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Abstract  

The potential toxicity of nanoparticles in our environment and consumer products is 
currently determined by costly and timely animal-based testing, which limits the rate of 
nanoparticle testing, causing a desperate need for alternative testing strategies. A 
promising alternative ɰ mechanism-based prediction ɰ employs a set of high-throughput 
cell-based tests that target the key events connecting nanoparticle exposure to the adverse 
outcomes. However, this approach requires understanding of the molecular mechanisms of 
nanoparticle toxicity, which is sadly still lacking. 
To alleviate this knowledge gap and devise targeted in vitro tests for mechanism-based 

toxicity prediction, we discerned the early molecular events caused by exposure of alveolar 
cells to TiO2 nanotubes ɰ a model nanoparticle that interacts strongly with biomolecules 
and causes long-lasting lung inflammation in mice. We investigated the relations between 
these events in epithelial and macrophage cell lines by live-cell fluorescence microscopy ɰ 
including 3D- and time-acquisition, lifetime imaging and super-resolution STED 
microscopy ɰ and tracked the nanoparticles by fluorescent labelling and reflectance 
microscopy. We further confirmed our findings by transcriptomics and in vivo experiments 
performed using the same nanotubes. 
Importantly, we discovered nanoquarantine: a novel cell-defense mechanism in which 

lung epithelial cells excrete and quarantine nanoparticles on their surface, forming large 
bio-nano composites termed cauliflowers and effectively lowering the nanoparticle dose. We 
also observed it with other nanoparticles (e.g. crystalline silica DQ12, TiO2 rutile NM-105, 
but not TiO2 anatase NM-101 or carbonaceous nanoparticles) and other cell lines (neurons, 
but not alveolar macrophages). The other key events in chronic inflammation are immune 
cell death (re-exposing other cells to the nanoparticles) and pro-inflammatory signaling 
(causing the influx of fresh immune cells). The combination of these processes leads to 
continuous cycling of nanoparticles between the alveolar cells, causing continuous pro-
inflammatory signaling, observed as chronic inflammation. 
Further, we described the cell response by a theoretical model which can mimic the 

inflammatory outcomes by modifying only the three nanoparticle-specific rates of the key 
events. To determine them, we devised three simple and quick in vitro assays, the results 
of which can be combined with the theoretical model to predict the inflammatory potential 
of nanoparticles. 
As shown in this dissertation, microscopy-based real-time tracking of cellular events 

coupled with complementary approaches improves our understanding of nanotoxicity 
mechanisms, providing the much-needed boost for mechanism-based prediction of 
nanosafety, a time- and cost-efficient animal-free alternative for toxicity testing. 
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Povzetek  

Vsakodnevno smo izpostavljeni velikim količinam raznovrstnih nanodelcev, od katerih 
lahko nekateri resno ogroźajo naşe zdravje ɰ izpostavljenost nanodelcem namreč močno 
prispeva k razvoju pljučnih, srčno-źilnih, in nevrodegenerativnih obolenj. Po nekaterih 
ocenah izpostavljenost nanodelcem źe sedaj skrajşa naşe źivljenje za nekaj let, problem pa 
postaja čedalje bolj pereč zaradi povečane proizvodnje in uporabe novih nanodelcev, ter 
nastajanja nanodelcev pri uporabi in razgradnji večine materialov. 
Precejşen deleź şkodljivih učinkov nanodelcev lahko pripişemo njihovim majhnim 

dimenzijam (vsaj ena njihova dimenzija je manjşa od 100 nm) in, posledično, ogromni 
specifični povrşini, tj. razmerju med povrşino in maso. Za razliko od večjih delcev lahko 
nanodelci prečkajo bioloşke bariere (koźa, črevesna stena in pljučni meşički ɰ alveoli) ter 
preidejo v limfo in kri, od koder se razşirijo po celotnem telesu. Največ nanodelcev pride v 
naşe telo skozi pljučne meşičke, saj so ti močno izpostavljeni nanodelcem, imajo veliko 
povrşino, razdalja med zrakom in krvjo je v njih zelo majhna, odstranjevanje delcev iz 
pljučnih meşičkov pa je izredno počasno. V pljučnih meşičkih nanodelci najprej interagirajo 
s pljučnim surfaktantom ɰ meşanico lipidov in proteinov ɰ nato pa pridejo v stik z izjemno 
tankimi alveolarnimi epitelijskimi celicami ter alveolarnimi makrofagi (imunskimi celicami 
pljučnih meşičkov). Ker je večina nanodelcev anorganskega izvora, jih makrofagi ne 
zmorejo razgraditi, kot to uspeşno počnejo s virusi in bakterijami. Večina nanodelcev se 
zato dolgo časa zadrźuje v alveolu, nekaj pa jih preide skozi sloj epitelija v limfo, ter 
potencialno skozi źilni endotelij v kri. 
Trenutno se za določanje moźnih zdravju şkodljivih lastnosti nanodelcev uporabljajo 

draga in dolgotrajna testiranja na źivalih. Ker na potencialno toksičnost nanodelca vpliva 
kompleksna kombinacija njegovih lastnosti, je potrebno testirati vsak material posebej, to 
pa posledično močno omejuje količino testiranih nanodelcev v obtoku. Obetavno alternativo 
ponuja napovedna toksikologija, ki s pomočjo cenejşih in hitrejşih visokozmogljivih celičnih 
testov (t. i. in vitro testov) ciljno preverja zgodnje ključne dogodke, za katere je znano, da 
vodijo do şkodljivih zdravstvenih izidov. Źal ta pristop temelji na poznavanju in 
razumevanju molekularnih mehanizmov toksičnosti nanodelcev, ki pa je trenutno şe vedno 
zelo pomanjkljivo. Poleg kompleksnosti bioloşkih sistemov oteźuje razvoj razumevanja 
mehanizmov toksičnosti tudi dejstvo, da je izredno teźko primerjati rezultate različnih 
ştudij. Źe majhne razlike med nanodelci lahko namreč privedejo do popolnoma različnih 
zdravstvenih izidov. Posledično je potrebno celotno ştudijo toksičnosti opraviti z isto serijo 
nanodelcev ɰ od opazovanja zgodnjih dogodkov na mikroskopskih skalah nekaj minut/ur 
po izpostavitvi, vse do vidnih simptomov na ravni tkiv in organizma nekaj mesecev po 
izpostavitvi nanodelcem. 

