, ENM are able to bypass physical and chemical barriers in 
the human body and come into contact with the immune system which is 
capable of recognizing foreign structures including ENM. However, the 
downscaling of the materials also increases their chemical reactivity, which in 
combination with the small size and other physicochemical properties, means 
that ENM could influence our immune system exerting possibly beneficial but 
also adverse effects on our health. The aim of this thesis was to investigate 
modulatory effects and physiological outcomes of ENM on a healthy and a 
compromised immune system in the lungs and skin. 

The main findings of the thesis were that rigid, rod-like but not long and 
tangled carbon nanotubes (CNT) were able to induce a condition similar to 
allergic airway inflammation via activation of innate immunity. Although 
nanofibrillated celluloses triggered acute pulmonary inflammation, their 
effects subsided within one month and regardless of the material’s 
biopersistence, their health outcomes differed significantly from the long-term 
pathologies of rigid, rod-like CNT. Uncoated and functionalized CuO 
nanomaterials demonstrated an ability to worsen allergic asthma by eliciting 
pulmonary neutrophilia, however it was found that surface PEGylation 
significantly suppressed the inflammatory potential of the pristine CuO ENM; 
this effect was especially evident at the transcriptional level. Topical exposure 
to nano-sized ZnO in a murine model of atopic dermatitis revealed that the 
particles were able to pass through mechanically injured allergic skin. This 
penetration of the material resulted in a local inhibition of pro-inflammatory 
and allergic reactions and a systemic exacerbation of IgE antibody production. 

This work provides knowledge of pulmonary and dermal effects of ENM. 
The results of this thesis demonstrate that ENM with different 
physicochemical characteristics possess an ability to modulate our immune 
system. These observations emphasize the diversity and complexity of the 
materials as well as highlighting their impacts on the immune system and the 
resulting consequences on health. These data contribute to the safety 
assessment of ENM as well as information that can be useful in nanomedicine. 
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In 1986, K. Eric Drexler, an American engineer, published a book entitled 
“Engines of Creation: The Coming Era of Nanotechnology” in which he 
described machines invisible to our eye but being able to renew the human 
vascular system (Drexler, 1986). This idea sounded like science fiction to many 
at the time. However, fast forward to 2018, times have changed and so have 
the opinions of such visions. 

Today, the world is in thrall to nanotechnology. It holds an enormous 
potential for developing and improving the design and manufacture of many 
consumer and industrial products. Nanotechnology has already exerted a 
major impact on many sectors of life ranging from electronics, food, textile and 
cosmetics to construction, sports, military and medicine. Many 
nanotechnology-based products are already on the market - for example the 
technology is exploited in carbon-fibre-containing sport ware, sunscreens 
based on inorganic UV filters, silver-integrated clothes and SiO2-included eye 
shadow (Danish Ecological Council and Danish Consumer Council, 2013). 

In essence, nanotechnology is a field of material manipulation at the atomic 
scale or in other words – at the nanoscale. The development of these kinds of 
materials is limited only by the creativity of the human mind, thus, anything 
that can be imagined, has a potential in nanotechnology. Physicochemically, 
manufactured nano-sized materials known as engineered nanomaterials 
(ENM) can be based on all of the elements around us, they can be made in 
different sizes, shapes and forms and endowed with additional molecular 
compounds either around or inside the particles. The motivation for creating 
ENM lies in the fact that particles at the nanoscale have significantly altered, 
and often improved, properties compared with their larger equivalents.  

The main routes of occupational and consumer exposure to ENM are via 
inhalation and dermal contact. Due to the small nature of primary ENM 
particles, they might bypass the biological barriers and avoid the clearance 
mechanisms of human body. Consequently, they encounter the immune 
system which is designed to recognize the cells that compose our bodies and 
to combat any new structures with which we come into contact and this 
includes not only invading bacteria and viruses but also foreign matter such as 
ENM. However, the downscaling of materials increases their chemical 
reactivity which when combined with their small size and other properties, 
confer on the ENM the potential to interact with the immune system and 
influence its functions. The contact may cause beneficial or detrimental effects 
on human health under normal but even more likely under compromised 
physical condition. 

The aim of this thesis was to investigate the immunomodulatory effects of 
ENM under both physiologically healthy and impaired conditions. Firstly, the 
pulmonary effects of whole-body inhalation exposure to differently shaped 
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fibrous carbon nanotubes (CNT) were investigated in healthy mice. Secondly, 
the effects of exposure to nanofibrillated cellulose (NFC) were examined also 
in the lungs of healthy mice with the particles administered via a different 
respiratory exposure method called oropharyngeal aspiration (OPA). Thirdly, 
the ability of uncoated and coated CuO nanomaterials to modulate allergic 
airway inflammation (AAI) was explored in a murine model of asthma. Lastly, 
the penetration of nano-sized ZnO (nZnO) through injured and allergic skin, 
and its subsequent immunomodulatory effects were studied in a mouse model 
of atopic dermatitis (AD). 
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Humans possess an inbuilt system formed by a variety of cells and molecules 
that protect us from infectious agents and harmful substances – it is called the 
immune system. The cells of the immune system lodge in the lymph nodes, 
reside in different tissues and circulate in the bloodstream. This broad 
distribution of immune cells throughout the body assures the rapid detection 
and a vigourous response when pathogens or foreign matter gain access to our 
bodies. 

The immune system is divided into innate immunity, which we are born 
with and adaptive immunity which develops during our lifetime. Innate 
immunity responses are nonspecific and rapid, taking place within minutes or 
the first hours upon encountering a threat, whereas adaptive immunity 
reactions are specific to a pathogen; they occur days later resulting in the 
generation of a long-lasting protective immunological memory.  

Immune reactions, both innate and adaptive, are mediated by white blood 
cells, also known as leukocytes. There are many different types of leukocytes 
and each has its own role to play in the immune response. In addition to killing 
microorganisms, immune cells also communicate with each other and activate 
nearby cells or other cell types, therefore their functionality is highly 
dependent on one another (Murphy et al., 2009). 

Innate immunity provides us with a frontline defense barrier against the 
microorganisms and foreign matter that we encounter on a daily basis. Innate 
immunity cells reside in the tissues and circulate in the bloodstream to 
increase the probability of pathogen detection. Cell types that belong to the 
innate immunity are monocytes and macrophages, dendritic cells, 
polymorphonuclear leukocytes (PMN), mast cells and innate lymphoid cells 
(ILC) (Murphy et al., 2009, Artis and Spits, 2015). 

Macrophages are resident cells that are found in almost all tissues. They 
mature from monocytes which circulate in blood and migrate into tissues 
where they differentiate. Macrophages are professional phagocytes – their role 
is to recognize, engulf and neutralize microorganisms that have passed 
through the physical and chemical barriers of our body. Recognition is 
mediated via cell-surface receptors that can differentiate between the surface 
molecules of infectious agents from those of the host. Once a pathogen binds 
to a macrophage receptor, an uptake process, called phagocytosis, occurs. 
Essentially, it means that the surface-bound invader becomes surrounded by 
a cell membrane and is then engulfed in an acidic vesicle called the phagosome 
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where the pathogen dies. Macrophages also store lysosomal granules that 
consist of enzymes, proteins and peptides used for targeting microbes. 
Another important function of macrophages is their secretion of signaling 
molecules called cytokines and chemokines, and other mediators upon their 
activation by pathogens. This triggers inflammation in the tissue and attracts 
other types of immune cells to the infected site.  

Macrophages, and especially dendritic cells, link innate and adaptive 
immunity. After the interaction with a pathogen, these cells intracellularly 
bind fragments from the digested pathogen called antigens to major 
histocompatibility complex (MHC) molecules which are then displayed on the 
cell surface. These cells migrate from the infected site to nearby lymph nodes 
and present the antigens to T cells, a type of adaptive immunity cell. Thus, 
macrophages and dendritic cells are also called antigen-presenting cells 
(APC). 

PMN are divided into three sub-types – neutrophils, eosinophils and 
basophils. Since their cytoplasm contains granules, they are also called 
granulocytes. PMN are short-lived cells that under normal conditions, 
circulate in blood, however, they are rapidly recruited into tissue to reinforce 
the actions of the macrophages during times of inflammation (Murphy et al., 
2009).  

Neutrophils are the most abundant white blood cells; they are so-called 
professional killers of pathogens. During an infection, they are the first cells 
recruited to the inflammatory site (Murphy et al., 2009). Neutrophils are able 
to kill pathogens irrespective of whether the latter are inside and outside the 
cell. Similar to macrophages, they have an ability to phagocytize foreign matter 
and neutralize it with the assistance of their granular content. After activation, 
neutrophils can also become degranulated and form neutrophil extracellular 
traps (NETs). NETs consist of decondensed chromatin whose purpose is to 
concentrate the released granule content and thereafter to capture the 
pathogen into a “net” where it will be killed by anti-microbial components of 
the granules. Neutrophils either die during the NETosis or become anuclear, 
in that case they maintain a preserved phagocytic ability (Papayannopoulos, 
2018). 

Eosinophils fulfill important roles in allergic diseases as well as in 
combatting helminth, viral and bacterial infections. Historically, eosinophils 
have been considered as effector cells in providing protection against 
parasites. In such cases, eosinophils have been observed to migrate and 
aggregate around parasitic helminths and degranulate to damage the targets 
(Rothenberg and Hogan, 2006). These cells, however, contribute also to the 
initiation and propagation of inflammatory responses through the release of 
cytokines; they can also regulate adaptive immunity by acting as APC to T cells 
(Rothenberg and Hogan, 2006, Kvarnhammar and Cardell, 2012).  

The functions of basophils remain unclear but it is known that in response 
to cytokines from other cell types, antibody IgE, and antigens, they produce an 
array of bioactive molecules including cytokines, chemokines and histamine 
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that contribute to promoting and regulating immune reactions. Similarly to 
eosinophils, basophils play a role in allergic inflammation and in combatting 
parasitic infections (Yamanishi and Karasuyama, 2016, Kubo, 2018). 

Mature mast cells reside in tissues; they are distributed under mucous 
membranes, in the skin epithelium as well as along blood vessels. Like 
eosinophils and basophils, these cells carry high affinity surface receptors, 
FcεRI, that bind IgE antibodies. Hence, a classical example of the involvement 
of eosinophils in inflammatory reactions in conjunction with their circulating 
equivalent, basophils, is the induction of type I hypersensitivity response 
through FcεRI activation in response to allergens. Contact with the allergen 
triggers degranulation and the release of pre-formed and newly formed 
mediators that cause the features typical of allergic responses (Cruvinel et al., 
2010). 

Innate lymphoid cells (ILC) can be found at the body’s barrier surfaces, 
such as the skin, lung and intestine. These cells are divided into several 
subsets, including classical natural killer (NK) cells as well as recently 
discovered non-cytotoxic ILC. NK cells do not carry antigen receptors on their 
surface and thus, they do not possess antigen specificity (Artis and Spits, 
2015). Instead, when activated, NK cells bind to infected cells and release their 
granules onto the surface of the target cell. The effector proteins of the 
granules then penetrate through the membrane of the infected cell and induce 
programmed cell death, i.e. apoptosis. NK cells keep viral infections under 
control while antigen-specific cytotoxic T cells of the adaptive immunity are 
being generated (Murphy et al., 2009). Non-cytotoxic ILC respond to cytokine 
and microbial signals by producing a variety of pro-inflammatory and 
immunoregulatory cytokines to trigger host-protective effector functions 
(Artis and Spits, 2015, Sonnenberg and Artis, 2015, Klose and Artis, 2016). 

In the case when a pathogenic microorganism surpasses the protective limit of 
innate immunity, then the mechanisms of adaptive immune response will be 
activated. Adaptive immune reactions are the responsibility of lymphocytes 
that are divided into T and B cells. Following their maturation, these cells 
circulate in the bloodstream or are located in lymphoid organs such as lymph 
nodes where they await activation by innate immunity cells. 

Naïve T lymphocytes are subcategorized into CD8 and CD4 T cells. In order 
to become activated, naïve T cells need three signals: MHC molecule:antigen 
complex binding of APC onto T cell receptor, the presence of APC CD80 (B7.1) 
or CD 86 (B7.2) co-stimulatory molecule that becomes attached to the CD28 
receptor on T cells and cytokines provided by the APC which play a role in 
determining into which subtype of T cells these naïve cells will differentiate. 
After activation, T cells themselves produce IL-2 cytokine which acts as a 
growth factor, supporting T cell division and clonal expansion. Once naïve T 
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cells are activated, they proliferate and differentiate into effector T cells and 
subsequently they migrate to the inflammatory site.  

Antigen-bound MHC I complex differentiates CD8 cells into cytotoxic CD8 
T cells that kill virus-infected cells, whereas the MHC II complex differentiates 
CD4 cells into several functional subclasses. The main subtypes of these are T 
helper (Th)1, Th2, Th17 cells and regulatory T cells (Tregs).  

Th1 cells control viral infections and enhance the microbial activity of 
macrophages in killing intracellular bacteria. Th1 cells differentiate in an 
environment of IFN-γ and IL-12 cytokines and are characterized by their 
ability to produce IFN-γ for clonal expansion. Th1 cells also induce antibody 
production (IgG) in B cells. Th2 cells also induce class switching of B cells, 
especially causing these cells to produce IgE that plays an important part in 
parasitic infections and allergic responses. Th2 cells produce IL-4, IL-5, IL-13 
and IL-10. In the acute phases of the inflammation, both Th1 and Th2 subtypes 
might participate in order to guarantee an effective response, however, should 
the condition become chronic, then typically either the Th1 or Th2 subtype 
becomes dominant (Murphy et al., 2009). 

Th17 cells differentiate in an IL-6 and TGF-β environment and produce 
subset-specific IL-17 cytokines. These cells are stimulated in the early phases 
of adaptive immunity response to extracellular microbes. Th17 cells induce 
several cell types to produce pro-inflammatory cyotokines (TNF, IL-1β, IL-6) 
and chemokines (CXCL1, CXCL8, CXCL10). One of the important functions of 
Th17 cells is to attract neutrophils to the site of inflammation (Korn et al., 
2009). 

Tregs become committed from CD4 T cells either when they are still in the 
thymus, i.e. natural Tregs, or in the periphery, i.e. adaptive or inducible Tregs. 
These cells produce IL-10 and TGF-β which target T cells directly or indirectly 
to mainly inhibit their reactions (Murphy et al., 2009, Schmitt and Williams, 
2013). 

Naïve B lymphocytes can be activated either T cell-independently or T cell-
dependently. B cells can be stimulated and their division triggered by non-
protein bacterial antigens such as lipopolysaccharide (LPS) alone. More 
commonly, activation by the majority of antigens requires the help of an 
effector Th cell. T cell-dependent stimulation takes place in the presence of 
three signals: binding of the antigen to B cell receptor – surface 
immunoglobulin, co-stimulatory binding between Th cell ligand CD40L and 
its B cell receptor CD40, and cytokine release from the T cell (Murphy et al., 
2009).  

Activated B cells initially differentiate into plasmablasts and then further 
either into extrafollicular short-lived plasma cells or germinal centre-
dependent long-lived plasma cells that contribute to the serological memory. 
Plasma cells secrete antibodies whose form is determined by T cell-derived 
cytokines in a process known as class-switching, but these cells no longer 
possess an antigen-presentation ability. Some of the B cells differentiate into 
long-lived memory B cells that upon re-encountering the same antigen can 
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quickly differentiate into plasmablasts and generate class-switched antibodies 
(Kurosaki et al., 2015).  

Antibodies undertake three tasks in immunity. First, they can neutralize 
pathogens or their toxins by binding onto their surface molecules which the 
pathogens use for gaining access to cells. Second, they can assist in the uptake 
and phagocytosis of extracellularly multiplying bacteria in a process called 
opsonization in which they bind to the antigen-bearing pathogen and are 
thereafter recognized by Fc receptors on phagocytes. Third, antibodies which 
have become attached to a pathogen can activate the complement system – a 
plasma protein cascade of innate immunity, via a classical pathway which 
results in binding of complement components that in turn are recognized by 
complement receptors on phagocytes. While IgM, IgG and IgA antibodies can 
fulfill these functions, they do not sensitize mast cells like IgE. The latter, when 
bound to mast cells, triggers the secretion of chemicals that cause vomiting, 
coughing and sneezing – reactions intended to achieve pathogen removal. In 
addition, IgE mediates allergic responses. 

B cells possess the ability to behave also as APC. Their surface-bound 
antibodies can recognize the antigen which is taken up into the cell, processed 
and then returned to the cell surface on a MHC II receptor. An antigen which 
is presented on the surface of a B cell can bind only to antigen-specific Th cells 
that have differentiated in response to the same stimulus. Upon linked 
recognition, T cells produce cell-bound and release effector molecules that 
support B-cell proliferation and immunoglobulin class switching (Murphy et 
al., 2009). 

Successful adaptive immunity response results in the immunological 
memory. During the primary immune response, some of the T cells 
differentiate similarly to B cells into long-living memory cells. T and B memory 
cells ensure that the body has a heightened ability to mount a secondary 
immune response should re-exposure to the same pathogen occur (Murphy et 
al., 2009). 