 
Da bi ublaźili omenjeno vrzel v znanju o molekularnih mehanizmih toksičnosti in 

posledično razvili in vitro teste za napovedovanje zdravju şkodljivih učinkov vdihnjenih 
nanodelcev na podlagi poznanih mehanizmov, smo se posvetili odkrivanju in razumevanju 
zgodnjih molekularnih dogodkov, ki jih povzroči izpostavljenost alveolarnih celic 
nanocevkam TiO2. Te nanodelce smo izbrali kot modelne nanodelce, ker so predstavniki 
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skupine şiroko uporabljenih nanodelcev ɰ titan dioksidnih nanodelcev. Poleg tega omenjene 
nanocevke močno interagirajo z bioloşkimi molekulami, zato lahko povzročijo puşčanje 
modelnih lipidnih mehurčkov, razpad celične membrane in celično smrt pri nekaterih 
celicah, pri mişih pa źe enkratna izpostavljenost tem nanocevkam povzroči močno 
nekajmesečno vnetje pljuč.  
Pri svojih raziskavah smo uporabljali celični liniji pljučnih epitelijskih celic LA-4 in 

alveolarnih makrofagov MH-S, katerim smo s fluorescenčnimi sondami označili določene 
strukture in organele, ter nato opazovali źive celice s konfokalno fluorescenčno mikroskopijo 
s prostorskim in časovnim zajemom slike. Svoje ugotovitve smo potrdili s transkriptomiko 
ter in vivo rezultati (histoloşkimi rezinami alveolov in bronhoalveolarnimi izpirki mişi), pri 
čemer so bili vsi poskusi opravljeni z isto serijo nanodelcev, zato so medsebojno primerljivi. 
Ključen prispevek k razumevanju dogajanja v celicah po izpostavitvi nanodelcem je bil 

razvoj metodologije za spremljanje poloźaja in porazdelitve nanodelcev v źivih celicah s 
fluorescenčno mikroskopijo. Za nanocevke TiO2 smo namreč razvili postopek za stabilno, 
preverljivo in ponovljivo fluorescenčno označevanje nanodelcev s komercialno dostopnimi 
fluorescenčnimi sondami. Ker smo nanocevke označili s fotostabilnimi sondami z ustreznim 
emisijskim spektrom, smo lahko poleg tega s superločljivostno STED mikroskopijo določili 
njihovo lego v strukturah na 50 nm natančno ɰ torej z nekajkrat boljşo ločljivostjo od 
konfokalne mikroskopije, pri kateri bi bila ločljivost zaradi uklonske limite omejena na 
pribliźno 300 nm. Za določevanje gostote agregacije nanocevk v vzorcu smo izkoristili 
dejstvo, da na źivljenjski čas fluorescence uporabljenih sond vpliva gostota agregatov, kar 
smo merili z mikroskopijo źivljenjskega časa fluorescence (FLIM). 
Da bi preverili, ali so mehanizmi şkodljivosti nanodelcev, katere smo odkrili s 

fluorescenčno označenimi nanocevkami TiO2, značilni tudi za druge nanodelce, smo le-tem 
sledili v źivih celicah prek detekcije svetlobe, ki se sipa na nanodelcih ɰ torej z uporabo t. 
i. odbojne mikroskopije. Ker tovrstna detekcija temelji na intrinzični lastnosti urejenih 
struktur, da sipajo svetlobo, smo lahko z njo sledili katerimkoli nanodelcem brez 
predhodnega označevanja s fluorescenčnimi sondami. 

 
Ključen rezultat zgoraj opisanega časovnega in prostorskega sledenja nanodelcem v 

źivih celicah je odkritje nanokarantene ɰ novo-opisanega procesa, pri katerem celice 
pljučnega epitelija izločajo internalizirane nanodelce na svojo povrşino ter jih pri tem 
obdajo z lipidi in drugimi bioloşkimi molekulami. Tako s časom zrastejo veliki bionano-
kompoziti na povrşini epitelijskih celic, ki jih lahko opazimo tudi in vivo v mişjih pljučnih 
meşičkih. Opaźene kompozite smo zaradi njihove značilne oblike, strukture in barve na 
fluorescenčnih slikah poimenovali »cvetače«. Ker se nanodelci v teh strukturah ne morejo 
premikati, se s procesom nanokarantene učinkovito zniźa aktivna doza (tj. količina 
nanodelcev v sistemu, ki lahko prosto interagirajo z bioloşkimi molekulami), kar posledično 
poveča verjetnost za preźivetje celic. Nanokaranteno lahko torej vidimo kot enega od 
mehanizmov celične obrambe. Pojav nanokarantene smo opazili pri večih vrstah nanodelcev 
(npr. nanocevkah TiO2, kristaliničnem silicijevem dioksidu DQ12, rutilu TiO2 NM-105, ne 
pa pri anatazi TiO2 NM-101 ali ogljikovih nanocevkah) in celičnih linijah (pri pljučnih 
epitelijskih celicah LA-4 in nevronih SH-SY5Y, ne pa pri makrofagih MH-S).  
Drugi ključen dogodek za razvoj kroničnega vnetja v alveolu je smrt imunskih celic. 

Opazili smo, da makrofagi internalizirajo tako proste nanodelce kot tudi nanodelce, 
katerega so pljučne epitelijske celice źe imobilizirale v cvetačah na svoji povrşini. Makrofagi 
po internalizaciji razgradijo bioloşke molekule okoli nanodelcev (t. i. korono), zaradi česar 
sami sebe izpostavijo nativni povrşini nanodelca, katera pogosto močno interagira z 
bioloşkimi strukturami. Pri posledični smrti makrofaga (opaźeni tudi v mişjih alveolih) se 
internalizirani nanodelci sprostijo v okolico, kjer lahko zopet interagirajo s preostalimi 
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celicami. Cikel kroźenja nanodelcev med epitelijskimi in imunskimi celicami v alveolu je 
tako sklenjen. 
Brez dotoka novih imunskih celic, ki bi nadomestile umrle makrofage, bi se zgoraj 

opisani cikel kroźenja nanodelcev prej ali slej ustavil. V realnem primeru pa pro-vnetna 
signalizacija (ki je večinoma uravnavana s strani epitelijskih celic) povzroči dotok sveźih 
imunskih celic v alveol, kar lahko privede do neprestanega kroźenja nanodelcev med 
alveolarnimi celicami ter nepretrgane pro-vnetne signalizacije (kroničnega vnetja). 