The occurrence of allergic diseases has insidiously increased in the developed 
countries over the past 50 years. In addition, the prevalence of the diseases is 
growing also in developing countries. Furthermore, up to 40% of the global 
population is sensitized to foreign proteins in the environment and are at an 
increased risk of developing an allergic disease. Today, allergy has become a 
major healthcare problem (Pawankar et al., 2011).  

Asthma is a chronic inflammatory disease of the conducting airways that 
affects over 300 million people all around the world. The typical features of 
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the disease include bronchial hyper-reactivity, mucus overproduction, 
remodeling of airway walls and narrowing of the airways. These changes are 
responsible for the clinical symptoms of asthmatics such as wheezing, 
shortness of breath and chest tightness (Lambrecht and Hammad, 2015). 
Asthma has several phenotypes and it can be triggered by several 
environmental agents and susceptibility genes (Kim et al., 2010). The most 
general types of asthma are intrinsic (non-allergic) and extrinsic (allergic). 
Non-allergic asthma is more commonly diagnosed in adults and can be 
induced by exercise, respiratory infections, air pollution or cold air whereas 
allergic asthma might be initiated early in life and is triggered by an allergen 
like house dust mite, pet dander or pollen (Kim et al., 2010, Deckers et al., 
2017). 

Allergic asthma is the most common form of asthma; it develops with time, 
after re-exposure to the same allergen (Schatz and Rosenwasser, 2014). The 
first contact with an allergen - sensitization, results in the production of an 
antigen-specific IgE. Upon re-encountering the same allergen, a full-blown 
allergic response takes place (Galli and Tsai, 2012). Within the first minutes, 
the antigen binds to specific IgE antibodies that attach onto the FcεRI receptor 
on mast cells and basophils to initiate early-phase reactions. The pre-formed 
and newly synthesized cellular mediators including histamine, lipid-derived 
compounds, chemokines, cytokines, will then be released and these cause 
several symptoms e.g. increased vascular permeability, cell migration, mucus 
production and bronchoconstriction (Galli et al., 2008, Cruvinel et al., 2010). 
Late-phase reactions develop 2-6 h later and culminate 6-9 h after allergen 
exposure. They include activation and migration of CD4+ Th2 cells, 
eosinophils and other leukocytes with continuous mediator release from local 
cells (Galli et al., 2008). Chemokine and cytokine environment of allergic 
asthma is replete with powerful mediators e.g. TNF, IL-1β, IL-5, IL-4, IL-13, 
IL-10, IL-33, TGF-β, CCL2, CCL7, CCL11 and CCL24 (Lukacs, 2001, Galli et 
al., 2008, Deckers et al., 2017). 

Atopic dermatitis (AD) is a chronic, highly pruritic inflammatory disease of the 
skin that usually starts at an early age (Carmi-Levy et al., 2011). It affects up to 
30% of children and up to 10% of adults. The occurrence of AD is increasing 
among kids and its prevalence has been found highest in Northern Europe. AD 
is more commonly diagnosed in children who live in urban areas as compared 
with those from the countryside (Bieber, 2010). Furthermore, it has been 
estimated that up to 80% of children with AD develop asthma or allergic 
rhinitis later in life in a process that has become known as the atopic march 
(Beck and Leung, 2000).  

Both genetic and environmental factors play a role in the development of 
AD. It has been found that loss-of-function mutations in the FLG gene are a 
major risk factor in the development of AD (Fallon et al., 2009). The gene 
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encodes profilaggrin/filaggrin production – a protein in keratinocytes that is 
responsible for keratin filament aggregation and the proper formation of the 
epidermis layer (McGrath et al., 2008, Fallon et al., 2009). The disturbed skin 
barrier, however, experiences increased transepidermal water loss and 
enhanced allergen penetration (Irvine et al., 2011, Watson and Kapur, 2011).  

The onset of AD is linked to the production of TSLP by keratinocytes 
encountering an allergen which leads to the generation of Th2 type milieu in 
acute skin lesions. However, a class switch from Th2 towards Th1 takes place 
during the course of the disease and thus, older skin lesions are characterized 
predominantly by a Th1 environment (He et al., 2008, Werfel, 2009).  

The skin of AD patients is richly colonized with Staphylococcus aureus. 
This happens due to the Th2 type reactions in the acute phases of AD which 
cause a suppression of the production of anti-microbial peptides. However, S. 
aureus produces enterotoxins that act as superantigens – they bind to MHC 
and TCR molecules non-specifically, causing an uncontrollable activation of T 
cells and overproduction of cytokines that results in the aggravation of AD 
(Morishita et al., 1999, Bieber, 2010, Macias et al., 2011).  

The nano era is considered to have begun in 1959 when an American physicist, 
Richard Feynman gave a lecture entitled “There is plenty of room at the 
bottom” in which he introduced the idea of manipulating materials at the 
nanoscale and making molecular machines with atomic precision (Feynman, 
1959). Years later, in 1974, a Japanese professor, Norio Taniguchi, formulated 
and defined the term nanotechnology. He said it “consists of the processing of, 
separation, consolidation, and deformation of materials by one atom or by one 
molecule” (Taniguchi, 1974).  

The materials to which Feynman and Taniguchi referred are today called 
ENM; according to the definition provided by the European Commission, 
these have one or more external dimension in the size range 1 nm - 100 nm 
(The European Commission, 2011). One nanometer is one thousandth of a 
micrometer and only one billionth of a meter – ENM are so small that they are 
invisible to the human eye. It is also noteworthy that the materials are smaller 
than the cells of our body which confers on them the possibility to interact with 
our immune system. It may be easier to appreciate the size of ENM by 
comparing the primary particles of the materials with other common objects 
in Figure 1. 
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The design of ENM holds seemingly endless possibilities. The materials can 
be made of basic elements (C, Au, Ag), metal oxides (TiO2, ZnO, SiO), 
biomolecules (proteins, lipids, DNA) and biomaterials (clay, cellulose). They 
can be solid or hollow and shaped as spheres, cubes, rods, sheets and fibers. 
Such core materials can then be coated with functional groups or filled with 
other nanomaterials or chemical compounds. This needs to be however 
considered as an incomplete list of examples of first (passive) and second 
(active) generation ENM. Future generations, i.e. third and fourth generation 
ENM, include self-assembling ENM and nano-robots, respectively – a level 
that the nanotechnology field has still to reach (Vogel et al., 2014). However, 
because so many different ENM have been developed already, it is now 
apparent that no unified classification of nanomaterials can be devised. More 
commonly, the materials are categorized based on a specific property of 
interest, for example those described above.  

Another reason why nanomaterials are fascinating and unique, is due to 
the fact that the size reduction of bulk materials to the nanoscale alters or 
improves their physicochemical characteristics such as strength and 
conductivity. For example, at a size of 20 nm, gold turns red, platinum appears 
yellowish gray and silver has a black color (Khan et al., 2017). In addition, the 
smaller size increases the material surface area per mass and thus, ENM are 
chemically more reactive than their bulk-sized counterparts (Krug and Wick, 
2011). 

The unique properties of ENM have attracted interest from several 
industrial sectors because they offer numerous possibilities for the 
development of improved or completely new and innovative products. ENM 
cover an extremely wide range of application areas such as textiles, renewable 
energy, electronics, biomedical and cancer treatment, personal care, 
pharmaceuticals, surface coatings, plastics, paper, health care, food and 
agriculture, and environmental protection (Tsuzuki, 2009). Today, over 3000 
nanomaterial-containing products have reached the European market 
(Danish Ecological Council and Danish Consumer Council, 2013) and the 
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European Commission estimated that the global market value of 
nanotechnology-incorporating products will reach EUR 2 trillion and create 6 
million jobs by 2020 (The European Commission, 2013). After years of basic 
and applied research, the technological and economic growth in this field is 
now bearing fruit and ENM-containing products are part of our daily lives. 

Carbon-based nanomaterials (CBN) are one of the most diverse types of 
nanomaterials because they can be produced in a variety of shapes and forms. 
This category includes graphene (a layer of carbon atoms arranged 
hexagonally), graphite (multilayered graphene), fullerenes (empty spheres), 
nanodiamonds (crystalline carbon allotrope), carbon fibers, nano-onions 
(fullerenes packed inside one another) and CNT. CNT are further divided into 
single-walled, double-walled and multi-walled CNT (SWCNT, DWCNT and 
MWCNT, respectively). A SWCNT is essentially a seamless rolled-up graphene 
sheet whereas MWCNT consist of several SWCNT cylinders inside each other. 

CBN possess many valuable properties. The materials are lightweight with 
good thermal conductivities and depending on the carbon structure, can 
behave as conductors, semi-conductors or insulators. Diamond is the hardest 
material known whereas CNT have been found to be the strongest synthesized 
material to date (Coville et al., 2011).  

Due to the remarkable properties of CNT including high electrical 
conductivity, tensile strength, elasticity, thermal conductivity and high aspect 
ratio, potential applications of these ENM are found in field emission lamps, 
field emission flat panel displays, electronics, gas sensors, composite 
materials, catalysts, pharmaceutics, bioengineering, medicine and medical 
devices (Coville et al., 2011, Guo et al., 2012). One well-known example of a 
CNT-containing product on the market today is light-weight sport equipment, 
such as bicycle frames, tennis rackets and hockey sticks (Project on Emerging 
Nanotechnologies, 2005). 

 
Metal oxides (MeO) are a wide nanomaterial group and among the most 
commonly used ENM. This category includes CuO, ZnO, TiO2, NiO, Fe2O3, 
Fe3O4, CeO2, Al2O3 as well as many others. MeO ENM are produced on a 
large scale for many household and industrial applications – the materials are 
used in optical and recording devices, personal care products, water 
purification and as catalysts. MeO ENM have different electrical properties 
than metals, semiconductors and insulators, thus they are utilized in sensors, 
magnets, superconductors, lightning applications and electronics (He et al., 
2015, Seabra and Durán, 2015, Parham et al., 2016). 
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CuO ENM have been specifically manufactured as catalysts, 
supercapacitors, inks, biocides, coating in food packaging, solar cells, 
magnetic storage media, antimicrobial textiles, pigments, gas sensors, 
electrodes in lithium-ion batteries and solar energy conversion (Ahamed et al., 
2015, Grigore et al., 2016, Park et al., 2016). 

Among their other excellent properties, ZnO ENM have superior UV 
filtering properties as compared to their bulk-sized substitutes. Thus they are 
utilized in sun lotions but have also potential uses in bio- and gas sensors, solar 
cells, catalysts, displays, pigments, and coatings, electronic devices, cosmetics, 
biomedical imaging as well as potentially in drug delivery and as antimicrobial 
agents (Zhang et al., 2013). 

Nanocelluloses are biomaterials that are made of cellulose – the structural 
compound present in plant cell walls and the most abundant organic polymer 
in the environment. Nanocellulose materials have become popular due to their 
renewable and sustainable nature, they are considered a promising solution 
for replacing fossil-fuel-based products such as plastics (Nair et al., 2014).  

Based on the production method of cellulose nanomaterials, they can be 
categorized into three subgroups. NFC, also called cellulose nanofibrils or 
microfibrillated cellulose, consist of several micrometer long threads of 
individualized cellulose fibers. Cellulose nanocrystals (CNC), also called 
cellulose nanowhiskers, are rigid rods of crystalline cellulose. Although CNC 
and NFC have a similar diameter, they differ in length. CNC are several 
hundreds of nanometers long and hence they are shorter than NFC. This is a 
result of different production methods; NFC are prepared by a mechanical 
treatment whereas CNC are obtained by acid hydrolysis. The third type of 
nanocellulose, bacterial nanocellulose (BNC), as the name suggests, is 
synthesized by bacteria. BNC consists of pure microfibrils that can also be 
hydrolyzed by acids into bacterial nanocrystals similar to CNC (Börjesson and 
Westman, 2015). However, large-scale BNC production is rather limited, 
making NFC and CNC more appealing to manufacturers (Lin and Dufresne, 
2014). 

Nanocelluloses can be used for example in nanocomposites, paper making, 
films, tissue engineering, pharmaceutical and food packaging, electronic 
storage devices and cell culturing as growth matrix. Furthermore, 
nanocellulose materials have been envisioned to be able to substitute for 
asbestos (Nair et al., 2014, Park et al., 2018). 

Throughout evolution, humans have been exposed to natural nano-sized 
particles since these may be formed during volcanic eruptions or forest fires. 
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However, human exposure to nanoparticles has increased significantly with 
global industrialization. Subsequently, we have been exposed to 
unintentionally generated particles, such as emissions from power plants and 
diesel exhaust and metal fumes. With the emergence of the nanotechnology 
field, we are now experiencing also exposure to intentionally made 
nanoparticles – ENM (Oberdörster et al., 2005, Kendall and Holgate, 2012).  

Exposure to an ENM can take place during all of its life-cycle stages. These 
stages include nanoparticle manufacturing, formulation of nanomaterials and 
products, their industrial use, consumer use of the products, service period of 
the products and their waste life phase (Vogel et al., 2014). During the 
development of these materials, their amounts are small and exposure levels 
are thought to be low, except if there is an accidental spillage. However, during 
the ENM commercialization phase and incorporation into products, larger 
material quantities are being handled and the risk of exposure is much higher, 
especially during pouring, packaging, cleaning and transportation processes. 
Once ENM-containing products reach the market, consumers can be exposed 
via intended usage or unintentionally in case of accidents, misuse or ENM 
release due to product deterioration. When they are discarded, nanoproducts 
might undergo physical or thermal treatments in recycling centers (Seaton et 
al., 2010)(Seaton et al 2010; Fadeel book, chapter 2). In addition, ENM can 
enter the environment, for example from industrial effluent or through the use 
of nanoproducts, and human beings may be exposed indirectly via air or water 
(Oberdöster et al 2005; Kendall et al 2012). For every ENM, several exposure 
scenarios exist in which their exposure levels vary and their physicochemical 
nature changes (Fadeel et al., 2012, Vogel et al., 2014).  

ENM levels are generally considered to be highest in occupational 
environments and hence, workplaces represent the greatest possibility for 
human exposure (Savolainen et al., 2010). However, due to the limited data in 
this area, in legal terms, an “overexposure” at a workplace cannot occur today 
because no occupational exposure limits for individual ENM have been 
devised. Thus, the aim of exposure assessment is to pinpoint ENM release 
sources, develop measures for eliminating or limiting the release and monitor 
their effectiveness (Fadeel et al., 2012).  

Humans can be exposed to ENM via the respiratory tract (inhalation), 
gastrointestinal (GI) tract (ingestion), skin, or systemically by injection 
(Oberdörster et al., 2005). With respect to these entry routes, inhalation is 
considered as the key exposure route in occupational and consumer scenarios 
and thus, the majority of the research investigating the health effects of ENM 
in mammalian systems in vivo has been performed with a focus on respiratory 
exposures (Oberdörster et al., 2005, Kendall and Holgate, 2012). Dermal 
exposure can occur in workplaces as well as with the use of nanoproducts such 
as sunscreens. Although, it is generally considered that healthy skin is an 
effective barrier preventing ENM entry, there is evidence that dermal 
penetration can lead to systemic exposure (Gulson et al., 2010). The ingestion 
of ENM may happen via food, water, drugs or cosmetic products. The GI tract, 
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like the skin, is thought to be of minor significance in terms of ENM exposure 
because the intestinal epithelium is intended to offer protection against the 
absorbance of the ENM and the GI tract is able to manage the removal of 
particles well. Intravenous administration happens intentionally in the case of 
diagnostic (bioimaging) or therapeutic (drug delivery) purposes (Krug and 
Wick, 2011). Each entry route has its own defense and clearance mechanisms 
intended to protect our body from foreign matter. However, these processes 
may not be effective or may be bypassed, since due to their small size, ENM 
have an ability to translocate to other areas in our body (Oberdörster et al., 
2005). Human exposure routes and biokinetics of the ENM are summarized 
in Figure 2. 

 
 

 

Although nanotechnology-based innovations significantly improve the quality 
of our lives, ENM with beneficial and novel properties might pose a potential 
occupational and public health threat should they gain access to our body. To 
ensure that the materials and devices are safe to use, it is necessary to 
understand how ENM can affect our health. 
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The biological effects of ENM are being studied in the fields of 
nanotoxicology and nanomedicine. The first discipline deals with the adverse 
health effects of ENM whereas the second represents the positive side of the 
coin – nanomedicine focuses on developing ENM-based medical applications 
that aim to improve our health. These two fields provide useful information 
for each other and are often overlapping because they both investigate ENM 
interactions with biomolecules, cells and tissues and health outcomes of the 
triggered biological responses.  

After an ENM entry into our body, a nano-bio interface is created in which the 
nanoparticles come into contact with tissue-specific liquids such as a 
pulmonary surfactant in the lungs or in the circulation, as well as cells. In the 
contact area between the ENM and such liquid, the ENM surface reacts with 
components in the surrounding fluid and the particles become coated with 
biomolecules like proteins, lipids or DNA. This cover is called a biocorona and 
its composition, i.e. which macromolecules are adsorbed onto the particle, is 
dependent on the physicochemical characteristics of ENM such as size, shape, 
surface area and charge, roughness and porosity, functional groups, 
hydrophobicity or hydrophilicity. In addition, the formation of the corona 
depends on which components are present in the fluid that surrounds the 
ENM (Nel et al., 2009, Kendall and Holgate, 2012). Thus, the protein corona 
can be considered as a fingerprint of an ENM in a certain environment (Fadeel 
et al., 2012). 