 
Zgoraj opisano novo-odkrito védenje o ključnih dogodkih v alveolu smo opisali s 

poenostavljenim teoretičnim modelom. Model vsebuje şest diferencialnih enačb prvega reda 
za şest spremenljivk (povrşina nanodelcev v epitelijskih celicah, v cvetačah, v makrofagih, 
prostih nanodelcev, ter povrşina epitelijskih in imunskih celic), poleg sedem fiksnih 
parametrov pa vsebuje tudi tri parametre, ki so specifični za vsako vrsto nanodelcev 
posebej: toksičnost ӾӹԂ, učinkovitost nanokarantene Ӯӱӱ, in potencial za sproźitev pro-
vnetne signalizacije ob nanokaranteni ӽӳӲӸӬӶӖӱӱ. S spreminjanjem le-teh v smiselnem 
območju vrednosti lahko model posnema različne vnetne izide, ki jih opazimo v źivo: akutno 
(prehodno) vnetje, kronično (dolgotrajno) vnetje, in resne poşkodbe epitelijskega tkiva. 
Fazni prostor teh treh parametrov lahko uporabimo za grafično ponazoritev njihovega 
vpliva na jakost in trajanje vnetja, ter posledično grafično razvrşčanje nanodelcev.  
Da bi lahko te tri parametre eksperimentalno določili s preprostimi in hitrimi in vitro 

testi za katerekoli izbrane nanodelce, smo omenjeni teoretični model poenostavili za opis 
obnaşanja monokulture epitelijskih celic, monokulture makrofagov, ter njune kokulture. Iz 
teh modelov ter meritev nekajdnevnega obnaşanja omenjenih treh celičnih sistemov lahko 
enostavno in hitro določimo ključne tri parametre izbranih nanodelcev, katere nato 
vključimo v teoretični model dogajanja in vivo, ter s tem računsko napovemo morebitni 
dolgotrajni vnetni potencial nanodelcev.  

 
Kot je prikazano v tem delu, lahko sledenje celičnim dogodkom in nanodelcem v realnem 

času v źivih celicah v kombinaciji s komplementarnimi pristopi izboljşa naşe razumevanje 
mehanizmov nanotoksičnosti, ter tako omogoča razvoj časovno in stroşkovno učinkovitega 
napovedovanja varnosti nanodelcev na osnovi mehanizmov brez testiranja na źivalih. Poleg 
tega pa prikazani rezultati brez dvoma poleg odgovorov na zastavljena vpraşanja tudi 
odpirajo mnoźico novih, razburljivih vpraşanj za bodoče raziskave. 

 

Slika: Z uporabo naprednih optičnih mikroskopij in komplementarnih eksperimentalnih 
tehnik smo razjasnili mehanizem, prek katerega nanodelci povzročajo kronično vnetje v 
alveolih. Na podlagi modeliranja tega novo-odkritega mehanizma smo razvili ciljane celične 
teste, s katerimi lahko napovemo vnetni potencial nanodelcev brez testiranja na źivalih. 
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Chapter 1 

1 Int roduction  

1.1 Exposure to Nanoparticles  Can A ffect  Human Health  

Despite being daily exposed to potentially hazardous particulate matter through our water, 
food and the air we breathe, we still do not understand its influence on human health, yet 
alone predict its adverse effects before they become evident. This is becoming a serious 
issue as more and more novel nanoparticles (particulate matter with at least one dimension 
in the range from 1 to 100 nm) are manufactured and widely used in food, cosmetics, 
textiles, medicine and in various industrial applications, thus additionally contributing to 
the already present exposure from naturally occurring nanoparticles (e.g. particles in 
volcanic ash and fine dust) and incidentally produced nanoparticles (example by diesel 
engines and solid fuel combustion) [1]ɰ[7]. 
Through the years, various health risks have been correlated to both every-day and 

work-related inhalation of natural and man-made nanoparticles [3], [8]ɰ[12]. These include 
asthma, lung cancer, heart disease, chronic inflammation, cardiovascular effects, asbestosis, 
silicosis, pulmonary fibrosis, chronic obstructive pulmonary disease, and brain damage with 
accelerated cognitive decline. Overall, inhalation of polluted air majorly increases the 
mortality rate and was recently associated with eight million yearly premature deaths 
worldwide, corresponding to a loss of life expectancy of three years [13], [14]. Notably, one 
of the major culprits in this study was deemed to be exposure to particulate matter smaller 
than 2.5 µm, especially nanoparticles. 
Not surprisingly, the combination of emerging indications of health risks that are 

associated with exposure to nanoparticles on one side, and the quick development and 
introduction of nanotechnology into our lives on the other, have sparked research in the 
field of nanosafety (sometimes called ɶnanotoxicologyɷ or ɶtoxicology of ultrafine 
particlesɷ), which focuses on testing, understanding and ultimately predicting nanoparticle 
toxicity. 

1.1.1 Nano particles in our Bodies  

Several decades of nanosafety research has confirmed that nanoparticles interact with our 
body differently than larger particles due to their large specific surface area (surface-to-
mass ratio), which is a direct consequence of their small size [15]. As an example, 1 g of 10 
nm-large TiO2 nanospheres contains 1018 particles, which in total have a 100.000-times 
larger surface area (40 m2) than the same mass of bulk TiO2 (2.4 cm2). This large specific 
surface area governs many of the unique properties of nanoparticles, including their 
interactions with their surroundings. It therefore does not come as a surprise that even 
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some non-toxic materials can induce toxic effects when their size approaches the nano range 
[16]. 
In our body, the nanoparticles first come into contact with a biological barrier ɰ a thin 

layer of cells that is specialized for maintaining the exchange of material with the 
environment, and has evolved to simultaneously protect the inner-lying tissues from 
bacteria, viruses, harmful substances, and naturally occurring particulate matter. In 
contrast to larger particles, nanoparticles can pass through these biological barriers, enter 
the lymph and bloodstream and from there relocate to various organs, including the liver, 
bone marrow, heart and brain, where they further interact with the biological milieu 
(Figure 1.1). Because the biological barriers are not all equally robust, the exposure route 
can greatly affect the outcome of nanoparticle exposure [1]ɰ[3].  

 

Figure 1.1: Different modes of exposure of the human body to nanoparticles, possible 
translocations of nanoparticles between organs, and nanoparticle excretion; »GI tract« 
stands for gastro-intestinal tract. Adapted from [2] (public domain). 