The biocorona is described to have two layers. In the “hard” corona, the 
bound biomolecules interact directly and tightly with the ENM surface and can 
remain on the particle for a long time whereas the macromolecules on the 
outer corona layer – “soft” shell – are exchanged dynamically with those in the 
surrounding fluid (Vilanova et al., 2016).  

The formation of the corona causes physical changes in ENM. In addition 
to covering its initial surface, the presence of the biocorona alters the adhesive 
properties of the particles which among other factors, affects their 
agglomeration (Kendall and Holgate, 2012). Furthermore, protein adsorption 
onto ENM might result in conformational changes in the attached proteins 
which could subsequently lead to the activation or suppression of their 
biological function (Farrera and Fadeel, 2015). Nevertheless, the biocorona 
determines the ENM’s bioactivity and thus, it has a significant effect on 
toxicological and immunological behavior of the particles. In more specific 
terms, the composition and presentation of biomolecules in the outer layer of 
the corona are relevant factors as this is the material detected by the immune 
cells and it dictates the interactions and uptake between the particles and cells 
(Fadeel et al., 2012). 
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The respiratory system is divided functionally into the conducting and 
respiratory zones. The first zone comprises the structures that allow air to flow 
in and out of the lungs. Inhaled air travels at first through the nose, then passes 
through the pharynx, that is divided into naso-, oro- and laryngopharynx, 
larynx, trachea, primary bronchi finally arriving in the lungs. Ultimately, the 
air is distributed to the terminal bronchioles – the most distant part of the 
conducting zone, and passes to the alveolar ducts which open into a cluster 
alveoli where gas exchange takes place.  

Inhaled particles deposit fractionally in nasopharyngeal, tracheobronchial 
and alveolar regions. The predominant deposition mechanism of nano-sized 
particles is diffusion due to random particle displacement upon collision with 
air molecules whereas other mechanisms such as inertial impaction, 
gravitational settling and interception are relevant for larger particles. The 
diffusion of a particle in the respiratory tract is inversely proportional to its 
diameter, and greater in areas where the airways are narrower and where the 
residence time is long. For example, it has been known that 90% of 1-nm 
particles become deposited in the nasopharyngeal zone, 10% in the 
tracheobronchial region and none in alveolar region. Five-nm particles deposit 
equally in all three compartments, whereas 20-nm particles have the highest 
deposition i.e. ~50% in alveolar region and 15 % in other regions (Oberdörster 
et al., 2005). In the respiratory system, there are several clearance 
mechanisms involved in the removal of these particles.  

The airways are covered with epithelia that consists of goblet and ciliated 
cells. When ENM enter the airways, goblet cells become activated and produce 
mucins – proteins that dissolve in water and form mucus. Mucus, in turn, is 
intended to trap the inhaled material. Once bound, the foreign matter is 
cleared from the airways towards the mouth by ciliated cells that move in 
rhythmical, same-directional movements. Once the mucus-bound particles 
reach the mouth, they can be swallowed and removed by the GI tract. This 
clearance mechanism of the lungs is called the mucociliary escalator. However, 
the mucociliary escalator becomes less effective peripherally and it is 
considerably slower in the terminal bronchioles. When foreign matter enters 
the alveoli, the main mechanism of their clearance involves the alveolar 
macrophages that are experts in engulfing all foreign matter (Fadeel et al., 
2012). In addition, the dissolution of ENM in lung fluids is an important aspect 
of pulmonary clearance (Shinohara et al., 2017). 

Very small particles and fibers that have an ability to reach the subpleural 
alveoli, can be removed to the pleural space and cleared by the outflow through 
3-10-μm pores of outer pleura – stomata, to the mediastinal lymph nodes. In 
contrast, long fibers that cannot pass through stomata will be trapped at the 
pleura which leads to a prolonged interaction with mesothelial cells and 
possibly to inflammatory response (Murphy et al., 2011). The knowledge of 
such exceptional behavior of fibers was gained when extensive use and 
exposure to asbestos in the 20th century resulted in adverse pulmonary 
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effects. Consequently, toxicologists established the fiber pathogenicity 
paradigm which defines a hazardous fiber as one that is thinner than 3 μm, 
longer than ~15 μm, and biopersistent in the lung tissue and pleura (Murphy 
et al., 2011). The paradigm is now being applied also in the health and safety 
research of ENM.  

Skin is an important organ of our body – it is a buffer between internal tissues 
and the surrounding environment, providing protection from pathogens and 
hazardous substances. The skin is composed of stratified epidermis and 
underlying dermis.  

The epidermis, which is the skin’s external thick avascular layer, consists 
of keratinocytes, melanocytes, Merkel cells and skin-specific dendritic cells 
called Langerhans’ cells. It divides further into stratum basale which is the 
innermost layer, stratum spinosum, stratum granulosum and stratum 
corneum. The epidermis is mainly maintained by basal keratinocyte stem cells 
of stratum basale that differentiate and gradually move outwards. In the most 
superficial layer of the epidermis – stratum corneum, the cells are cornified 
and densely packed to protect the viable cell layers. Due to the constant 
exposure to external environment – microbes, chemicals, particulate matter 
including ENM, cornified cells provide efficient protection by continuously 
shedding from the surface to clean and renew the skin (McGrath et al., 2008). 

The dermis consists of connective tissue – a net of fibroblast-derived 
elastin and collagen fibers, in which other cell types such as mast cells, 
macrophages and dendritic cells reside. Dermis contains also hair follicles, 
sweat and sebaceous glands, blood and lymph vessels, and nerves. All of these 
structures have functional roles; for example, blood and lymph vessels provide 
the immune system’s support in case tissue-resident cells recognize a threat, 
and sebaceous glands secrete sebum which possesses anti-microbial 
properties (Drake et al., 2008, McGrath et al., 2008). Sebum flow may be 
effective also in the removal of ENM that have become trapped into open hair 
follicules (Nohynek et al., 2007).  

The interaction between the particle and the cell starts with membrane 
contact, adhesion and uptake. Depending on the size and surface treatment, 
particles can be taken up via all mammalian internalization pathways. Small 
particles (50-150-nm ENM) are ingested by different endocytotic pathways 
whereas large, >0.5-μm ENM are engulfed by macropinocytosis or 
phagocytosis. Very small, <1-nm particles can possibly be translocated into the 
cells by diffusion through the plasma membrane (Dobrovolskaia and McNeil, 
2007, Krug and Wick, 2011, Zhang et al., 2015). However, ENM adherence and 
engulfment are affected by more features than simply size. The processes are 
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also dependent on particle shape, surface charge, roughness, agglomeration 
and biocorona composition. Furthermore, the interacting cell type, its surface 
features and the differentiation stage determine the attachment and uptake 
pathway (Nel et al., 2009, Doshi and Mitragotri, 2010, Lunov et al., 2011). 

Most ingestion pathways are processes that require specific and 
nonspecific attractive forces for promoting uptake. This knowledge is used in 
nanomedicine when designing drugs for targeted delivery. For example, by 
adding specific ligands onto the particle’s surface which bind to 
complementary compounds or receptors on cell membrane, receptor-
mediated endocytosis could be targeted. The surface charge is an example of a 
nonspecific attractive force that influences cellular contact – cationic 
functional groups on ENM attach more strongly to the phospholipid layer of 
the cell than their anionic equivalents (Nel et al., 2009). However, these 
attractive forces can be diminished by the surface attachment of polymers that 
create a steric barrier (Kendall and Holgate, 2012). This approach is relevant 
for designing safe ENM with decreased uptake (passivation) or drug carriers 
that need to avoid engulfment before reaching their target (Nel et al., 2009). 

The most described ENM uptake mechanism is phagocytosis. When a 
particle is phagocytized, it becomes surrounded by the cell membrane and is 
internalized in a membrane-enclosed vesicle known as the phagosome. Once 
closed, the internal of the phagosome’s environment becomes acidic and 
degrades the particle. Phagocytic cells carry also membrane-enclosed granules 
– lysosomes, that contain enzymes which help with the neutralization process 
by fusing and releasing their contents into the phagosome and generating a 
phagolysosome (Murphy et al., 2009).  

When the front line defense cells of our body such as epithelial cells and 
macrophages in lung and skin, fail to degrade and remove ENM, these 
particles cause cellular stress. This is considered a key event that determines 
whether an ENM could trigger inflammation and thus, it is necessary to 
understand the ways in which nanoparticles can induce cellular stress. Various 
such crucial early events have been identified for ENM. 

The generation of oxygen based radicals – reactive oxygen species (ROS) – 
after cellular exposure to ENM is considered a major contributor to ENM 
toxicity (Fadeel et al., 2012). Nanoparticles can produce ROS directly due to 
their chemical reactivity or indirectly by affecting cellular redox reactions. As 
most of the ROS are produced in the cell during electron transport of 
mitochondrial respiration, it is one of the main sources for ENM-induced ROS. 
In addition, phagocytic cells can produce ROS as a defense mechanism against 
pathogens and pollutants which is called an oxidative burst. Excessive ROS 
generation when overwhelming a cell’s antioxidant capabilities, results in 
oxidative stress that can lead to adverse effects such as inflammation, cell 
death, genotoxicity and carcinogenesis (Manke et al., 2013).  
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The optimal particle size for phagocytosis by 20-μm alveolar macrophages 
is 3–6 μm (Krombach et al., 1997, Frohlich, 2015). However, it has been shown 
that when phagocytes take up long and rigid CNT, they are unable form a 
phagolysosome which leads to incomplete ingestion known as frustrated 
phagocytosis (Poland et al., 2008). Consequently, due to the stiff nature of 
CNT, the fibers rupture the phagolysosome which leads to the release of the 
lysosomal content into the cytoplasm and consequently, the production of pro-
inflammatory cytokines (Schroder and Tschopp, 2010, Palomaki et al., 2011). 

Lysosomal destabilization can be caused by ENM with a high positive zeta 
potential, i.e. the charge that develops at the interface of the particle surface 
and the surrounding medium. In the biological environment, the biocorona 
neutralizes their charge but inside lysosomes, due to the acidic conditions and 
protease/lipase activity, the corona might be removed, revealing the positively 
charged surface that can interact with the lysosomal membrane, resulting in 
its rupture and leakage of its contents (Nel et al., 2009, Fadeel et al., 2012). 

Nanoparticles generally dissolve poorly at pH 7 but some ENM like ZnO 
and CuO are acid soluble and thus they dissolve in the lysosomal acidic milieu 
of the cells. The dissolution of the particle inside the lysosome leads to high 
local ion concentration, lysosomal destabilization and breakage (Nel et al., 
2009, Fadeel et al., 2012). The phenomenon that involves a successful uptake 
of an ENM in a particle form and its subequent lysosomal dissolution, is 
defined as the Trojan horse effect (Krug and Wick, 2011).  

Lysosomal rupture has been described to result in ROS generation, cell 
death and activation of the NLRP3 inflammasome complex that plays a role in 
the maturation and secretion of pro-inflammatory cytokines, such as IL-1β 
(Schroder and Tschopp, 2010, Stern et al., 2012). 

Cellular injury may be followed by recovery or the death of the cell. Cell death 
occurs when there is an irreversible impairment of vital cellular functions that 
culminate in the loss of cell membrane integrity (Galluzzi et al., 2018). The 
three main forms of cell death are apoptosis, autophagic cell death and 
necrosis (Andon and Fadeel, 2013).  

Apoptosis is a programmed cell death which happens by chromatin 
condensation, cell membrane blebbing and finally disintegration into 
membrane enclosed parts called apoptotic bodies that are cleaned by nearby 
phagocytes. Intrinsic apoptosis can be initiated by DNA damage and oxidative 
stress whereas extrinsic apoptosis is activated by extracellular stress alarmins 
that are detected by transmembrane death receptors (Fadeel and Orrenius, 
2005). There are studies demonstrating that MWCNT, TiO2 and nickel ferrite 
(NiFe2O4) nanoparticles can trigger oxidative-stress mediated apoptotic cell 
death (Bottini et al., 2006, Ahamed et al., 2011, Meena et al., 2012, Ramkumar 
et al., 2012, Srivastava et al., 2013). 
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Autophagy is a homeostatic function and survival mechanism if nutrient 
deficiency occurs that removes malfunctional and injured organelles and 
recycles them for reuse through their transport to the lysosome. However, 
uncontrolled autophagy or its inhibition may lead to cell death (Andon and 
Fadeel, 2013). Cationic dendrimers and carboxylates SWCNT have been 
shown to induce autophagic cell death with subsequent lung injury in mice (Li 
et al., 2009, Liu et al., 2011). 

Necrosis has been long considered as a non-programmed, premature death 
that occurs in response to chemical and physical conditions that induce such 
severe cellular damage that is beyond reasonable to repair. There are 
accumulating data suggesting that necrosis can be also regulated. In such a 
case, the process is induced by different stimuli like extracellular TNF and 
most usually activated when the apoptotic signaling pathway has been 
inhibited. Cells dying due to any form of necrosis release their intracellular 
content including pro-inflammatory cytokines into their surroundings, which 
in turn, initiates inflammation (Feoktistova and Leverkus, 2015).  

Theoretically all ENM could cause one or another form of cell death – their 
cytotoxic potential does not depend only on their physicochemical properties 
but also on the exposure conditions such as dose and time (De Stefano et al., 
2012). 

ENM have an ability to manipulate our immune system either by suppression 
or stimulation. Immunosuppression is essentially a down-regulation of 
immune reactions. The kind of inhibition caused by ENM has therapeutic 
prospects in the treatment of inflammatory disorders (Dobrovolskaia and 
McNeil, 2007). For example, inhaled CNT have been shown to cause systemic 
immunosuppression via the up-regulation of pulmonary TGF-β transcription 
which activates the cyclooxygenase pathway in splenocytes, resulting in the 
production and secretion of prostaglandin and IL-10 that in turn cause 
impairment of T-cell function and consequently inhibit the systemic immune 
response (Mitchell et al., 2009). Lipid nanoparticles have been found to bind 
to cell adhesion molecules called selectins on endothelial cells that results in 
suppressed transmigration of immune cells into the tissue and ultimately 
reduced local inflammation (John et al., 2003, Dianzani et al., 2006). In 
contrast, immunosuppression can be also undesirable. It has been 
hypothesized that ENM-loaded macrophages might lose their immunological 
fitness and not be fully functional – they may have a decreased phagocytic 
ability and be less able to process pathogens during an infection (Fadeel et al., 
2012). Such immunosuppressive effects of ENM have, however, not been 
extensively studied. The majority of the immunomodulatory studies focus on 
the activation of the immune system and the development of inflammation.  

Inflammation is an immediate response of the immune system to cellular 
or tissue damage by foreign invaders including ENM. The short-term response 
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– acute inflammation – involves leukocyte recruitment, neutralization and 
removal of the hazardous agent and tissue repair which usually results in a 
healing response. In contrast, a protracted, impaired and underperforming 
response leads to chronic inflammation which includes a continuous on-going 
inflammation, tissue damage and attempts to repair it (Weiss, 2008). Such 
prolonged inflammation has been linked to chronic health conditions, 
including allergy, cardiovascular diseases, cancer, and others (Chen et al., 
2018). 

The initiation of inflammation generally begins with the activation of immune 
cells like macrophages and epithelial cells on body surfaces. Macrophages, but 
also monocytes, dendritic cells, neutrophils as well as adaptive immunity T 
and B cells, are equipped with pattern-recognition receptors (PRR) such as 
membrane-bound Toll-like receptors (TLR) that scan and detect microbial 
motifs called pathogen-associated molecular patterns (PAMP) or damage-
associated molecular patterns (DAMP) (Murphy et al., 2009). It has been 
shown that immune cells can recognize also ENM and thus, such immune 
system activating particles have been defined as nanomaterial-associated 
molecular patterns (NAMP) (Pallardy et al., 2017). The outcome of recognition 
by PRR depends on the responding cell type and the molecular pattern. 
However, most PRR induce the activation of transcription factors like NF-kB 
and AP-1 that are responsible for encoding cytokines (TNF and IL-1β), 
chemokines, adhesion molecules and regulators which elicit leukocyte 
activation and migration (Schroder and Tschopp, 2010). To date, long and 
rigid MWCNT, SiO2, TiO2, Ag and several other ENM have been shown to 
possess an ability to trigger the assembly of the NLRP3 inflammasome that 
leads to cleavage and maturation of pro-IL-1β and secretion of its biologically 
active form – IL-1β (Yazdi et al., 2010, Palomaki et al., 2011, Sun et al., 2013). 
Inflammasome activation is modulated by ROS production, cathepsin B 
activity and P2X7 receptor (Palomaki et al., 2011). 