The sturdiest biological barrier in the human body is the skin, which is frequently 
exposed to nanoparticles from cosmetics and textiles. It was once deemed to be unpassable 
to nanoparticles due to a 5 ɰ 20 µm thick layer of dead skin cells (epidermis) covering the 
living cells in the dermis. However, some nanoparticles were observed to enter the human 
body even through intact skin, let alone damaged or diseased skin [17], [18]. 
The gastro-intestinal tract is another gate of entry into our body and is relevant mostly 

for nanoparticles in food and water. It is also partially relevant for inhaled airborne 
particulate matter that is trapped in the mucus that protects the airways and subsequently 
transported towards the pharynx by the mucociliary escalator where it is translocated into 
the gastro-intestinal tract. Many nanoparticles pass through the gastro-intestinal tract with 
seemingly no effect and are excreted, while others interfere with the gut function and 
microbiome, cause inflammation and/or translocate into the bloodstream [19].  
Last but not least, one of the most troublesome routes of exposure is through our 

breathing pathways, which are constantly exposed to airborne nanoparticles. It has been 
shown that nanoparticles are able to enter the brain through or along the olfactory nerve 
from the nasal cavity and remain in the brain, possibly causing neuro-degenerative diseases 
[20], [21]. Luckily, a notable fraction of the inhaled nanoparticles is trapped by the mucus 
that lines the tracheobronchial regions and upper airways, with the latter also trapping the 
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majority of larger, micron-sized particles, as shown in Figure 1.2. The trapped particulate 
matter is efficiently cleared from the airways by the mucociliary escalator into the gastro-
intestinal tract. However, more than half of the inhaled nanoparticles deposit in the alveoli 
in the lungs, from where they can pass into the lymph and/or bloodstream and relocate to 
other organs. This route of exposure is considered to be extremely vulnerable to 
nanoparticle-induced risks due to the large surface area of the alveoli (140 m2), extremely 
small distance between the air interface and the blood (0.2 ɰ 2 µm), as well as slow clearance 
and large deposition of nanoparticles in the alveoli [2], [22]. Hence, this work will focus on 
the toxicity of inhaled nanoparticles in the alveolus.  

  

Figure 1.2: The majority of nanoparticles that are inhaled through the nose are deposited 
in the alveolar region of the lungs. Data from the International Commission on Radiological 
Protection (ICRP 1994), adapted from [2] (public domain). 

As shown in Figure 1.3, the nanoparticles that reach the alveolus first come into contact 
with lung surfactant ɰ a mixture of phospholipids and proteins, which not only acts as an 
immune barrier, but also lowers the compliance of the lungs during breathing, thus reducing 
the amount of energy and strain during inhalation and preventing alveolar collapse during 
exhalation [23], [24]. After passing through the lung surfactant, the particles can come into 
contact with one of the three types of cells in the alveolus. 
The rim of the alveolus is formed by two types of alveolar epithelial cells (pneumocytes): 

most of the cells are pneumocytes type I, which are extremely thin cells that are incapable 
of undergoing cell division, but still have all the usual cell organelles. Their main role is to 
form a physical barrier between the air and blood which should be as thin as possible to 
enable efficient gas exchange. The second type of alveolar epithelial cells ɰ pneumocytes 
type II ɰ are thicker and are in charge of excretion and recycling the lung surfactant and 
regulating the volume in ion content of the alveolar liquid. If needed, these cells divide and 
differentiate into type I pneumocytes, and are also involved in the innate immune response 
of the alveolus ɰ both directly and indirectly by modulating the response of immune cells 
[25], [26]. 
The third cell type in the alveolus are macrophages ɰ the immune cells of the alveolus, 

which are located on the pneumocytes in the alveolar lumen. They recognize foreign bodies 
in the alveolus and remove them by engulfing and digesting them. This works excellently 
for viruses and bacteria, but not for nanoparticles because they are mostly not 
biodegradable. Nevertheless, macrophages are able to remove some of the nanoparticles 
from the alveolus by internalizing them and relocating with the internalized nanoparticles 
either into the lymph or upwards via the mucociliary escalator to the pharynx where they 
are swallowed into the gastro-intestinal tract. The clearance rate of nanoparticles from the 
alveolus varies from particle to particle ɰ it can be anywhere from 0.1 % to 80 % of the 
nanoparticles in 24 hours [2], [27]. The nanoparticles that manage to pass through the 
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surfactant and through/between pneumocytes reach the interstitial space, which consists 
of an extracellular matrix ɰ (fused) basal lamina ɰ and interstitial fluid, from where they 
can translocate to the lymph, or pass through/between the capillary endothelial cells into 
the capillaries [2]. 

    

 

Figure 1.3: Schematic of the air-blood barrier in the alveolus. Note that the barrier in the 
schematic is shown flattened out and is not drawn in proportion. 

1.2 Current Safety T esting Needs an Alternative  

The toxicity of nanoparticles is governed not only by the route of exposure and received 
dose but also by a complex combination of physicochemical properties of nanoparticles, 
such as their shape, size, chemistry, crystal structure, surface charge, surface chemistry, 
adsorbed materials, and bio-persistence [28]. The key issue in nanoparticle safety is that 
some nanoparticles might be safe even at high exposure doses, while other, only slightly 
different nanoparticles, induce long-lasting inflammation and subsequent adverse outcomes 
[16], [29]. It is therefore clear that in order to ensure the safety of numerous novel 
nanoparticle-containing products, each and every one of them should be thoroughly tested 
before entering the market. 
Today, regulated safety testing of novel compounds and materials is mostly done on 

animals, such as mice and rats. However, animal-based tests cannot fulfil the current needs 
of the industry and society for testing the entire plethora of potentially hazardous 
nanoparticles. Not only are they expensive and time-consuming ɰ consequently limiting the 
number of nanoparticles and their combinations which can be tested ɰ they also cannot 
directly predict potential harmful outcomes for humans due to large interspecies differences, 
which result in species-specific outcomes to material exposure [30], [31]. On top of that, 
more and more major governing bodies have started phasing out animal-based experiments, 
further increasing the already urgent need for designing inexpensive and reliable 
nanoparticle safety tests and predictions [32]. 
A promising replacement for animals are complex cellular superstructures (e.g. 

organoids, tissues/organs on a chip) ɰ in vitro models that closely mimic their in vivo 
counterparts. Even more cost- and time-efficient are simple in vitro tests that use cultured 
cells or non-living biological systems (e.g. model membranes) and are thus more suitable 
for high-throughput screening of materials. However, because neither of these can currently 
be maintained for long enough to reproduce chronic and long-term effects, they are suitable 
only for short-term studies of acute effects [32]ɰ[34]. This is a major issue in nanotoxicology 
because many nanoparticles are not biodegradable and remain in the body long after 
exposure, causing chronic or delayed responses. 
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1.3 Mechanism -Based Testing of Nanoparticle  Safety as an 