Leukocyte recruitment is a controlled process consisting of several well-
defined steps. The process starts with leukocyte capture onto the endothelial 
wall, rolling and activation of the cell, its slowing down, arrest, strengthening 
of adhesion and spreading of the cell, intravascular crawling and 
transmigration through the endothelial cell membrane. The rolling of the 
leukocytes is facilitated by the expression of endothelial adhesion molecules – 
selectins and activated by chemokines derived from tissue macrophages or 
mast cells. Once the rolling of the cell has slowed down, it adheres firmly to 
the endothelium, a process which is mediated by leukocyte integrins and 
endothelial adhesion molecules like ICAM-1, and it transmigrates to the 
inflammatory site in the tissue (Ley et al., 2007). It is known that 
nanoparticles are able cross the biobarriers and gain access to the bloodstream 



 

36 

where they interact with the circulatory immune cells (Oberdörster et al., 
2005). Carboxyl-coated quantum dots have been shown to enhance leukocyte 
migration in vivo; this process occurs via increased uptake by perivascular 
macrophages, subsequent activation of mast cells and release of pro-
inflammatory cytokines which trigger endothelial activation and eventually 
elicit leukocyte migration (Rehberg et al., 2010). At the beginning of 
inflammation, particles that influence leukocyte migration can exert a 
substantial effect on the efficiency of the immune system. 

The nature of ENM-triggered acute inflammation is mainly thought to be 
neutrophilic. For example, the influx of these cells has been observed in 
response to SWCNT, DWCNT, MWCNT and TiO2 (Shvedova et al., 2005, Ma-
Hock et al., 2009, Aiso et al., 2010, Park et al., 2011, Tian et al., 2013, Sager et 
al., 2014). Being phagocytes, neutrophils aid macrophages at the site of 
inflammation. It has been demonstrated that oxidized SWCNT are captured 
into NETs of phorbol-12-myristate-13-acetate (PMA)-activated human 
neutrophils and moreover, in purified NETs, the CNT undergo biodegradation 
through a myeloperoxidase (MPO)-dependent mechanism (Farrera et al., 
2014). MPO-mediated clearance of SWCNT has been detected also in vivo 
(Shvedova et al., 2012). However, many ENM have been described as being 
biopersistent, causing sub-acute and chronic pulmonary effects. Early 
pulmonary neutrophilia was followed one week after exposure to SWCNT with 
the production of pro-fibrotic TGF-β, alveolar thickening and diffuse 
interstitial fibrosis as well as the formation of granulomas – very localized 
inflammatory sites in the form of immune cell accumulation (Shvedova et al., 
2005). Enhanced immune cell migration, early lung fibrosis and subchronic 
tissue damage were evident in lungs also 4 weeks post-exposure to CNT and 
ZnO ENM (Cho et al., 2011, Park et al., 2011) and persistent macrophage influx 
with the presence of MWCNT has been demonstrated even as long as 3 months 
after their administration (Aiso et al., 2010).  

ENM-induced inflammation may also trigger secondary genotoxicity 
through ROS generation and subsequent DNA damage (Fadeel et al., 2012). 
DNA damage, caused either directly or indirectly, may promote tumorigenesis. 
Thus, ENM, especially fibrous ENM that share similar characteristics with 
asbestos, are feared to have a carcinogenic potential as well as an ability to 
induce other pathological effects that are known to be caused by these mineral 
fibers (Fadeel et al., 2012, Pietroiusti, 2012, Doak and Dusinska, 2017). 

ENM-triggered effects in subjects with asthma have been described in 
response to different types of materials. The comparison of these effects 
reveals that the particles do influence common allergic signs, however, 
modulation of the disease varies from one ENM type to another. There is 
evidence that SWCNT can aggravate AAI by increasing Th2 type cytokine and 
chemokine production and mucus production. In addition, the particles 
showed adjuvant activity for allergen-specific IgG1 and IgE antibodies (Inoue 
et al., 2010). Similarly MWCNT, nickel and silica nanoparticles have also been 
observed to exacerbate AAI (Inoue et al., 2009, Mizutani et al., 2012, 
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Brandenberger et al., 2013, Glista-Baker et al., 2014, Ronzani et al., 2014). In 
contrast, TiO2 has been reported to suppress local allergic symptoms (Rossi et 
al., 2010). Graphene oxide also diminished certain allergic features like 
eosinophil influx, Th2 type cytokine and antibody levels, but aggravated 
airway hyperresponsiveness (Shurin et al., 2014). 

Dermal exposure to ENM has generally been considered as insignificant due 
to the belief that healthy skin is an effective barrier preventing ENM entry. 
ZnO and TiO2 have been the most extensively studied materials in this area 
since these compounds are commonly used in cosmetic and personal care 
products such as sunscreens. Most studies that have investigated the 
transdermal penetration of ENM either in vitro or in vivo, have found that the 
particles are not able pass through the intact skin (Adachi et al., 2010, Sadrieh 
et al., 2010, Senzui et al., 2010, Lin et al., 2011, Monteiro-Riviere et al., 2011, 
Holmes et al., 2016). However, there are some controversies around this topic 
as there are studies demonstrating opposite findings (Wu et al., 2009, Gulson 
et al., 2010). One of the most intriguing observations was noted in human 
volunteers, when after repeated application of an isotope-labelled ZnO-
containing sunscreen, small amounts of zinc were detected in blood and urine 
(Gulson et al., 2010). Information about ENM penetration into irritated, 
injured or diseased skin is very limited and only a few studies exist in this area 
(Senzui et al., 2010, Lin et al., 2011, Monteiro-Riviere et al., 2011). No 
information exists on whether the materials, even if able to penetrate through 
the skin, can cause immunomodulatory effects but hypothetically, ENM-
biomolecule interactions, uptake by tissue macrophages and the signals 
derived from the cells after their activation may evoke these kinds of effects. 
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Evidence exists that ENM, depending on their characteristics and exposure 
conditions, have the potential to modulate the immune system. Although some 
mechanisms of toxicity have been elucidated in vitro, there is not enough in 
vivo information about the pathomechanisms and subsequent consequences 
caused by different ENM types. In addition, most of the nanotoxicology 
research has been focused on investigating the adverse health effects in the 
respiratory tract; in contrast, other exposure routes, such as dermal contact, 
have received little attention. Furthermore, the effects of ENM have been 
explored much more extensively under normal health conditions but little is 
known about their influence on vulnerable populations such as subjects with 
allergic asthma or AD. Furthermore, there is a paucity of data about how 
certain specific physicochemical properties of ENM such as shape, size and 
surface alterations, can affect either functional or impaired immunity. The 
main aim of this thesis was to examine the modulatory effects of various ENM 
on a healthy and on a compromised immune system in the lungs and skin. 
 
The specific aims of this thesis were: 
 

1. To investigate whether inhalation exposure to rigid, rod-like MWCNT 
(rCNT) or long and tangled MWCNT (tCNT) can induce asthma-like 
pathologies in healthy mice. 

2. To explore the immunomodulatory properties of different NFC materials 
upon respiratory exposure, and to compare their effects to those of bulk-
sized cellulose fibrils and rCNT.  

3. To study how uncoated CuO affects allergic lung inflammation as well as 
exploring whether different surface functionalizations influence its 
bioreactivity. 

4. To investigate the effects of topically applied nZnO in a mouse model of 
AD and to compare these outcomes to those induced by bulk-sized ZnO 
(bZnO).  
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To reach the aims of this thesis, CNT, NFC, CuO and ZnO nanomaterials were 
used. The primary particle size, description and origin of these ENM are 
presented in table 1. More details about their physicochemical properties are 
provided in original publications I-IV. 

 
 

The morphology and size of the materials were characterized by scanning 
electron microscopy, transmission electron microscopy (TEM), laser 
diffraction and/or atomic force microscopy (I-IV). The composition of 

Acronym Description Supplier
(product code)

Primary
particle size Form Reference

tCNT Tangled MWCNT Cheap Tubes Inc. 
(MWNTs 8-15 nm OD)

OD 8-15 nm
Length 10-50 μm Powder I

rCNT Rigid, rod-like
MWCNT

Mitsui & Co., Ltd. 
(XNRI MWNT-7)

OD >50 nm
Length ~13 μm Powder I,II

Material 1 Bulk-sized
cellulose fibers

Stora Enso Oyi/
UPM Kymmene Oyi Bulk-sized Gel II

Material 2 Non-modified NFC Stora Enso Oyi/
UPM Kymmene Oyi

Width 2-15 nm
Length 2-20 μm Gel II

Material 3 Carboxy-
methylated NFC

Stora Enso Oyi/
UPM Kymmene Oyi

Width 3-10 nm
Length 2-50 μm Gel II

Material 4 Carboxylated NFC Stora Enso Oyi/
UPM Kymmene Oyi

Width 4-10 nm
Length 0.5-10 μm Gel II

Material 5 Non-modified NFC Stora Enso Oyi/
UPM Kymmene Oyi

Width 7-20 nm
Length 2-20 μm Gel II

CuO Pristine CuO PlasmaChem GmbH 10-20 nm Powder III

CuO COOH Carboxylated CuO PlasmaChem GmbH 10-20 nm Powder III

CuO NH3 Methyl-aminated
CuO PlasmaChem GmbH 10-20 nm Powder III

CuO PEG PEG-coated CuO PlasmaChem GmbH 10-20 nm Water
dispersion III

bZnO Bulk—sized ZnO Camden-Grey
Essential Oils, Inc. 240 nm Powder IV

nZnO Nano-sized ZnO
Nanostructured & 

Amorphous Materials, 
Inc. (5810MR)

20 nm Powder IV
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MWCNT and ZnO materials was analyzed in an X-ray energy dispersive 
spectroscope (EDS ThermoNoran Vantage, Thermo Scientific, Breda, The 
Netherlands) attached to Jeol JEM 2010 TEM (I, IV). The endotoxin content 
of MWCNT and cellulose materials was measured by Limulus Amebocyte 
Lysate assays (I, II). The presence of yeast and mold was assessed in cellulose 
samples by a MYSK10025 test kit (Merck Millipore), zeta potential was 
measured by dynamic light scattering (Malvern Zetasizer Nano) and metal 
traces analysed by inductively coupled plasma mass spectrometry (II). The 
surface area of CuO materials was determined by nitrogen 
adsorption/desorption on a Belsorp Mini II instrument (BEL, Japan). The 
specific surface area of CuO nanoparticles was obtained from nitrogen 
adsorption isotherms, according to the Brunauer−Emmett−Teller equation 
(III). 

The MWCNT aerosol was generated with a fluidized bed aerosol generator 
(TSI Model 3400A) for which the materials were used without any pre-
treatment. In the generator, CNT agglomerates were mechanically broken by 
bronze pellets in a continuous air flow. Aerosol concentrations were measured 
with an optical particle sizer (Grimm Dust Monitor 1.109) and the results of 
the measurements are presented in Figure 7 of original publication I. 
Gravimetric samples were collected onto nitrocellulose filter (Millipore) and 
weighed on an analytical balance. More detailed description of aerosol 
generation, characterization data and a scheme of the inhalation setup is 
presented in I. 

Cellulose materials were provided as gels. Stock suspensions (1 mg/ml) and 
further dispersions (1, 10 and 100 μg/ml) of the materials were prepared in 
supplemented RPMI 1640 medium (Invitrogen). All dispersions were mixed 
on a vortex mixer and thereafter on a shaker for 10 min. Prior to adding the 
dispersions to the cells, the dilutions were quick-vortexed. More details about 
the dispersion preparation can be found in II. 

Stock dispersion (4 mg/ml) and further dilutions (200 μg/ml and 800 μg/ml) 
of cellulose materials were prepared in Dulbecco’s phosphate buffered saline 
(DPBS; Gibco, Life Technologies, Carlsbad, CA) and mixed for 10 minutes (II). 
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rCNT was suspended in DPBS supplemented with 0.6 mg/ml bovine serum 
albumin (Sigma-Aldrich, St. Luis, MO) to support deagglomeration. The stock 
dispersion (1 mg/ml) and further dilutions (200 μg/ml and 800 μg/ml) were 
sonicated in a water-bath for 20 min at 30 oC (II). 

Core CuO (CuO) and its carboxylated (CuO COOH) and methylaminated 
(CuO NH3) derivates were obtained as powders. Stock suspensions (1 mg/ml) 
were prepared in endotoxin-free water and sonicated under the conditions 
described in III with a probe sonifier. Polyethylene glycol (PEG)-coated (CuO 
PEG) was a 6.5 % aqueous suspension which was diluted 10x in endotoxin-free 
water to obtain a stock dispersion of 6.5 mg/ml and thereafter sonicated for 2 
minutes. Further dilutions (50, 200 and 800 μg/ml) of the materials were 
prepared in DPBS with or without ovalbumin (OVA; Sigma-Aldrich). 

ZnO suspensions were prepared in phosphate buffered saline (PBS) with 
water-bath sonication for 20 minutes at 30°C (IV). Before application to the 
patches, the suspensions were diluted to 16.67 mg/ml in vehicle (PBS) or in a 
mixture of OVA and staphylococcal enterotoxin B (SEB; Sigma-Aldrich) in 
PBS.  

All dispersions were used immediately after preparation and vortexed prior 
to the administration. 

Human monocytic leukemia cell line (THP-1) was maintained in 
supplemented RPMI 1640 culture medium (Invitrogen) at 37 °C in 5 % CO2. 
Cells were regenerated once a week and culture medium was changed twice a 
week.  

In the stimulations, THP-1 cells were seeded onto cell culture plates and 
differentiated into macrophages with 50 nM PMA (Sigma-Aldrich) for 48 h. A 
more detailed protocol of cell culturing is described in II. 

Female C57BL/6 (I-II), BALB/c (I, III-IV) and KitW-sh/HNihrJaeBsmJ (I) mice 
(7-8 weeks old) were purchased from Scanbur A/S (Karlslunde, Denmark) and 
quarantined for one week before the start of the experiments. Housing 
conditions of the mice are described in detail in publications I-IV. The 
experiments were performed by conforming with the European Convention 
for the Protection of Vertebrate Animals Used for Experimental and Other 
Scientific Purposes (Strasbourg March 18, 1986, adopted in Finland May 31, 
1990), and were approved by the State Provincial Office of Southern Finland. 
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After the 48-h differentiation of THP-1 cells, the medium was replaced with 1 
ml of a particulate material dispersion at concentrations of 1, 10 and 100 μg/ml 
(0.1, 1 and 10.4 μg/cm2 respectively). LPS (Sigma-Aldrich) was included as a 
positive control at a concentration of 100 ng/ml and cell culture medium was 
used as a negative control. Exposed cells were incubated for 3, 6 or 24 h. At 
least three stimulations were performed in each experimental group. 

Mice were exposed in a whole-body inhalation chamber to rCNT or tCNT 
aerosol for 4 h/day once or on four consecutive days. Aerosol mass 
concentrations used for individual experiments were within a range of 6.2-8.2 
mg/m3 for rCNT and 17.5-18.5 mg/m3 for tCNT. During the experiments, 
untreated control mice were housed in the same room with CNT-exposed 
animals. All mice were sacrificed using an overdose of inhaled isoflurane either 
immediately or 24 h after the exposure(s). 

Mice were exposed to 10 or 40 μg/mouse of cellulose materials (corresponding 
to 200 or 800 μg/ml dispersions) by single OPA. Briefly, 50 μl of material 
suspension was delivered to the oropharynx of anesthetized mice under visual 
control. Control mice received 50 μl of DPBS. All mice were sacrificed using 
an overdose of inhaled isoflurane 24 h or 28 d after the OPA. 

During the sensitization period, mice received intraperitoneally a mixture of 
50 μg of OVA and 2 mg of aluminum/magnesium hydroxide (Alum; Imject® 
Alum, Pierce Biotechnology, Rockford, IL) in 100 μl of DPBS on day 1 and 10. 
After 10 days, mice were exposed oropharyngeally to 50 μl of DPBS or 50 μg 
of OVA in 50 μl of DPBS with or without CuO materials under isoflurane 
anaesthesia (Univentor 400 Anaesthesia Unit, Abbott Laboratories) on four 
consecutive days. CuO materials were tested at three doses, 2.5, 10 and 40 
μg/mouse/administration. Mice were sacrificed with an overdose of inhaled 
isoflurane 24 h after the last administration. 
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During the first sensitization period, on days 1 and 4, anesthetized mice were 
shaved and tape-stripped to induce a mechanical skin injury, and 
epicutaneously treated with 100 μl of vehicle (PBS) or a combination of 100 μg 
of OVA and 2.5 μg of SEB (OVA/SEB; Sigma-Aldrich) that were added onto a 
gauze patch and secured onto the animals’ backs with an adhesive tape. After 
a recovery period, on days 23, 26 and 29, the mice were shaved and tape-
stripped again, and exposed to PBS or OVA/SEB mixture with or without 16.67 
mg of bZnO or nZnO per patch. Mice were sacrificed by isoflurane overdose 
24 h after the last sensitization. 

Airway hyperresponsiveness (AHR) of BALB/c mice was measured on day 5 
using a single chamber, whole-body plethysmograph system (Buxco). Lung 
reactivity was expressed as enhanced pause (Penh) values. After the 
measurement, mice were sacrificed and samples were collected for analyses. 