Alternative to Animal Testing  

Lately, a promising alternative approach that is able to mitigate the limited outreach of in 
vitro models has emerged. Suitably termed ɶmechanism-based nanosafetyɷ, it is based on 
acquiring detailed knowledge on the mechanisms of nanoparticle toxicity and causally 
connecting several key events on various spatial and time-scales into adverse outcome 
pathways (AOPs), as shown in Figure 1.4 [35].  
An adverse outcome pathway is initiated by a molecular initiating event (MIE), i.e. the 

first crucial interaction between the nanoparticles and the biological milieu, which leads to 
a series of interconnected key events (KEs), comprising of cellular and tissue responses to 
the molecular initiating event that lead to the adverse outcome (AO) ɰ the undesired 
harmful effect on the level of organs, organisms, or even populations. As shown in Figure 
1.4, the events in the AOP happen on a wide range of time- and spatial scales, and therefore 
can only be discerned using a combination of complementary experimental approaches and 
techniques. 
Importantly, when the intricate connections between key events and the adverse 

outcomes are well understood, one can utilize this knowledge to devise cost- and time-
effective high-throughput in vitro tests that can be used to predict the adverse outcomes 
by targeting the key events in the adverse outcome pathways [32], [36]ɰ[38]. Sadly, despite 
the enormous amount of published research on nanosafety, the biggest obstacle to the 
development of mechanism-based nanosafety is still our lack of knowledge about the 
relations between nanoparticle properties, early molecular events, and the symptoms that 
later on evolve into complex diseases [39]ɰ[41]. 

  

Figure 1.4: A schematic of an adverse outcome pathway with the typical spatial and time-
scales of the key events, and the scope of most in vitro and in vivo approaches. MIE stands 
for ɶmolecular initiating eventɷ. 

1.3.1 Current Issues Preventing Mechanism -Based Nanosa fety  

Assessment  

One of the reasons (alongside the complexity of the biological systems) for the lack of 
knowledge regarding the nanotoxicity mechanisms as well as for slower progress of 
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nanosafety assessment in general is that it is difficult to join and compare the results from 
different studies. Some of the major causes for this situation and suggestions how to avoid 
them are discussed below. 

¶ Use of different nanoparticles in studies. A plethora of nanoparticles are used 
in different studies, and although the nanoparticles are usually well-characterized, 
they are rarely used in follow-up studies by other groups using complementary 
approaches. Even when using the same nanoparticles from the same source, the 
properties of nanoparticles from different batches can vary [42]. This can be avoided 
by using the same batch of well-characterized nanoparticles in all experiments, or by 
obtaining the nanoparticles from a specialized distribution source such as the JRC 
Nanomaterials Repository, which purposefully sources large batches of typical 
industrial nanoparticles, characterizes them and distributes the same batch to 
different research groups [43]. 

¶ Poorly defined exposure doses of nanoparticles used in the studies. A 
crucial element in the toxicity measurements is the dose response of the system: the 
larger the dose, the larger the effect of the nanoparticles. Because nanoparticles come 
in a variety of shapes and sizes, the toxicity ranking of the tested nanoparticles can 
change drastically between different dose metrics and should thus be defined in a 
sensible way [44], [45]. Although many dose metrics can be found in the literature 
(e.g. the cumulative mass, number, volume or surface area of nanoparticles), the 
currently most effective dose metric for nanoparticles appears to be their surface dose 
(the ratio between the cumulative surface of nanoparticles and the surface of 
cells/lung) because most nanoparticles interact via their surface and are not soluble 
[44], [45]. Sadly, the results of many studies are reported only in one dose metric 
without sufficient data to recalculate to other dose metrics, which could easily be 
avoided if all the appropriate specific surfaces, volumes and concentrations were 
reported as well. 

¶ Nanoparticle-induced artefacts in assays. Nanoparticles often interfere with 
many classical biochemical spectroscopy-based assays, which are routinely used for 
testing toxicity of soluble chemicals (MTT, LDH, DCF, WST-1, BCA assay, Alamar 
blue assay, etc.) [46]ɰ[49]. The interference is usually caused by scattering of light 
from the nanoparticles, absorption of light by the nanoparticles or interaction of 
nanoparticles with the reagents of the assays. Luckily, the standard protocols can 
sometimes be modified to avoid nanoparticle-induced artefacts [46]ɰ[49]. Because the 
interference is both test- and nanoparticle-specific, it should always be tested and 
reported alongside the published data. 

¶ Lack of complementary experiments. Early molecular events are difficult to 
discern by vivo approaches as they happen soon after the exposure on a scale below 
10 micrometers, whereas the symptoms that are related to the complex responses on 
and above the tissue level later on are out of reach of in vitro experiments. Hence, 
multiple complementary in vitro and in vivo approaches should be performed on the 
same batch of nanoparticles to cover the entire time- and spatial scale of the AOPs 
(Figure 1.4). 

At this point, one might be under the impression that the complexity of nanoparticle 
interactions with cells and tissues is so complex that mechanistic understanding and its 
generalization seem practically unattainable. However, as shown in this work, a 
combination of various appropriately modified complementary state-of-the-art 
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experimental techniques, performed in vitro and in vivo using the same nanoparticles, 
proves to be the much-needed tool for filling in the gaps of an adverse outcome pathway, 
thus paving the way to predictive nanotoxicology. 

1.4 Investigating Toxicity Mechanisms Using TiO 2 

Nanotubes  

In this work, the mechanisms of nanoparticle toxicity will be investigated for a model 
nanoparticle (TiO2 nanotubes) by using a combination of advanced experimental 
techniques and complementary in vitro, in vivo and in silico approaches. On the way, the 
here-determined key events and mechanisms will be tested for other nanoparticles as well. 
Anatase TiO2 nanotubes were chosen as the model nanoparticle because they fit the 

following crucial criteria: 

¶ TiO2 is one of the most commonly used nanoparticles in consumer products ɰ it is 
found in food, cosmetics, paper, textiles, inks, coatings, plastics, ceramics, etc., and 
has an estimated yearly production of 7 million tons [50], [51]; 

¶ these TiO2 nanotubes have been shown to strongly interact with biological molecules 
and cause adverse outcomes both in vitro (disruption of vesicles and cell membranes, 
loss of cell viability) [52] and in vivo (strong pulmonary inflammation that persisted 
for several months after exposure) [29]; 

¶ the TiO2 nanotubes can be stably fluorescently labelled in-house with various 
commercial dyes that have been carefully optimized for specific advanced microscopy 
approaches, thus enabling high-resolution nanoparticle tracking in live cells, as well 
as detection and characterization of key events using other advanced microscopies 
[52]ɰ[54]. 

1.4.1 TiO 2 Nanotubes Cau se Lipid Wrapping and Chronic 

Inflammation  

In a recently published in vitro study, the anatase TiO2 nanotubes were observed to wrap 
lipids from model membranes (both small and giant unilamellar lipid vesicles), leading to 
the outflow of material from the membranes, formation of mobile wrapped nanotubes, and 
sedimentation of newly-formed clusters of nanotubes and vesicles. In some cases, the strong 
interaction between the nanotubes and lipid membranes even led to disintegration of giant 
lipid vesicles [52]. 
Moreover, when MCF-7 breast cancer cells were exposed to these nanotubes at a high 

surface dose (ratio between nanoparticle surface area and cell surface was 100:1) for two 
days in the same study, a haze of wrapped nanoparticles was observed around the cell 
using fluorescence microscopy, several mitochondria were located unusually far from the 
nucleus, and the cell plasma membrane could not be fluorescently labelled [52]. All this 
pointed to the disintegration of the plasma membrane. 
Shockingly, when the authors exposed LA-4 type II lung epithelial cells to the same 

nanoparticles, the majority of the exposed cells retained their viability and integrity of the 
cell plasma membrane even at equally large exposure doses (ratio of nanoparticle surface 
area to cell surface 100:1), as shown in Figure 1.5 [52]. Because the intense membrane 
wrapping is a consequence of the strong affinity between the nanotubes and lipid 
membranes, it should not depend on the cell type. Hence, this indicates that LA-4 cells 



8 Chapter 1. Introduction   

might possess and employ a cellular defense mechanism that somehow retains the integrity 
of the plasma membrane. 

  

Figure 1.5: The dose dependence of the viability of LA-4 lung epithelial cells (determined 
using propidium iodide and Hoechst 33342 staining) after 6 days of incubation with 
nanoparticles (NP) ɰ TiO2 nanotubes, reproduced from [51] under a CC-BY license. 

In vivo, instillation of the same TiO2 nanotubes in mice resulted in strong and long-
lasting pulmonary inflammation, denoted by a noticeable infiltration of inflammatory cells 
into the lung even a month after exposure [29]. Unexpectedly, the inflammatory response 
of the anatase TiO2 nanotubes was more similar to the highly toxic amorphous silica (a.k.a. 
quartz, DQ12) than to the other three anatase TiO2 nanoparticles tested in the same study 
(nanocubes and two rectangular/spherical particles). Although the tested anatase particles 
were similar in size and chemical composition, only the nanotubes induced significant and 
long-lasting inflammation, as was determined by the number of neutrophils in the lungs. 
In the same study, they determined that the TiO2 nanotubes were located almost 

exclusively in the lysosome-phagosome structures of macrophages three months following 
exposure [29]. Crucially, all four tested anatase nanoparticles were observed in the lungs 
even at 6 months after the exposure, regardless of whether or not the inflammation had 
already subsided. This indicates that the length of inflammation does not depend only on 
particle clearance. 
Interestingly, after some additional analysis of the data published in [29], it seems that 

the exposures that induce the strongest and longest inflammation (the TiO2 nanotubes and 
DQ12 at high doses) might correlate with a notable depletion of macrophages at day 1 
following exposure (see Figure 1.6). 
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Figure 1.6: The correlation between the number of macrophages at day 1 and number of 
neutrophils at day 28 after nanoparticle instillation in mice; high neutrophil numbers 
correspond to stronger inflammation. The data for five metal oxides at several doses is 
shown in grey and the control value is shown in orange; raw data was obtained from [28] 
(CC-BY). 

Another interesting observation from the same study was the presence and 
accumulation of proteinaceous matter in the alveolus for some nanoparticles ɰ a condition 
termed ɶsecondary type of pulmonary alveolar proteinosisɷ that can sometimes occur after 
exposure to nanoparticles, including certain quartz, talc and titanium nanoparticles [29]. 
Although it occurred only in the mice that were exposed to the nanoparticles that induced 
chronic inflammation (the TiO2 nanotubes and DQ12), the possible causal connection 
between the two events was not discussed in the paper. 
Many of the intriguing observations described above are still not understood ɰ for 

example the retained cell viability of lung epithelial cells despite strong affinity between 
the nanoparticles and the plasma membrane, the in vivo accumulation of proteinaceous 
matter in the alveolus, and the possible role of macrophage death and accumulation of 
proteinaceous matter in sustaining inflammation. Hence, in order to understand these 
events and their potential link to the outcome ɰ chronic inflammation ɰ it is essential to 
employ a mechanistic study of the events in the nanoparticle-exposed alveolus. Then, we 
might be able to understand how adverse outcomes, such as chronic inflammation, evolve 
even after a single exposure to nanoparticles, and ultimately use the acquired knowledge 
to predict them.  

1.5 Goals of the Dissertation  

The purpose of this dissertation is  

¶ to improve the current understanding of cellular and sub-cellular events and their 
inter-relations in the nanoparticle-exposed alveolus using a combination of advanced 
optical techniques and complementary approaches  

and 
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¶ to employ this newly-gained knowledge on the relations between the key events for 
prediction of nanoparticle toxicity.  

The goals of the dissertation are as follows: 

¶ devise a quality-controlled procedure for the fluorescent labelling of TiO2 nanotubes 
to ensure stable, reliable, repeatable, and well-characterized labelling, 

¶ unravel cellular and sub-cellular events in the in vitro alveolar cell cultures exposed 
to nanoparticles, including potential cellular defense mechanisms, 

¶ determine the relations between the detected events, 

¶ associate the events with in vivo events for the same nanoparticles, 

¶ describe the key relations between the detected events using a theoretical model, 

¶ devise simple and quick in vitro assays to target the key events in the theoretical 
model, and 

¶ use the results of the in vitro assays as an input to the theoretical model to predict 
the nanoparticle toxicity. 

Hypotheses: 

¶ Based on the retained cellular viability of lung epithelial cells in vitro after exposure 
to TiO2 nanotubes [52] shown in Figure 1.5, we hypothesize that lung epithelial cells 
possess defense mechanisms that enable them to survive exposures to nanoparticles 
even at extremely large doses. 

¶ Based on the previous hypothesis and the noticeable reduction of the number of 
macrophages after exposure to TiO2 nanotubes in vivo [29] shown in Figure 1.6, we 
hypothesize that alveolar macrophages do not employ the aforementioned defense 
mechanisms and are hence more likely to die from nanoparticle exposure than 
epithelial cells at the same exposure dose. 

¶ Based on the in vivo data showing a possible correlation between the reduction of 
the number of macrophages at day 1 following exposure and long-lasting 
inflammation [29] shown in Figure 1.6, we hypothesize that re-exposure of cells to 
the nanoparticles that have been released from other dying cells (e.g. macrophages) 
prolongs the inflammation and possibly explains how a single exposure can cause 
chronic inflammation. 