Cell culture supernatants were collected for cytotoxicity assessment and 
protein secretion measurements. Attached cells were washed with 1 ml of 
DPBS and lysed with 500 μl of Trisure (Bioline Reagents Ltd., UK). The lysates 
were for total RNA isolation and PCR assays. 

The tracheas of mice exposed via respiratory tract (I-III) were cannulated with 
a blunt syringe and the lungs were lavaged with 800 μl of DPBS. The thoraxes 
were then opened, and part of the left pulmonary lobe was removed, quick-
frozen (I) or kept in RNAlater RNA stabilization reagent (Ambion®, Life 
Technologies Carlsbad, CA; II-III), and stored for RNA isolation. Another part 
was immersed in Tissue-Tek optimum cutting temperature compound (OCT; 
Sakura Finetek, Alphen aan Den Rijn, The Netherlands), quick-frozen and 
kept at -70 oC for immunohistochemical stainings (II-III). The rest of the lung 
tissue was formalin-fixed for histological assessment (I-III). 

After topical exposures, blood samples from vena cava were collected for 
antibody analysis. Skin biopsies from treated skin areas were stored for RNA 
isolation, were formalin-fixed or OCT-immersed and quick-frozen for 
histological evaluations. Skin draining lymph nodes were collected for cell re-
stimulations with OVA or SEB. 
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Collected lymph nodes were ground, the obtained cell suspensions from two 
mice were pooled and cultured in supplemented RPMI 1640 medium at a 
density of 3 x 106 cells/well in 24-well plates in the presence of OVA (50 μg/ml) 
or SEB (1 μg/ml). The cell culture medium was collected 48 h post-stimulation 
for protein measurement of IL-13 and IFN-γ.  

Cytotoxicity was assessed by the lactate dehydrogenase (LDH) release assay 
(Cytotoxicity Detection KitPLUS, Roche). 100 μl of the sample was mixed with 
100 μl of the reaction mixture and thereafter the instructions provided by the 
manufacturer were followed. Optical densities were read at 490 nm in a Victor3 

TM Multilabel counter (Perkin Elmer) and the background values at 620 nm 
with a Multiscan MS plate reader (Labsystems). A more detailed protocol is 
described in II. 

RNA was extracted from cell lysates, homogenized lung and skin samples by 
the phenol-chloroform method described in detail in the original publications 
I-IV. The quantity and purity of isolated RNA was determined by NanoDrop 
spectrophotometer (ND-1000, Thermo Fisher Scientific Inc., Wilmington, NC, 
USA). cDNA was synthesized from 500 ng of total RNA using MultiScribe 
Reverse Transcriptase and random primers (The High-Capacity cDNA Archive 
Kit, Applied Biosystems, Foster City, CA, USA) according to the 
manufacturer's protocol. PCR assays were carried out with Relative 
Quantification TaqMan 7500 Fast System (7500 Fast Real-Time PCR system, 
Applied Biosystems) using 1 μl of cDNA sample, pre-developed primers and 
probes, and TaqMan universal PCR master mix according to the instructions 
from Applied Biosystems. Ribosomal 18S was used as an endogenous control. 
The details of cDNA synthesis and PCR analyses are described further in 
publications I-IV. 

Supernatants of PMA-differentiated THP-1 cells exposed to cellulose materials 
were analysed with human IL-1β and TNF-α ELISA kits (eBioscience, Inc., San 
Diego, CA) and supernatants of re-stimulated lymph node cells were analysed 
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using mouse IL-13 and IFN-γ ELISA (eBioScience, San Diego, CA). All assays 
were performed according to the instructions given by the manufacturers. 

Total antibody levels were assayed by sandwich ELISA and specific-
antibody levels by an indirect ELISA method. Antibodies were obtained from 
BD Biosciences (San Jose, CA) and peroxidase substrate reagents from 
Kirkegaad & Perry Laboratories (Gaithersburg, MD). BD Pharmingen 
instructions were followed when performing the ELISA assays. 

More details on the used reagents and protocols are presented in original 
publications II and IV. 

Cells of the bronchoalveolar lavage fluid (BAL) were cytocentrifuged onto 
slides, stained with May Grünwald-Giemsa (MGG) and counted under light 
microscopy (Leica DM 4000B; Leica). 

Formalin-fixed lung or skin tissue was embedded in paraffin, cut into 4-μm 
sections, affixed on slides, and stained with hematoxylin and eosin (H&E; I-
III), Periodic acid-schiff (PAS; I-III), picrosirius red (PSR; I-II) or toluidine 
blue (TB; IV) solutions.  

Recruitment of inflammatory cells into the lungs (I-III) or skin (IV) and an 
assessment of the morphological alterations of the tissue was conducted after 
H&E staining. PSR-stained lung sections were used to evaluate the formation 
of fibrosis and the distribution of CNT (I), or cellular activity around cellulose 
materials (II). The number of activated mucin-producing goblet cells was 
determined after PAS staining (I-III). TB-stained skin tissue sections were 
used for counting mast cells (IV). 

Four-μm frozen sections of OCT-immersed lung or skin tissue samples were 
fixed and stained for counting CD3+, CD4+, CD8+ and F4/80+ cells. The 
numbers of positively stained cells were counted under a light microscope at 
400x magnification as an average of a certain number of randomly selected 
areas per high power field (HPF). More details are found in publications I-IV.  

Sections of paraffin-embedded lung tissue were stained with HRP-EXG:CBM 
as described earlier (Knudsen et al., 2015). The presence of cellulose materials 
was quantitatively assessed by counting the number of agglomerates and by 
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measuring their total area. Results are presented as an average from three 
HPF/slide.  

Translocation of ZnO particles in the skin was analysed by CytoViva 
hyperspectral imaging microscopy system (CytoViva, Inc, Auburn, AL). The 
images were captured, processed and analysed with CytoViva ENVI 4.8 
software. Sonicated 100 μg/ml ZnO dispersions in PBS and unstained 4-μm 
skin sections were used for creating spectral libraries of the materials and 
capturing hyperspectral images of the tissue, respectively. The images were 
processed and spectral libraries of both ZnO materials were filtered with 
spectra collected from skin samples of control mice not treated with the 
materials to avoid false positive matches. The Spectral Angle Mapper 
Classification feature was used to find the locations of pixels matching the 
spectra of bZnO or nZnO in the images of ZnO-treated skin. 

Total RNA was isolated from lung tissue samples and its quality was verified. 
A pool of two RNA samples was used to synthesize cRNA with the T7 RNA 
polymerase amplification method (Low Input Quick Amp Labeling Kit, Agilent 
Technologies). cRNAs were labeled with Cy3 and Cy5 dyes (Agilent 
Technologies) and thereafter purified using RNeasy Mini spin columns 
(Qiagen, GmbH, Hilden, Germany). 300 ng of a Cy3-labeled sample and a Cy5-
labeled sample were combined (total 600 ng), fragmented and hybridized to 
the Agilent 2-color 60-mer oligo arrays for 17 h at 65 0C. The slides were 
washed and scanned with Agilent Microarray Scanner G2505C (Agilent 
Technologies). Raw intensity values were obtained with the Feature Extraction 
software, version 11.0.1.1 (Agilent Technologies).  

The microarray data have been deposited in NCBI Gene Expression 
Omnibus (GEO) database (Edgar et al., 2002) and are accessible through GEO 
Series accession number GSE50176 (I) and TBA (III).  

Pre-processing of the microarray data is described in detail in publication I 
and III. Briefly, the median foreground intensities were analyzed in the R 
software (R Core Team, 2012) with the BioConductor package limma (Smyth, 
2005). Log2 transformation and quantile normalization were performed. 
Batch effects were removed using the ComBat method implemented in the sva 
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package (Johnson et al., 2007, Leek et al., 2013). The values of the probes 
recognizing the same genes were further averaged into the final expression 
matrix. Differentially expressed genes (DEGs) were identified by using linear 
models and empirical Bayes pairwise comparison (post hoc adjusted P < 0.05 
and linear fold change (FC) > |1.5|)(Smyth, 2004). After Benjamini and 
Hochberg post hoc correction (Benjamini and Hochberg, 1995), the resulting 
gene sets were considered to be significant and were further studied by using 
analysis tools further described in publications I and III. 

Statistical analysis of the data was performed and graphs constructed with 
GraphPad Prism Software (GraphPad Software Inc., San Diego, CA, USA) 
unless stated otherwise. Analysis of variance was carried out followed by post 
hoc tests for the pairwise comparisons of interest. A P-value of <0.05 was 
considered to be statistically significant. The correlation between microarray 
and PCR results in publication III was calculated with Pearson’s correlation 
test. The details of statistical analyses are described in original publications I-
IV.  
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The acute pulmonary effects of CNT were examined by exposing mice to 
aerosolized rCNT and tCNT for four hours on four consecutive days. After the 
4-day exposure, rCNT but not tCNT caused a decrease in macrophage 
numbers and induced a migration of eosinophils into the airways and lung 
tissue (I, Figure 1a-b, 1c-e). The cytological and histological assessment 
revealed also rCNT-derived frustrated phagocytosis and the formation of 
foreign-body giant cells (FBGC; I, Figure 1f-g). Furthermore, it was found that 
rCNT inhalation induced AHR to inhaled methacholine (I, Figure 2a), 
activation of mucin-producing goblet cells (I, Figure 2b-e), up-regulation of 
Th2 cytokines (I, Figure 2f) and eosinophil-attracting chemokines (I, Figure 
2h). These results are evidence that inhalation of rCNT can evoke a condition 
similar to AAI. 

In an attempt to understand the role of mast cells in the rCNT-induced 
condition, mice deficient in that cell type were used. The diminished presence 
of mast cells affected eosinophil influx (I, Figure 3a) and mRNA expression of 
Th2 type Il-13 (I, Figure 3c) but it did not influence goblet cell activation (I, 
Figure 3b) or the transcription of eosinophil-chemoattractants (I, Additional 
file 2b). These results indicate that mast cells partially regulate the elicitation 
of rCNT-triggered allergic-like airway inflammation. 

CNT-induced early regulatory events were investigated by exposing mice to 
aerosolized materials once for 4 h with the animals being sacrificed 
immediately after the end of the exposure or after 24 h. Genome-wide 
transcriptomics analysis of the lung tissue revealed that the tCNT treatment 
had a relatively mild effect on the gene expression at 4 h (I, Figure 4a) – innate 
immunity pathways were not activated or were down-regulated as compared 
with untreated controls (I, Figure 4c). In contrast, rCNT exposure had 
activated the pathways essential for innate immunity (I, Figure 4c). At 24 h 
after the exposure, the effects of tCNT were more pronounced although similar 
in terms of the size and range of variation to those induced by rCNT. However, 
there were differences in the gene expression patterns altered by rCNT and 
tCNT (Additional file 4); this was seen also at the pathway level in the direct 
comparison of the transcriptomes of mice treated with rCNT and tCNT 
(Additional file 5). These data reveal that inhaled rCNT rapidly activate the 
innate immune system. 

The involvement of macrophages and mast cells was examined in an 
attempt to clarify these early rCNT-triggered events. It was found that alveolar 
macrophages express Il-1β and Tnf, but also Il-33 and Ccl17 along with other 
cell types in the lung tissue (I, Figure 5a-b). Mast cells were found to express 
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Il-13 and Il-4 (I, Figure 5b). This information demonstrates that macrophages 
and mast cells are important cells in the initiation of rCNT-triggered allergy-
like responses. 

In vitro testing was carried out to examine whether NFC possess 
immunomodulatory properties. In these experiments, PMA-differentiated 
THP-1 cells were stimulated with cellulose materials at three concentrations 
for 3, 6 and 24 h. One NFC – non-functionalized material 2, but not the other 
nanocellulose materials, exerted significantly increasing cytotoxicity (II, 
Figure 2), up-regulated mRNA expression and protein secretion of pro-
inflammatory IL-1β (II, Figure 3) and TNF (II, Supplementary figure 1). These 
data suggest that different types of NFC do not commonly activate immune 
reactions. 

In order to characterize the acute NFC-induced pulmonary effects, mice 
were exposed to 10 and 40 μg of the materials via OPA and sacrificed after 24 
h. Bulk-sized cellulose was tested along with NFC to reveal the size-dependent 
effects and rCNT was included as an inflammagenic nano-sized control 
material. All of the cellulose materials and rCNT caused neutrophilic influx 
into BAL (II, Figure 4a) and like rCNT, materials 1, 2 and 5 induced the 
migration of eosinophils (II, Figure 4b). Aggregated immune cells were clearly 
seen clustering around rCNT also in lung tissue (II, Figure 5b) whereas no 
notable activity of the cells was detected in response to material 1 – i.e. the 
bulk-sized cellulose (II, Figure 5c). The histopathological results of NFC 
generally supported BAL cell counts. The presence of neutrophils was detected 
in the lung tissue after exposure to all NFC except material 3, whereas 
eosinophils were observed only in case of non-functionalized NFC – materials 
2 and 5 (II, Figure 5d-g). All of the materials up-regulated pro-inflammatory 
IL-6 expression (II, Figure 6b); furthermore treatment with rCNT, materials 2 
and 5 additionally enhanced IL-1β, TNF and IL-13 transcription (II, Figure 6a, 
6c-d). These data demonstrate that NFC trigger innate immunity reactions 
and evoke acute inflammation in the lungs. 

To investigate whether there would be a resolution or a prolongation of 
NFC-derived inflammatory effects, mice were oropharyngeally treated with 10 
and 40 μg of the materials and sacrificed 28 days post-exposure. In response 
to rCNT, there was a decrease in the number of macrophages and an increase 
in the numbers of neutrophils and lymphocytes in BAL, whereas in response 
to NFC materials, no changes in macrophage numbers were detected nor was 
there any notable influx of inflammatory cells (data not shown). However, the 
formation of multinucleated cells was seen in BAL collected after rCNT 
treatment and FBGC were observed also in mice exposed to materials 2 and 5 
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(II, Figure 7a-c). NFC agglomerates were surrounded in lung tissue with 
macrophages and had been infiltrated by these cells (II, Figure 7, 
Supplementary figure 4); this phenomenon was especially visible for materials 
2 and 5 (II, Figure 7e-f, 7h-i). Occasional neutrophils, eosinophils and 
acidophilic (eosinophilic) macrophages were present in the tissue of mice 
treated with materials 2 and 5 (II, Figure 7). In contrast, rCNT triggered the 
formation of foreign-body granulomas and acidophilic macrophages (II, 
Figure 7d, 7g). These results indicate that the NFC-induced acute 
inflammation had subsided within 28 days. 

To clarify whether the cellulose materials had degraded during 28 days, 
lung tissue sections collected after 24 h were stained with a cellulose-specific 
stain and compared to those taken at 28 days after the exposure. None of the 
tested materials showed a lower number of agglomerates in the lungs or 
exhibited reduced total area of the material after 28 days compared with 24 h 
post-exposure (II, Figure 8a-b, Supplementary figure 5a-b). However, the 
number and total area of the agglomerates varied between the materials, for 
example materials 2 and 5 were present in the lungs in a higher number of 
agglomerates as compared with the other materials (II, Figure 8a, 
Supplementary figure 5a). These data reveal that cellulose materials have poor 
dissolving properties in the biological environment, and are not degraded by 
immune cells. 

We characterized how CuO nanomaterials influence a pre-existing lung 
disease by repeatedly exposing mice to 2.5, 10 and 40 μg of core CuO and its 
surface carboxylated, methylaminated and PEGylated versions via OPA in a 
mouse model of asthma (III, Figure S1). Irrespective of the pulmonary 
condition, all CuO materials evoked a significant neutrophilia in the lungs as 
the cells were clearly detected in BAL (III, Figure 1A) and tissue (III, Figure 2). 
Histological findings included the presence of nuclear dust in response to all 
of the materials (Figure 2C-D). Eosinophil population and goblet cell 
activation were not notably influenced in OVA-challenged mice whereas the 
numbers of macrophages and lymphocytes were mostly increased in a dose-
dependent manner (III, Figure 1A-B). The influx of CD4+ T cells was increased 
at 10 μg/mouse after exposure to the materials except to CuO COOH. CuO 
ENM slightly up-regulated the mRNA expression of pro-inflammatory TNF 
and pro-allergic IL-33 in PBS- and OVA-challenged mice, and mainly 
suppressed the production of IL-13 in OVA-challenged mice (III, Figure 1C). 
These findings indicate that inhaled CuO ENM elicit neutrophilia regardless 
of the pulmonary condition but the materials do not notably affect the 
common signs of allergic asthma at the cellular level.  
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A more in-depth, genome-wide gene expression analysis was performed in 
an attempt to explore the consequences of exposure to CuO materials. 
Hierarchical clustering of the most differentially expressed genes and numbers 
of DEGs in experimental groups suggested that CuO PEG had a lower potential 
to cause changes at the transcriptional level than the other tested materials 
(III, Figure 3A-B). ENM-specific experimental groups of PBS-challenged or 
OVA-challenged mice were then combined and their transcriptomes 
compared against their respective controls as a way of investigating the 
general effects of every material. As a result, CuO PEG did not differ from 
controls and produced no DEGs. DEGs specific to CuO, CuO COOH or CuO 
NH3 in PBS- challenged mice predicted suppressed Cell Cycle at G2/M DNA 
Damage Checkpoint Regulation and Antioxidant Action of Vitamin C pathway, 
and activation of several innate immunity and pro-inflammatory pathways 
including Aryl Hydrocarbon Receptor Signaling (least activated by core CuO) 
and Dendritic Cell Maturation pathways (least activated by CuO NH3) (III, 
Figure 4B). Comparison of the biological processes enriched by the DEGs 
revealed 17 common processes that were related to cytokine/chemokine 
signaling, cell migration and division (III, Figure 4D). No (in)activated 
canonical pathways were identified from the ENM-specific DEGs in OVA-
challenged mice, however, neutrophil degranulation was a commonly 
enriched biological process associated with CuO, CuO COOH and CuO NH3 
exposure (III, Figure S4). These findings show that regardless of the differing 
transcriptomes, CuO, CuO COOH and CuO NH3 do exhibit similarities at the 
pathway level. 