Implications for science 
Widespread use of the exciting applications offered by new nanoparticles is held back 

by slow and expensive animal-based safety testing. Sadly, development of alternative 
testing strategies is hindered by our current lack of understanding of the mechanisms 
governing the development of adverse outcomes. 
Luckily, recent advances in advanced, high-resolution live-cell microscopies and omics 

provide an unprecedented opportunity for understanding the early molecular events, as 
well as their relations. Notably, they can track molecular, sub-cellular and inter-cellular 
events in real time with resolution of 10 nm under physiological conditions in complex live-
cell environments on time scales ranging from seconds to days. This enables the discovery 
of new events, investigation of interactions between nanoparticles and the biological milieu, 
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determining their relations to complex cellular responses, and matching them with in vivo 
observations on the same nanoparticles. 
As shown in this dissertation, the ability of real-time tracking of the complex network 

of events enables the understanding of the causality between the events. When coupled 
with complementary advanced approaches, a wide range of spatial and time-scales of 
possible key events can be investigated. This provides the much-needed boost for the 
construction of the adverse outcomes pathways, the ultimate key to mechanism-based 
prediction of nanosafety, and leads to development of time- and cost-efficient animal-free 
alternatives for toxicity testing. 
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Chapter 2 

2 Methodology  

2.1 Microscopy  

A plethora of experimental techniques can be used to study the mechanisms of nanoparticle 
toxicity in an in vitro model. In contrast to the (mostly spectroscopic) techniques that 
determine the superimposed response of the entire population of cells in the sample at once 
(e.g. various assays), microscopies deliver cell-associated information via imaging a subset 
of cells. Although this can result in a lower statistic, it enables a unique view on the 
processes in the sample. Because it is image-based, it enables localization of nanoparticles, 
visualization of events, determining the heterogeneous spectrum of the cellular responses, 
correlation of events with nanoparticle location both inside a cell and its distribution 
between cells, as well as visual recognition of many potential nanoparticle-induced artefacts 
(Figure 2.1).  
In the following text, general concepts of the live-cell microscopy techniques used in the 

experimental section of this work will be outlined, with more details easily accessible in 
any of the excellent resources on this subject, for example [55]ɰ[66]. 

 

Figure 2.1: By enabling a cell-by-cell analysis of events, microscopy provides additional 
information on the events and toxicity mechanisms ɰ for instance, the variation in the 
events between cells (left), and their correlation with the amount of internalized 
nanoparticles (right). 

2.1.1 Microscopy o f Living Cells  

One of the currently most powerful experimental techniques for studying early molecular 
events is live-cell microscopy. In contrast to imaging of fixed cells, it enables one to observe 
the time evolution of events in a cell, type of diffusion/transport of nanoparticles through 
the system, dynamic interactions between the nanoparticles and the cell, and the cellular 
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response in real-time. Such knowledge about the spatial and temporal order of events can 
provide valuable hints about the causal relations between the observed events.  
When imaging living cells, it is important to provide them with conditions that are as 

similar to the interior of the body as possible. This not only means an appropriate 
temperature (37 ƷC), but also correct osmolarity and pH of the surrounding medium. For 
measurements that are up to a few hours long, this can be achieved by imaging the cells 
in a closed container in a medium which is iso-osmolar and does not require CO2 to keep 
the pH at physiological values (e.g. the HEPES-buffered live cell imaging solution ɰ LCIS 
ɰ that is used in this work). For longer imaging, the cells should be imaged in the 
bicarbonate-based culture medium inside a stage-top incubator that provides the correct 
temperature, humidity and concentration of CO2. 
To study events inside a living cell, it is also crucial to use an illumination source of an 

appropriate wavelength. Although light with a shorter wavelength enables better resolution 
of the acquired micrographs, its photons also have higher energy and consequently also 
cause more damage to the biological structures. Hence, imaging of live cells is usually 
performed using light in the visible spectrum with a tendency towards higher wavelengths 
as light in the near UV already potently damages DNA and biomolecules. Nevertheless, as 
even high intensities of light in the visible spectrum can be toxic for living cells, the 
intensity of the excitation light should be reduced as much as possible by optimizing the 
optical setup to minimize losses and improve the detection efficiency. 

2.1.2 Fluorescence Microscopy  

Although conventional transmission optical microscopy enables one to see cells and their 
interior, the signal is not specific, making it hard to detect nanoparticles and determine 
their sub-cellular location. It also possesses very low contrast because the image is formed 
by the decrease in the intensity of light that is transmitted through the sample due to 
scattering and/or absorption of light by the cells, organelles and nanoparticles. On the 
other hand, its alternative ɰ fluorescence microscopy ɰ is one of the most commonly used 
optical microscopies in cell biology especially due to its high contrast, high specificity and 
high sensitivity [60], [64] (see Figure 2.2).  
As its name suggests, fluorescence microscopy is based on a phenomenon termed 

fluorescence: the innate ability of some molecules, atoms and nanostructures to absorb light 
in a certain range of wavelengths and emit it at a higher wavelength in a few nanoseconds. 
This difference in wavelengths between the absorbed and emitted light is termed the Stokes 
shift and is caused by a quick loss of energy of the excited electron before emitting the 
photon, causing the emitted photon to have less energy than the absorbed photon, and 
hence a longer wavelength [65]. A scheme representing the process and an example of an 
excitation and emission spectrum are presented in Figure 2.3. 
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Figure 2.2: One of the advantages of fluorescence microscopy (right) over bright-field 
transmission microscopy (left) is that different components of the sample can be specifically 
labelled and thus distinguished in the false-color micrographs. In this example, LA-4 cells 
were incubated with TiO2 nanotubes for two days. Because spectrally different probes were 
used for labelling cells (CellMask Orange, shown in green) and nanoparticles (Alexa 647, 
shown in red), the two can be easily discerned in the fluorescence micrographs (right). 

 

Figure 2.3: Left: Jablonski energy diagram of the energy levels, timing and lateral intensity 
distribution of excitation (green), internal conversion (gray) and emission (orange) during 
fluorescence. Right: fluorescence excitation (green) and emission spectrum (orange). The 
difference between the energy levels is inversely proportional to the wavelength of the 
absorbed and emitted photon. 
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It is exactly this Stokes shift that increases contrast in a fluorescence microscope, a 
scheme of which is shown in grey in Figure 2.4. Because the excitation and emitted light 
are spectrally different, they can be split by a dichroic beam splitter which reflects the 
excitation light but transmits the emitted light. Hence, the emitted light reaches the 
detector whereas the back-scattered excitation light with a different wavelength does not, 
producing an image with very low background (as shown in Figure 2.2), which in turn 
increases the contrast of the method. 

 

Figure 2.4: A scheme of the microscope that was used in our experiments. The grey 
elements represent the components of a basic fluorescence microscope, the green and orange 
lines represent excitation and emission light, respectively, ɶExc.ɷ denotes excitation lasers 
and ɶDet.ɷ denotes detectors. Other colored elements are additions that enable better 
localization (magenta), increased resolution (red) and gather additional information about 
the system (blue), as explained in Sections 2.1.3, 2.1.4 and 2.1.5, respectively.   