We explored how surface modifications influence core CuO-derived effects, 
by comparing every dose of each modified material against the same 
administered dose of the core CuO. Enrichment analysis revealed that DEGs 
of CuO COOH and CuO NH3 groups resulted in zero or few significantly 
enriched biological processes whereas a large number of biological processes 
were enriched by the set of DEGs in the treatment groups of CuO PEG (III, 
Figure 5A). When up- and down-regulated genes of the CuO PEG groups were 
investigated separately, it was found that the surface PEGylation had 
suppressed the inflammatory processes and pathways induced by core CuO in 
both PBS-challenged (III, Figure S5-6, 5B) and OVA-challenged mice (III, 
Figure S7, 5C).  

The effects of CuO materials to modulate AAI were compared in the DEGs 
of ENM-exposed PBS-challenged mice with those of OVA-challenged mice. 
Hierarchical clustering of canonical pathways revealed that most of the 
pathways of AAI mice exposed to lower doses of CuO materials, were 
unenriched or displayed an activation score of zero. However, in other groups, 
exposure to CuO materials affected several T cell regulation pathways, 
suppressed cell cycle in G2/M DNA damage checkpoint and activated other 
cell cycle-related pathways. The ENM activated many inflammatory pathways 
whose activation was mostly stronger in PBS-challenged mice than in AAI 
mice (III, Figure 6A). 
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It was possible that the differences in the modulatory reactions elicited by 
exposure to CuO materials could be dependent on the condition of the lung. 
Therefore, activation scores of the predicted canonical pathways were 
compared in PBS- and OVA-challenged groups and it was found that a large 
number of the pathways influenced by CuO, CuO COOH or CuO NH3 exposure 
had a similar activation direction (III, Figure 6B-C, Figure S8B-C). The DEGs 
of OVA-challenged mice exposed to CuO PEG did not result in predicted 
(in)activation of any pathways but several pathways had been activated in the 
respective PBS-challenged mice (III, Figure S8C). These results suggest that 
there were no notable differences in the PBS- and OVA-challenged mice in the 
activation of those pathways affected by CuO exposures.  

It was decided to study whether nZnO would be able to penetrate skin with a 
reduced barrier function. Therefore, a murine model of AD (IV, Additional file 
2) was used in which a standardized skin injury was generated by tape 
stripping. bZnO was tested as a size control. An examination of skin sections 
from the exposed area revealed agglomerates of both materials on the surface 
of the skin. The presence of nZnO particles was observed in epidermal and 
dermal skin layers of both PBS-treated and OVA/SEB-challenged mice but 
particle accumulation was clearly greater in the lesional skin of AD mice, 
especially in epidermis (IV, Figure 1). In contrast, bZnO was found only on the 
skin surface and there was no particle penetration into the skin. These data 
show that nano-sized particles can pass through injured skin and furthermore, 
the degree of penetration is considerably greater in allergic skin. 

Possible changes in features common to the skin condition were examined 
in order to characterize the local effects of ZnO particles on AD. It was found 
that nZnO significantly reduced epidermal and dermal skin thickness as well 
as the total number of inflammatory cells, neutrophils and eosinophils in 
OVA/SEB-challenged mice (IV, Figure 2A-D). In addition, the numbers of 
CD3+, DC4+ and CD8+ T cells were reduced after nZnO treatment in AD-like 
skin (IV, Figure 3A-C). bZnO had a less pronounced effect on these end points 
except for the eosinophils; the population of these cells increased in response 
to bZnO. Furthermore, mRNA expression of the pro-inflammatory 
compounds, IL-1β, IL-6 and TNF, the anti-inflammatory agent, IL-10, the pro-
allergic mediators, IL-33, IL-4 and IL-13 and the Th1-type IFN-γ cytokines was 
down-regulated in OVA/SEB-challenged skin (IV, Figure 4). The production 
of pro-inflammatory but not of the other cytokines was inhibited also in 
response to bZnO. A reduction in IL-1β and TNF expression was observed also 
in PBS-treated mice after ZnO administration. These findings suggest that 
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local allergen-induced skin inflammation is efficiently suppressed by nZnO 
whereas bZnO inhibits the inflammation partly by down-regulating pro-
inflammatory but not the Th2 type reactions.  

Cells from skin draining lymph nodes were collected and treated with OVA 
in an attempt to determine how ZnO particles could influence allergen-
induced systemic effects. A slight, non-significantly reduced secretion of IL-13 
as well as IFN-γ was measured upon OVA stimulation in lymphocytes from 
OVA/SEB-challenged mice treated with nZnO (IV, Figure 5). These results 
indicate that cutaneous nZnO administration had suppressed systemic T cell 
reactivity as was evident after their re-exposure to the allergen. 

Systemic effects were also evaluated by measuring total and allergen-
specific antibody production in serum. ZnO materials were found to elevate 
the production of total and OVA-specific IgE in OVA/SEB-challenged mice 
which was greater for nZnO than for bZnO (IV, Figure 6A-B). In contrast, the 
secretion of OVA-specific IgG1 levels was inhibited significantly by nZnO (IV, 
Figure 6C). These data reveal that topical application of ZnO particles on an 
AD-like skin exacerbates the systemic production of the Th2 type IgE 
antibody. 
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Nanotechnology is a fascinating field focusing on the development of various 
ENM and their incorporation into products that are aimed at enriching and 
improving our lives. As the production of ENM has increased, our contacts 
with these materials have also become more common. The most relevant 
exposure routes of ENM in occupational and consumer scenarios are 
inhalation and via the skin. Due to the altered and generally improved 
properties of ENM compared with their larger-sized counterparts, these 
materials may pose a risk to our health. Although our body has protective 
mechanisms against foreign invaders, because of their small size, ENM might 
bypass these systems and come into contact with our immune cells. The role 
of these cells is to remove the foreign particles, however, the unique properties 
of ENM confer on them an ability to manipulate the immune system and in 
some instances, to trigger adverse health effects. 

To date, extensive progress has been made in understanding the 
mechanisms behind ENM toxicity but many knowledge gaps still exist in the 
field. In this thesis, the pro-allergic potential of inhaled rCNT and tCNT was 
investigated in healthy mice. In addition, as limited information exists about 
pulmonary effects of fibrous nanocellulose materials, the ability of NFC to 
elicit immunomodulatory reactions was studied in vitro as well as in vivo one 
day after exposure with the effects being followed up at day 28.  

Due to the reduced functionality of the immune system in patients 
suffering from chronic diseases, exposure to ENM might have stronger 
adverse impacts on the health of these vulnerable people. Thus, the pulmonary 
effects of pristine and surface-modified CuO ENM were explored in a murine 
model of asthma to clarify how the materials and their surface 
functionalization modulate the symptoms. In addition, dermal effects of nZnO 
were studied in a mouse model of AD to test the hypothesis that a reduced 
integrity of the skin barrier would allow particle penetration and furthermore, 
once penetrated, the ENM would exhibit immunomodulatory reactions. 

MWCNT are long, thin and fiber-like structures with a nano-sized diameter. 
In addition, the CNT are resistant to an acidic environment and high 
temperatures (Donaldson et al., 2006, Aschberger et al., 2010). Due to their 
shape and persistency, MWCNT have been compared to asbestos fibers and it 
is feared that they might cause similar pathologies. According to the classical 
fiber paradigm, structures longer than ~15 um and thinner than 3 um cause 
frustrated phagocytosis which leads to toxicity (Poland et al., 2008, 
Donaldson et al., 2013).  
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CNT exist in different forms – in addition to varying lengths, the fibers may 
also be straight and rigid, or tangled. In particular, there is evidence that when 
administered via intraperitoneal injection, long and rigid MWCNT can induce 
inflammation and the formation of granulomas in the mesothelial lining of 
mice (Poland et al., 2008). In publication I, long, rigid and long, tangled 
MWCNT were administered to mice by aerosol inhalation to test the shape-
dependent toxicity hypothesis in a set-up that mimicked a real-life exposure 
scenario. Both cellular and histological features as well as cytokine expression 
in lungs were significantly altered after rCNT but not after tCNT exposure. At 
the transcriptional level, rCNT up-regulated several inflammatory pathways 
whereas in response to tCNT, some of these pathways were inactivated or even 
suppressed.  

The inability of tCNT to trigger inflammation could be explained by 
successful phagocytosis of the particles. Due to their bundle-like shape, 
macrophages can enclose the phagolysosome containing the particles and 
clear the material from the extracellular space (Donaldson et al 2010). Instead, 
rCNT cause frustrated phagocytosis, cellular damage and ROS-mediated 
initiation of inflammation as shown in vitro (Palomäki et al. 2010). These data 
highlight that the form of ENM fibers exerts a substantial impact on their 
biological activity. 

Allergic asthma is a chronic airway disease involving airway hyperreactivity 
and excessive mucus production. The cellular and molecular mediators of 
asthma include mast cells, eosinophils, Th2 type lymphocytes and cytokines 
(Galli et al., 2008). CNT have been reported to possess adjuvant properties as 
exposure to the fibers has been claimed to exacerbate AAI (Inoue et al., 2009, 
Nygaard et al., 2009, Nygaard et al., 2013, Ronzani et al., 2014). The objective 
in publication I was to characterize the pulmonary effects of MWCNT in 
healthy mice without a pre-existing allergen-induced lung disease. It was 
found that inhaled rCNT triggered characteristics similar to AAI in the murine 
lungs i.e. the pulmonary milieu induced by the material exhibited eosinophilia, 
AHR to inhaled methacholine, mucus production, the presence of Th2 type 
cytokines and eosinophil-specific chemokines. Furthermore, it was observed 
that mast cells partially regulated the allergy-like inflammatory responses. 

Inhalation of aerosolized rCNT caused a reduction in the macrophage 
population. Furthermore, macrophages undergoing frustrated phagocytosis 
and the formation of FBGC were observed as described earlier (Poland et al., 
2008). FBGC are suggested to be a result of macrophage fusion that takes 
place due to frustrated phagocytosis. This kind of fusion could be considered 
as a combined phagocytic force being exerted by individually ineffective 
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macrophages. It can be also thought of as an isolation mechanism to protect 
host tissues from continuing injury (McNally and Anderson, 2011). However, 
multinucleation of cells is recognized as a pathological feature in various 
diseases such as granulomatous diseases (Helming and Gordon, 2009).  

The fusion of phagocytes has been linked to alternatively activated 
macrophages (AAM), also known as M2 cells, that merge in the presence of IL-
4 and IL-13 (Helming and Gordon, 2007, Martinez et al., 2009). Macrophage 
polarization towards the M2 type can be induced by IL-13 and IL-33. M2 
macrophages themselves express IL-13 and several cytokines including CCL17 
and CCL24. These signaling molecules mediate both Th2 cell and eosinophil 
migration – thus, AAM have been suggested to play a role in allergic 
inflammation (Jiang and Zhu, 2016). The rCNT used in publication I have 
been shown to change macrophage polarization dynamically during the course 
of inflammation – the M1 population has been demonstrated to be most 
evident on day one post-exposure whereas M2 polarization peaks on day 3 and 
remains elevated until day 7 (Dong and Ma, 2018). rCNT-induced M2 
polarization could be a link between frustrated phagocytosis and FBGC 
formation observed in publication I.  

The exploration of early rCNT-induced inflammation by transcriptome 
analysis revealed a rapid activation of innate immunity pathways which lead 
to the investigation on how macrophages and mast cells contribute to the 
development of the allergic consequences. Consequently, it was demonstrated 
that macrophages solely produce IL-1β, TNF and partially IL-33 and CCL17 
whereas mast cells are responsible for providing IL-4 and the majority of IL-
13. The data also revealed that some part of IL-33, IL-13 and CCL7 is derived 
from other cells types in the lung tissue. For example, there is evidence that 
MWCNT-induced pulmonary effects are regulated by IL-33, likely originating 
from epithelial cells, followed by the subsequent production of IL-13 by the IL-
33-activated ILC2 cells (Beamer et al., 2013).  

The development of classical asthma usually involves a sensitization phase 
during which the first contact with a protein allergen takes place. This leads to 
the differentiation of allergen-specific Th2 cells and the production of IgE 
antibodies specific for the allergen (Galli et al., 2008). In the case of rCNT-
triggered inflammation which was evident within 5 days, the traditional type 
of sensitization could not have developed because the time frame was too short 
and there was also the absence of a conventional allergen. Instead, inhaled 
rCNT caused an unconventional AAI that took place via innate immunity 
reactions. 
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NFC, a subgroup of nanocelluloses, is characteristically a high aspect ratio 
nanomaterial with great mechanical strength and good film-forming 
properties. NFC could be used by the paper and food industry for improving 
paper quality and for producing bio-based packaging material with better 
oxygen barrier properties (Nair et al., 2014).  

The ENM shape and bioreactivity relationship paradigm for long and thin 
fibers has gained more support as a high aspect ratio is considered to be one 
of the major features associated with adverse health outcomes (Fadeel et al., 
2012). Thus, NFC might potentially affect the immune system, however, to 
date, very few studies have focused on investigating the effects of NFC in vitro 
and in vivo (Kollar et al., 2011, Pereira et al., 2013, Catalan et al., 2017, Lopes 
et al., 2017, Park et al., 2018). Pulmonary effects of NFC have been explored 1 
and 14 days post-administration but nothing is known about their 
consequences beyond 2 weeks (Catalan et al., 2017, Park et al., 2018).  

An earlier study reported that NFC caused macrophage migration into the 
airways and DNA damage in lung tissue at doses of 10 and 40 μg/mouse which 
are the same doses as used in publication II. The authors speculated that the 
DNA damage could have been a result of inflammation-derived ROS that had 
been generated after NFC phagocytosis and may have contributed to the 
recruitment of other inflammatory cells – eosinophils and neutrophils which 
were seen at higher doses (Catalan et al., 2017). Similarly, exposure to the NFC 
materials used in publication II resulted after 1 day in acute inflammation 
which was characterized by neutrophil influx with increased IL-6 expression, 
however, it took place already at doses 10 and 40 μg/mouse. Furthermore, 
non-modified NFC (materials 2 and 5) additionally recruited eosinophils into 
the lungs and up-regulated the transcriptions of IL-1β, TNF and IL-13. These 
data indicate that NFC have an ability to initiate innate immunity reactions 
and to trigger acute inflammation in the lungs. 

To date, the only study focusing on sub-acute effects of NFC found that 14 
days after their exposure, the NFC-triggered local pulmonary environment 
exhibited a Th1-type phenotype. There was evidence that NFC had elevated 
the number of polymorphonuclear cells in BAL at a dose of 40 μg/mouse but 
not those of mononuclear phagocytes or lymphocytes. The cytokine milieu 
contained up-regulated pro-inflammatory IL-1β, pro-Th1 type IL-12p40, 
neutrophil-attracting KC and MIP-1α, and monocyte-attracting MCP-1 (CCL2) 
(Park et al., 2018). At 28 days, none of the NFC caused notable changes in the 
influx of inflammatory cells into the airways (II). FBGC were found in low 
numbers in the BAL of mice exposed to non-modified NFC and few acidophilic 
macrophages were detected in the tissues of these mice with up-regulated IL-
13 levels. These kinds of features have been described previously as residues 
of Th2 type reactions (Rydman et al., 2015). 
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In summary, cytological, histological and cytokine expression data indicate 
that non-functionalized NFCs have a higher inflammatory potential than NFC 
with anionic groups. However, the overall results suggest that NFC have low 
or no long-term toxicity as the acute inflammatory reactions had subsided in 
28 days. 

With regard to respiratory tract exposure, primary and cell line macrophages 
are often used in vitro for mimicking early innate immunity reactions in 
alveolar macrophages upon contact with ENM. These models can provide 
insights into whether the materials could pose a health risk in vivo. In 
publication II, NFC effects were screened in vitro in PMA-differentiated THP-
1 cells that resemble macrophages and in vivo in C57BL/6 mice. The in vitro 
model demonstrated that one of the non-modified NFC (material 2) triggered 
pro-inflammatory IL-1β and TNF production whereas the in vivo model 
revealed IL-1β, TNF and IL-13 expression in response to both non-modified 
NFCs (materials 2 and 5), and commonly up-regulated transcription of 
inflammation-promoting cytokine IL-6 with neutrophil recruitment by all 
tested NFC materials (materials 2-5). These results indicate that the models 
are not fully in concordance as the in vivo model suggested that more 
materials possess an inflammatory potential than the in vitro model.  

Hypotheses of ENM-triggered effects in macrophage in vitro models are 
based on an assumption that the particles reach the alveolar area of the lungs. 
However, ENM are known to deposit fractionally in different areas of 
respiratory tract which to a certain extent, results in their interaction with 
epithelial cells (Oberdörster et al., 2005). This applied also to the NFC because 
the presence of their agglomerates was evident in the airways as well as in the 
alveolar space (II, Figure 8). Thus, the sensitivity difference between the in 
vitro and in vivo model is likely derived from recognition of ENM by more cell 
types in whole lungs as compared with macrophages which are the only cells 
present in the in vitro model.  

Concurrently with macrophages, the early inflammatory reactions can be 
initiated by epithelial cells and mast cells. The cytokine profile of epithelial 
cells includes the production of IL-1β, TNF and IL-6 (Mills et al., 1999), 
whereas mast cells can produce IL-13 during innate immunity response as 
demonstrated in the response to rCNT in publication I. In addition, it has been 
found that the ENM-induced damage to the barrier integrity of epithelial cells 
triggers IL-33 production which leads to ILC2-derived IL-13 secretion (Katwa 
et al., 2012, Beamer et al., 2013).  

Altogether, when taking the behavior of NFC in the lungs in vivo into 
account, the material testing performed on macrophages in vitro resulted in a 
partial characterization of the immunomodulatory potential of the materials. 
With regard to the cells present at the air-bio interface, assessing the ENM 
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deposition by mathematical tools (Miller et al., 2016) or based on published 
data, could indicate which cell types would provide the most accurate 
information for predicting in vivo toxicity. If deposition in more than one 
compartment takes place, co-culture models could be used to simulate the 
initial reactions more precisely.  

Respiratory exposure to rCNT via OPA has been compared with asbestos 
earlier in a similar set-up as used in publication II (Rydman et al., 2015). It 
was shown that rCNT induced a stronger acute inflammation than asbestos, 
thus, it was used as a positive ENM control in publication II.  

rCNT-triggered effects have been shown to induce acute neutrophilia that 
changes into a Th2 type inflammation by day 7 with traces of this still being 
seen at 28 days (Rydman et al., 2015). One day post-administration, rCNT 
elicited neutrophil influx also in publication II which was accompanied by the 
presence of eosinophils in BAL and lung tissue, as well as up-regulation of the 
expression of IL-1β, IL-6, TNF and IL-13. After 28 days, FBGC were found in 
the BAL of rCNT-exposed mice, the lung tissue exhibited elevated levels of T 
cell subtypes, acidophilic macrophages and foreign-body granuloma 
formation around the fibers. In addition, up-regulated transcription of TNF, 
IL-13, and TGF-β was observed. 

Non-modified (materials 2 and 5) but not anionic NFC (materials 3 and 4) 
triggered Th2 type pulmonary reactions, including the mild recruitment of 
eosinophils in the early phase with IL-13 transcription at 1 and 28 days after 
the exposure, with a low number of FBGC in BAL and acidophilic macrophages 
in lung tissue. Charcot-Layden crystals within acidophilic macrophages are 
derived from eosinophils and have been linked to eosinophilic diseases (Janin 
et al., 1993, Lao et al., 1998, Guo et al., 2000). In the study of Rydman et al, 
rCNT-induced eosinophilia was shown to peak at day 7 (Rydman et al., 2015) 
and acidophilic macrophages began to appear in the tissue on day 14. After 
exposure to non-modified NFC (materials 2 and 5), minor indications of Th2 
type features were evident at days one and 28 days along with the presence of 
a low number of acidophilic macrophages. Thus, these materials were proved 
to have pro-allergic properties like rCNT, however at a significantly lower 
magnitude as no chronic inflammation was observed on day 28. 

The finding that all NFC (materials 2-5) were still present after 28 days in 
comparable amounts as one day after the exposure, demonstrated that the 
materials are poorly biodegradable and dissolvable. It is known that humans 
lack cellulolytic enzymes and thus are not able to degrade cellulose. However, 
the finding that NFC do not cause chronic inflammation is unusual since 
biopersistent materials are generally expected to cause long-term adverse 
effects, for example rCNT-induced foreign-body granulomas. Histologically, 
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only adhering macrophages around the bundles of NFC (materials 2-5) were 
seen and in the case of non-modified NFC (materials 2 and 5), few FBGC were 
detected in BAL (II). Early studies on the effects of bulk-sized cellulose have 
concluded that the material is generally biocompatible, eliciting only minor, if 
any, foreign body responses (Miyamoto et al., 1989, Martson et al., 1999). One 
could speculate that NFC is handled by macrophages similarly as has been 
postulated for tangled CNT (Donaldson et al., 2010). NFC has low rigidity due 
to their changing crystalline and amorphous parts (Tomic et al., 2016) and 
appears in lung tissue mostly in the form of gel-like agglomerates that are 
larger than one phagocyte. Therefore many macrophages have to adhere to the 
surface of NFC agglomerates to isolate them from the tissue without the need 
for promoting inflammation. 

Extensive information already exists about the toxicity of CuO ENM. CuO has 
been shown to induce cytotoxicity in different cell types, which is often 
categorized as apoptosis, occurring with genotoxic effects and ROS generation 
(Wang et al., 2012, Siddiqui et al., 2013, Karlsson et al., 2014, Semisch et al., 
2014, Thit et al., 2015). CuO ENM toxicity has been described to lie in the 
lysosomal dissolution of the particles and formation of Cu2+ ions, a 
mechanism defined as the Trojan horse effect (Studer et al., 2010).  

The effects of core CuO and its surface carboxylated, methylaminated and 
PEGylated derivates were explored in a murine model of asthma in publication 
III. Regardless of the pulmonary status, all CuO nanomaterials caused 
neutrophilia in the BAL and lung tissue with the presence of nuclear dust in 
the latter and a mild up-regulated expression of TNF and IL-33. In mice with 
AAI, the materials did not cause any notable changes in eosinophil numbers 
and mucin-producing goblet cell activation whereas macrophage and 
lymphocyte populations had increased and the transcription of IL-13 was 
mainly suppressed. Furthermore, CD4+ T cell levels were elevated at 10 
μg/mouse in response to all of the CuO ENM other than CuO COOH. These 
data indicate that the materials do not modulate AAI, however, ENM worsen 
it via the induction of innate immunity reactions. CuO has been found to 
aggravate asthma in a previous study in which signs of AAI were also 
influenced – cellular influx into the lungs, AHR, IgE and mucus production 
were increased along with CuO-triggered ROS generation (Park et al., 2016).  

When the bioreactivity of CuO ENM was compared generally at the 
transcriptome level, CuO, CuO COOH or CuO NH3 in healthy lungs were 
predicted to suppress Cell Cycle at G2/M DNA Damage Checkpoint Regulation 
and Antioxidant Action of Vitamin C pathway. CuO materials are known to 
produce ROS that cause mitochondrial damage via activation of the 
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mitochondrial-mediated apoptosis pathway, stimulation of p53 and caspase 3, 
which results in apoptotic death (Siddiqui et al., 2013, Chibber and Shanker, 
2017). MeO ENM have also been reported to suppress the cell cycle at G2/M 
DNA Damage Checkpoint which would lead to cell death (Gao et al., 2016, 
Yuan et al., 2016). Moreover, suppression of Antioxidant Action of Vitamin C 
may further promote CuO-induced ROS reactions in the cell. In addition, the 
materials activated several innate immunity and pro-inflammatory pathways 
including Aryl Hydrocarbon Receptor Signaling and Dendritic Cell Maturation 
pathways that have been associated with Th17- and IL-17A-dependent 
immunity and pulmonary neutrophilia in response to particulate matter 
(Jaligama et al., 2018). Furthermore, all three materials commonly enriched 
cytokines/chemokine biological processes that are related to neutrophil 
trafficking, supporting the cytological and histological findings (III). Although 
no (in)activated pathways were identified in mice with AAI, neutrophil 
degranulation stood out as a commonly enriched biological process for these 
three materials. In contrast, the transcriptomes of CuO PEG groups did not 
differ significantly from control groups. 

Comparison of pathway (in)activation after exposure to CuO 
nanomaterials between healthy mice and mice with AAI revealed that many 
pathways in the AAI mice exposed to lower doses of CuO ENM, were 
unenriched or without an activation score. In other groups, exposure to CuO 
nanomaterials affected several T cell regulation pathways, suppressed cell 
cycle in G2/M DNA damage checkpoint, and activated other cell cycle-related 
pathways as well as many inflammatory pathways. Pathway activation was 
mostly stronger in PBS-challenged mice than in AAI mice which is most likely 
due to pre-existing inflammation in the control mice with AAI. 

Altogether, these findings show that inhaled CuO ENM elicited innate 
immunity reactions irrespectively of the pulmonary condition without notably 
affecting the common signs of allergic asthma at the cellular level. 
Furthermore, regardless of differing transcriptomes, CuO, CuO COOH and 
CuO NH3 displayed similarities at the pathway level whereas CuO PEG 
resembled the controls. These data indicate that PEGylated CuO has a lower 
potential to trigger adverse effects. 

It has been postulated that the surface charge of the ENM affects their uptake 
and thereby also their inflammatory potential (Nel et al., 2009). In publication 
III, CuO, CuO COOH, CuO NH3 and CuO PEG were tested to determine 
whether and how they influence the effects of the core material. CuO COOH 
represented a negatively-charged, CuO NH3 a positively-charged and CuO 
PEG a neutral ENM. Based on the cytological analysis of BAL samples, CuO 
NH3 induced stronger neutrophilia than other materials whereas the 
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neutrophil influx triggered by CuO COOH was lower as compared with that 
evoked by CuO. A positive surface charge has been shown to enhance ENM 
uptake and cationic ENM exhibit a higher engulfment rate than anionic 
particles (Kenzaoui et al., 2012) which results in higher cytotoxicity than that 
triggered by anionic or unmodified particles (Ruenraroengsak and Tetley, 
2015). The increased uptake of cationic particles is attributable to the 
negatively-charged nature of the cell plasma membrane that interacts with 
positive functional groups of cationic ENM (Panariti et al., 2012). 

To explore in greater depth the consequences of exposure to CuO materials, 
a genome-wide gene expression analysis was performed and it was found that 
CuO PEG had a considerably lower ability than the other CuO materials to 
induce immunomodulatory changes at the transcriptional level. To unravel 
how the responses of the materials differ from CuO, transcriptomes of CuO 
PEG groups were compared against the same administered dose of core CuO. 
It was observed that large numbers of biological processes were enriched in 
the DEG sets. Up- and down-regulated genes of CuO PEG groups were then 
investigated separately which revealed that surface PEGylation suppressed 
inflammatory processes and pathways induced by core CuO in both healthy 
mice and mice with AAI. It has been described earlier that the polymer coating 
can diminish the attractive forces of the pristine material which promote 
contact with the cell membrane. The PEG coating creates a micelle around the 
core particle that diminishes the engulfment by phagocytes due to steric 
hindrance. Thus, PEGylation can be a promising approach in drug delivery for 
prolonging the circulation time of a medication (Nel et al., 2009, Kendall and 
Holgate, 2012). However, such prevented uptake by phagocytes could explain 
the attenuated immune response that was seen in response to PEGylated CuO 
in publication III.  

In summary, it was found that surface PEGylation inhibited the 
inflammatory reactions caused by the more bioactive core ENM. Based on the 
previous knowledge, this phenomenon occurred possibly due to hindered 
uptake of PEGylated particles by phagocytes. 

MeO such as ZnO and TiO2 have been used as UV filters in sunscreens for 
decades. With the emergence of nanotechnology, these materials acquired 
superior UV blocking properties when their size was reduced to the nanoscale. 
Furthermore, the appearance of sunscreens improved as the nano-sized MeO-
containing products left a transparent film on the skin as compared with the 
visible white layer of the older generation sunscreens (Newman et al., 2009). 
Today, these kinds of modern sunblockers are on the market and more and 
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more people are being dermally exposed to these nano-sized inorganic 
nanomaterials. 

Exposure of a healthy and intact skin to ENM is considered safe as stratum 
corneum provides an effective barrier against percutaneous absorption of the 
particles (Krug and Wick, 2011). Theoretically, skin could be penetrated by 
nanoparticles via paracellular (intercellular), transcellular (through the cells) 
and transappendageal route that involves entering via hair follicules, sweat 
pores or sebaceous glands (Smijs and Pavel, 2011). ENM dermal penetration 
has been studied on various skin models in vitro as well as in vivo but the 
results have been controversial (Wu et al., 2009, Adachi et al., 2010, Gulson 
et al., 2010, Sadrieh et al., 2010, Senzui et al., 2010, Lin et al., 2011, Monteiro-
Riviere et al., 2011, Holmes et al., 2016). The discrepancies in the findings may 
be caused by several factors. First, these experiments have been carried out on 
murine, porcine or human skin whose thicknesses vary and thus, also 
penetration can be affected. Even in humans, skin thickness varies in different 
areas of the body, and depends on age, gender, skin type and its condition 
(Smijs and Pavel, 2011). Second, in vitro models lack the natural skin mobility 
and due to the absence of flexing, the transdermal transport may be reduced. 
Third, the physicochemical properties of the ENM, their doses, formulation 
and exposure schedules vary. 

Dermal exposure of UV-injured or diseased skin has been less extensively 
examined and there is no clear consensus in the data (Senzui et al., 2010, Lin 
et al., 2011, Monteiro-Riviere et al., 2011, Kim et al., 2016, Pal et al., 2016). In 
publication IV, the penetration of nano-sized and bulk-sized ZnO was 
investigated in vivo on mechanically injured skin with or without 
allergen/superantigen-induced AD. While bZnO was observed only on the skin 
surface, nZnO particles were found in the epidermis and dermis of both PBS-
treated and OVA/SEB-challenged mice. Furthermore, particle accumulation 
was greater in lesional skin of AD mice, especially in the epidermal layers. 
These data demonstrate that nano-sized ENM are able to enter injured skin, 
especially allergic skin where their penetration was more extensive.  

The nanotoxicology field in terms of skin exposure to ENM is currently focused 
on strategizing the testing of dermal absorption (Gulson et al., 2015). Although 
it is generally accepted that ENM may pose a health hazard when the skin 
barrier is diminished (Oberdörster et al., 2005, Lademann et al., 2011), there 
is little information of the biological effects of ENM on injured skin.  

AD is a chronic inflammatory skin disorder characterized by intensely 
itching eczematous lesions that consequently significantly impact on the 
patient’s life quality. AD is a Th2-polarized disease with elevated serum IgE 
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levels. Cell constituents in the dermis of acute skin lesions include increased 
CD4+ and CD8+ T cells, Langerhans cells and eosinophils (Tokura, 2010).  

In publication IV, the immunomodulatory effects of nZnO were 
investigated in a murine model of atopic dermatitis. It was found that nZnO 
significantly reduced the thickness of skin layers, and decreased the numbers 
of inflammatory cells including neutrophils, eosinophils and T cell subtypes, 
as well as inhibiting the expression of several cytokines such as IL-1β, IL-6, 
TNF, IL-10, IL-33, IL-4, IL-13 and IFN-γ, in AD-like mice. In contrast, bZnO 
inhibited pro-inflammatory but not Th2 type reactions and thus only partially 
reduced the allergic skin inflammation. Systemically, nZnO administration 
suppressed T cell reactivity as after re-exposure of lymph node cells to OVA, 
there was mildly reduced Th1 and Th2 type cytokine secretion. However, the 
material exacerbated the systemic production of the Th2 type IgE antibody 
(IV). The local suppressive effects of topically applied nZnO contrast with the 
exacerbated reactions observed after intradermal administration of TiO2 
nanoparticles in allergic skin, whereas both materials commonly had systemic 
adjuvant activity (Yanagisawa et al., 2009). In summary, these data show that 
topically applied MeO materials have an ability to trigger immunomodulatory 
effects when penetrating through murine skin.  

One of the first steps to be taken when designing a nanotoxicological study is 
the selection of which ENM will be tested. Due to a large number of existing 
nanomaterials, it has been recommended that the choice should be strategized 
and rationalized (Nel et al., 2006). In this thesis, CNT and MeO ENM were 
given a preference due to their high global production volumes and wide use 
in commercial products whereas NFC were selected because of the Finnish 
paper and pulp industry’s high interest in their generation. In addition, a 
nanotoxicological study should take into account real-life exposure scenarios 
of the chosen ENM as these will determine which route is relevant for testing. 
In terms of exposure in the occupational environment, the most likely route of 
entry would be the respiratory system whereas dermal contact is more relevant 
for materials used for example in skin care products. These aspects together 
with specific scientific questions form the basis for the selection of 
experimental model, doses, administration technique, exposure duration, 
time and end points and analysis methods. Here, however, nanotoxicologists 
face several fundamental and methodological difficulties. 

The choice between in vitro and in vivo models is dependent on the 
hypothesis of the study. In vitro models can be used as a screening tool or for 
providing mechanistic insights into the toxicity of the ENM being evaluated. 
Single cell type models reveal responses specific to that cell type but they 
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cannot reveal intercellular effects such as the cross-talk between inflammatory 
cells. Co-culture models have been developed in attempts to overcome this 
limitation; in these systems, usually two cell types are included. In vivo models 
provide comprehensive as well as mechanistic information about local and 
systemic effects as well as data about the biodistribution of the particles. 
Furthermore, in vitro models are generally restricted in time, thus they are 
suitable for investigating for example early effects of ENM interaction with the 
cells, whereas in vivo models can be utilized also for long-term studies to 
examine chronic effects and the biopersistence of ENM. It has been 
recommended that when investigating mechanisms behind the ENM-
triggered effects, the optimal approach is to perform in vitro tests integrated 
with in vivo models (Zhao and Liu, 2012). In this thesis, in vivo models were 
chosen because of the complexity of the hypotheses. However, differentiated 
THP-1 cells were used to supplement the in vivo data in publication II. 

One of the most challenging aspects in designing experiments that focus on 
investigating health effects of ENM is choosing the dose – the amount of 
material determining toxicity. Dose is a result of material concentration and 
exposure duration, for example, regarding respiratory exposure, it is 
recommended that the administered ENM amounts should reflect real-life 
occupational exposure levels (Seaton et al., 2010). However, due to the paucity 
of experimental data in this area as well as the fact that there are no established 
regulatory occupational exposure limits (OEL), the decision is complicated. In 
addition, technical aspects inherent in the experimental system may further 
challenge the dose selection.  

The administered doses in publication I were not precisely known due to 
the use of a whole-body inhalation method but the aerosol concentrations were 
an estimation of workplace exposure levels. At the time the experiments were 
being performed, airborne CNT levels were reported to be around ~1 mg/m3 
(Dahm et al., 2012, Erdely et al., 2013). In the light of this information, the 
rCNT and tCNT concentrations used in publication I may seem excessive, 
however, one can justify their use when considering post-production processes 
during which the exposure levels are likely to be higher. 

Since the immunomodulatory potential of NFC was compared with rCNT 
in publication II, the earlier dose estimations made for CNT exposure were 
used when designing the study (Porter et al., 2010). Similar nanocellulose 
doses were however tested also by Shvedova et al who applied OSHA’s 8-h 
time-weighted average permissible exposure limit for the respirable fraction 
of cellulose (5 mg/m3) when estimating the ENM amount (Shatkin and 
Oberdorster, 2016, Shvedova et al., 2016, Park et al., 2018). These calculations 
can be indirectly applied also to the NFC doses in publication II. As a result, 
the lower dose of 10 μg/mouse approximates to a reasonable human 
occupational exposure whereas the higher dose of 40 μg/mouse should be 
considered as experimental e.g. necessary for determining the relationship 
between dose and response. 
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In publication III, the daily administered and cumulative CuO doses were 
adjusted to those used earlier for CNT, and NFC exposures (Rydman et al., 
2015). The rationale for such an approach was to enable an interstudy 
comparison. Although several other experimental factors vary between these 
studies, an approximation can be made in terms of the potential of these ENM 
to induce immunomodulatory responses. 

With regard to the dermal exposure, the concentrations of bulk-sized ZnO 
and TiO2 that are allowed to be used in sunscreen products were used as a 
basis for choosing the dose (U.S. Food and Drug Administration, 1999). At the 
time when the study was performed, nano-sized ZnO was not yet allowed to be 
incorporated into the sun lotions sold in the EU. However, in 2016, the 
European Commission approved their use in sunscreens at the same 
concentration as its bulk-sized counterpart – a maximum of 25% (The 
European Commission, 2016). 

The decision on exposure duration can support dose selection in toxicity 
testing. When considering the fact that workers with industrial diseases have 
been generally exposed to high concentrations of materials over several years, 
this could be translated into a repeated exposure in vivo, preferably by 
inhalation of ENM aerosol (Seaton et al., 2010). This kind of approach was 
used in publication I where mice were exposed for 4 h/day on 4 consecutive 
days in a whole-body inhalation system. The chosen schedule does not reflect 
years-long exposure but one may compare it to an inhalation exposure lasting 
for one working week. However, inhalation experiments have their limitations 
– they require large amounts of ENM and are time-consuming and labour-
demanding. As alternatives, intratracheal instillation and oropharyngeal 
aspiration techniques have been used; in these approaches, the dose is well-
defined and the experiments are less time-consuming and not as labor-
intensive. Since oropharyngeal aspiration is less invasive than intratracheal 
instillation, it was chosen to be used in publications II and III. It has been 
debated that the bolus dose administered during the aspiration does not apply 
to the real-life scenario as it has been introduced all at once and therefore 
cannot reflect exposures occurring over days (Shatkin and Oberdorster, 2016). 
Thus, in publication III, repeated exposure by oropharyngeal aspiration was 
used. In fact, a recent study demonstrated that this aspiration technique 
results in a similar ENM-derived pulmonary inflammation as the inhalation 
method and can be used as a valid substitute for the latter (Kinaret et al., 
2017). The rationale for the dermal exposure schedule was derived from a 
study performed on human volunteers where repeated application of the 
materials was chosen to mimic the real-life use of sunscreens (Gulson et al., 
2010). In addition to exposure length, also the total duration of an experiment 
has a relevant role in a study. In this thesis, different time points were selected 
to cover acute as well as long-term effects of ENM. 

A thorough physicochemical characterization of the ENM and their 
behavior in exposure including size distribution, dissolution and protein 
binding has been emphasized as one of the key elements of toxicity screening 
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(Nel et al., 2006, Savolainen et al., 2010, Landsiedel et al., 2012). Various 
characterization methods were used in this thesis to meet these requirements, 
however, some shortcomings, such as size distribution and dissolution rate of 
the ENM in exposure media, protein adhesion, stability of surface 
modifications and cellular uptake, still remained in one or another 
publication. Agglomeration, dissolution and protein adhesion onto the 
particles have been recognized to influence the cellular uptake and alter the 
particles’ distribution in the tissue (Landsiedel et al., 2012). To minimize these 
processes taking place in ENM suspensions before the exposures, well-
established dispersion protocols were applied and the suspensions were 
administered shortly after their preparation. 

Since the ENM distribution influences the responses of the immune system 
as well as the cellular and histopathological changes, the detection of the 
material after the exposure provides valuable information for sample analysis 
and interpretation of the results. However, this task can be technically 
challenging due to the physicochemical characteristics of the ENM. In this 
thesis, different approaches were used for locating the tested ENM. CNT 
materials that are characteristically black, were easy to detect in stained 
histological samples, especially in such with a light background color. Thus, 
PSR staining proved to be the best approach for observing CNT localization in 
the lungs (I). In contrast, histological stainings dyed the NFC materials and 
thus, they were not as conveniently observed as CNT (II). Therefore, a cellulose 
specific staining was used to enhance their presence in the tissue. ZnO and 
CuO materials were undetectable in stained tissue sections (III, IV). In 
publication IV, a novel microscopy method - hyperspectral imaging 
technology, was used for detecting ZnO particles in unstained skin sections. 
Even though the distribution of CuO materials was not determined in 
publication III, an indirect evaluation could have been made. For example, due 
to the nature of certain localized histological features, i.e. neutrophil influx and 
nuclear dust, it could be assumed that CuO particles had deposited in these 
areas. However, to confirm this uncertainty, hyperspectral imaging or TEM 
analysis could be performed.  

The selection of end points to be analysed is an important part of 
toxicological testing. In this thesis, a variety of end points was chosen to 
provide a comprehensive overview of the ENM-derived immunomodulatory 
effects. Different traditional and novel molecular, cellular and histological 
analytical methods, which were complementary to each other, were carried 
out. 

Taken together, the success of a nanotoxicological study is challenging due 
to various factors. To overcome the current uncertainties and even unknowns 
in the field, rationalized compromises will need to be made when planning and 
carrying out future toxicological studies of ENM until more knowledge is 
gained. 
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Risk assessment is a process consisting of identifying hazards and risk factors 
that may cause harm, evaluating the risk linked with the hazard, and choosing 
appropriate ways to eliminate the hazard or control the risk (Canadian Centre 
for Occupational Health and Safety, 2018). Risk is the probability that a person 
may suffer detrimental health effects if exposed to a hazard. Thus, the risk level 
is affected by the hazard and the exposure to the hazard (Health and Safety 
Authority, 2018). Since no specific OEL have been established in the EU for 
ENM, it is difficult to evaluate the magnitude of their exposure levels. Due to 
no regulatory OEL and also limited data on actual occupational exposure 
levels, mouse to human extrapolation is challenging. Nevertheless, speculative 
conclusions can be drawn and suggestions made for ensuring the safety of 
workers handling ENM and consumers who use nanoproducts i.e. preventing 
potential adverse effects until regulations for these materials have been 
established.  

In publication I, inhalation of aerosolized rCNT was found to cause a rapid 
innate immunity-mediated allergic airway inflammation in healthy lungs. As 
tCNT did not trigger a similar outcome, these findings highlight the 
importance of taking into account the form of fibrous ENM when assessing 
their detrimental pulmonary effects. Furthermore, foreign-body granuloma 
formation accompanied by on-going immune reactions were still evident 28 
days after rCNT administration in publication II. These data suggest that 
workers who handle ENM powders with similar characteristics as rCNT might 
be at risk for developing symptoms of asthma and long-term adverse 
pulmonary effects if precautions are not taken to avoid continual exposure.  

Even though OEL have so far not been set for ENM, the EU legislation on 
worker protection applies also to nanomaterials (The Council of the European 
Communities, 1989). The general principles of the Directive include avoiding, 
evaluating and combating risks by eliminating or minimizing them, or 
replacing with less hazardous materials. In the case of potential exposure to 
long and rigid CNT, regular indoor air measurements could be carried out in 
the occupational environment to monitor, evaluate and control the release of 
the ENM. In addition, workers’ safety could be ensured by providing 
appropriate personal protective equipment along with regular occupational 
health checks.  

rCNT specifically, also known as MWCNT-7, are now classified as a 
possibly carcinogenic substance to humans (Group 2B) by the International 
Agency for Research on Cancer (IARC, 2014). Thus, recommendations of the 
International Labour Organisation for avoiding occupational cancer may be 
also taken into consideration when preventing and controlling occupational 
risks of ENM with similar characteristics to rCNT (International Labour 
Organization, 1974, International Labour Organisation, 1976). 
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In contrast to rCNT, airway exposure to non-modified and surface-
functionalized NFC demonstrated that the materials had an ability to induce 
acute, predominantly neutrophilic, lung inflammation, however, there was no 
evidence of on-going chronic inflammation at 28 days after the exposure even 
though the materials were still present in the lungs. In the context of 
occupational respiratory exposure, these findings suggest that NFC do not 
pose severe health risks and thus, could be ranked as a material with low 
toxicity. In the case when a workplace risk assessment reveals that exposure 
to NFC is a possibility, then measures can be taken to minimize the exposure 
and thereby lower the risk.  

Due to the biocompatible characteristics of NFC, one can predict that these 
materials may have great potential in biomedical applications. For example, it 
has been earlier suggested that NFC could be used as a substitute implant 
material for example replacing blood vessels, nucleus pulposus – gelatinous 
filling of intervertebral disks of the spine, or soft tissue (Lin and Dufresne, 
2014). 

When identifying vulnerable groups in the workplace, several factors need 
to be considered such as workers’ ages, workers with high levels of exposure 
due to the nature of the work, specific conditions in the workplace as well as 
workers with pre-existing health conditions. In publication III, uncoated and 
modified CuO ENM were tested in compromised lungs and it was found that 
the materials worsened AAI by adding another inflammatory feature – 
pulmonary neutrophilia – to the existing condition. As these materials affected 
also sensitized mice without AAI, the data indicate that both healthy and 
asthmatic people may suffer detrimental health effects if they are exposed to 
CuO nanomaterials. However, the exposure may affect asthmatics more 
severely because of their impaired immune system. Thus, effective preventive 
measures at workplace should be undertaken to avoid exposure to these 
materials. 

The findings of publication III revealed that surface PEGylation inhibited 
the inflammatory reactions evoked by the core material. These data suggest 
that use of PEGylated CuO instead core CuO could be a solution to reduce its 
risk level in occupational setting.  

Sunscreens containing nano-sized TiO2 are on the European market today, 
and in 2016, the European Commission also approved the use of ZnO 
nanomaterials as a UV filter in sun lotions (excluding spray products due to 
the respiratory hazard) at a maximum concentration of 25% (Scientific 
Committee on Consumer Safety, 2012, The European Commission, 2016). 
However, the data on dermal penetration and biological effects of MeO 
nanomaterials are limited and inconclusive in healthy as well as in damaged 
skin. In publication IV, topically applied nZnO but not bZnO penetrated into 
injured and allergic skin, suppressed allergic reactions locally but exhibited 
systemic adjuvant activity. These data indicate that individuals with AD may 
experience a symptom-relieving effect when using nZnO-containing 
sunscreens but caution is needed because of the possible exacerbation of IgE-



 

70 

antibody release. However, due to the elevated risk for skin cancers without 
UV-protection, the use of sun lotions is important, but individuals with a 
diminished skin barrier may consider using alternative products, for example 
sunscreens based on organic instead of inorganic UV filters. 

Still today, a large part of the health risk evaluation of ENM is being conducted 
in vivo on a material by material basis. However, due to the lack of harmonized 
protocols, a variety of experimental protocols exist which not only make it 
challenging to draw conclusions for a specific ENM but also complicate any 
comparison between different nanomaterials in published studies. 
Furthermore, the number of new and more complex nanomaterials is raising 
rapidly along with their increasing use. In vivo toxicity testing of all ENM is 
not feasible as animal experiments are time-consuming and expensive. Thus, 
there is a growing need to strategize the hazard assessment of ENM.  

It has been suggested that due to the extensive variations in the 
physicochemical properties of ENM, the safety evaluation should focus on 
associating material characteristics with the pathways of toxicity to which they 
contribute. However, this task cannot be fulfilled by descriptive animal 
experiments whose capacity in terms of the number of tested materials is 
limited. To overcome this issue, the field needs to devise alternative test 
systems that would allow the screening of many ENM at different 
concentrations and under various exposure conditions – there is a need for 
robust assays, such as high-content analysis or high-throughput screening 
technology, in which the main results are obtained at the cellular and 
molecular level.  

Alternatives for in vivo testing may include mono-, 3D-, co-culture, air-
liquid interface in vitro or artificial tissue models which are based on relevant 
end points and which reflect in vivo consequences. These models, in 
combination with omics technologies and computational bioinformatics 
approaches, can provide a large amount of information helping to clarify how 
ENM interact with biological systems. These approaches should reveal causal 
associations between ENM characteristics, production of biomolecules and 
pathways of toxicity (Clark et al., 2011, Nel, 2013, Fadeel et al., 2018). In other 
words, linking of the physicochemical characteristics of ENM to biological 
outcomes would make it possible to establish structure–activity relationships 
which could then be applied as a platform for ranking and predicting the 
toxicity of ENM. To some extent, animal testing would still be needed for 
addressing pathophysiological effects or validating in vitro tests, but it would 
be exploited to a significantly lesser extent.  

The future of nanotoxicology research is envisioned to lie in predictive 
toxicology in which alternative experimental and computational methods will 
be developed in tandem. Such approach would reduce animal testing and 
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create a scientific foundation for regulating the use of ENM as well as leading 
to the ‘safe-by-design’ development of new materials and nanotechnology-
based innovations. 
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The novelty and innovation of ENM can only be fully exploited when it is 
recognized that their use does not pose a threat to our health or the 
environment. Therefore it is essential to perform a hazard assessment of these 
materials in order to ensure their safe use. Impressive progress in 
understanding the mechanisms behind ENM-induced health effects has been 
made in recent years, however, with the continuing development and 
increased use of ENM, new questions arise about both exposure scenarios and 
the conditions under which the materials are being used and the ways in which 
contact can occur. The overall aim this thesis was to examine the modulatory 
effects of different ENM under physiologically normal and conditions when 
the immune system was impaired.  

The main findings of this thesis included rCNT-triggered unconventional 
allergic airway inflammation, and NFC-induced acute neutrophilic pulmonary 
inflammation which subsided after a month even though the foreign material 
was still present in the tissue. In the compromised immune system, CuO as 
well as its modified derivates caused neutrophilia and thereby worsened 
allergic airway inflammation. However, the data also revealed that surface 
PEGylation inhibited the effects of uncoated CuO. Dermal exposure to nZnO 
indicated that the particles could penetrate into injured and allergic skin. 
Furthermore, it was observed that nZnO suppressed local inflammatory 
reactions but systemically it had an adjuvant activity.  

This work provides insights into the pulmonary and dermal effects of ENM. 
The observations of this thesis reveal that different types of ENM in their 
various forms and shapes and surface chemistries have an ability to elicit, 
aggravate or suppress the reactions of our immune system. These findings 
emphasize the diversity and complexity of ENM as well as their complicated 
interactions with the immune system and the consequences on health. These 
data contribute to the hazard assessment of nanomaterials, furthermore this 
information can also be expoited when devising novel applications in 
nanomedicine.  
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