After a molecule absorbs a photon, it can relax to its ground state not only by 
fluorescence but also through other processes, such as internal conversion into heat or 
transfer of energy to a neighboring molecule [65]. The efficiency of the fluorescence process, 
termed ɶquantum efficiencyɷ, is described by the ratio between the number of fluorescently 
emitted photons and the number of absorbed photons and is usually quite low for most 
biological molecules (less than a few percent). Hence, in order to locate the structures of 
interest, they are usually labelled with special dyes that have a high quantum efficiency to 
enable their detection and lower the required intensity of the excitation light. At the same 
time, labelling structures of interest with special dyes is also the key to the specificity of 
fluorescence microscopy, as multiple dyes with well-separated spectra can be introduced in 
the sample to label different structures / molecules in the cell, and be excited and detected 
independently from one another. 
Living cells can be fluorescently labelled in various ways: by fluorescent probes,  

genetically-encoded fluorescence proteins, quantum dots, nanobodies, and, self-labelling 
proteins [55], [57], [59], [63], [64]. In this work, we mostly used fluorescent probes which 
either partition into the plasma membrane of living cells or pass through it and passively 
label specific cellular components by partitioning that is driven by physical interactions. 
The most often used alternative ɰ transfection with vectors that encode the synthesis of 
fluorescent proteins of interest ɰ was not needed for our experiments as we did not focus 
on the interaction of nanoparticles with specific proteins. For the same reason, we also 
avoided specific targeted labelling of proteins using nanobodies (i.e. single-domain 
antibodies), self-labelling proteins (e.g. SNAP-, Halo- and CLIP- tags), and protein 
labelling using click-chemistry. We intentionally avoided the use of quantum dots because 
of their nano-size (5-50 nm), which could cause major interference with the interactions 
between cells and nanoparticles which we planned to observe. In all the methods listed 
above, special care should be taken to keep the concentration of fluorescent molecules in 
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the cell as low as possible to prevent their interference with biological structures and 
processes. 
Besides having an appropriate excitation and emission spectrum, the dyes used for live-

cell fluorescence microscopy should also be non-toxic to the cells both in absence and 
presence of light (non-toxic and non-phototoxic) and their emission signal should not 
decrease significantly during the experiment (in other words, they should be photostable 
to reduce photobleaching) [55], [65], [67]. One should also be aware that the cell medium 
fluoresces on its own and that phenol red, which is present in most media, can decrease 
(quench) the fluorescence of dyes [68]. 

2.1.3 Confocal Fluorescence Microscopy  

Because the signal detected by a basic fluorescence microscope (described in Section 2.1.2 
and shown in grey in Figure 2.4) originates from the entire volume of the cell, it is 
associated not only with the cellular components in the focal plane, but also with all the 
structures that are above and below it. Although these structures are out of focus, i.e. 
blurred, their signal decreases the contrast of the micrograph and the localization ability. 
This can be improved by inserting two pinholes into the conjugated planes of the light 
path, blocking most of the out-of-focus light and enabling fine optical sectioning of the 
sample with a slice thickness of up to 500 nm; an example of micrographs obtained by this 
so-called confocal fluorescence microscopy is shown in Figure 2.5. In practice, confocality 
can be achieved by adding a spinning disk between the dichroic beam splitter and the 
objective in the case of wide-field illumination, or by placing a pinhole in the conjugated 
plane of the sample just before the detector when using a laser scanning microscope. We 
used the latter in our setup, which is indicated by the magenta dashed line in Figure 2.4. 
It is important to note that a smaller pinhole size decreases the thickness of the optical 

slice, but also lowers the intensity of the detected signal because it blocks a large portion 
of the emitted light [55]. In addition, the thickness of the optical slice remains the same 
below a certain pinhole size (app. 0.7 Airy units) due to the diffraction limit, which limits 
the minimal resolvable lateral and axial distances ӕ  and ӕ according to the wavelength 

of light in vacuum Ἢ, numerical aperture of the focusing lens ӟӒ, and refractive index of 
the medium Ӹ to 

 ӕ =Ἢ(2 ӟӒ)Ɂ  (2.1) 

and 

 ӕ =1.4 Ἢ ӸɁӟӒ (2.2)  

[66]. The most commonly used pinhole size in this work is 1.1 Airy unit, which provides a 
good compromise between signal intensity and thickness of the optical slices for our 
samples. 
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Figure 2.5: A side-by-side comparison of non-confocal (left) and confocal (right) 
fluorescence micrographs of the same cells in the horizontal (xy, above) and vertical (xz, 
below) plane. The confocal micrographs of LA-4 cells (their cell membranes were labelled 
with CellMask Orange, shown in green) after a 2-day incubation with TiO2 nanotubes 
(fluorescently labelled with Alexa 647, shown in red) show remarkable improvement in 
optical sectioning and thus also in the ability to (co)localize fluorescently labelled 
components in the sample. 

2.1.4 Stimulated Emission Depletion (STED) Microscopy  

According to equations (2.1) and (2.2), the highest resolution of a typical confocal optical 
microscope with a numerical aperture 1.2, excitation at 600 nm, and refractive index of the 
medium 1.3, is limited by the diffraction limit to approximately 250 nm in the lateral and 
550 nm in the axial direction [66]. For roughly a century, it was believed that because of 
this diffraction limit, the only way to increase the resolution is by decreasing the 
wavelength of the excitation light and consequently increasing the phototoxic burden to 
the observed sample. However, in the last two decades, several super-resolution techniques 
have emerged, each of them implementing a work-around to seemingly overcome the 
diffraction limit and improve resolution to few tens or even few nanometers, approaching 
the size of antibodies and other proteins. 
One of these super-resolution techniques is stimulated emission depletion microscopy 

(STED microscopy), which was conceptually devised by S. W. Hell and J. Wichmann [69], 
as well as V. A. Okhonin [70]. To achieve such high resolution, STED microscopy (whose 
setup is shown on the scheme in Figure 2.4 using grey, magenta and red elements) employs 
a STED laser beam that is uniquely shaped by a phase mask and is used to de-excite 
fluorescence excited states in most of the excitation volume except for its central part 
before the emission occurs (Figure 2.6) [60]. The first part of the energy transitions in a 
fluorophore is the same as in laser-scanning microscopy: the fluorophores are excited by a 
focused excitation laser pulse in a diffraction-limited area, which is followed by a quick loss 
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of energy of the excited electron (to the lowest energy level of the first excited state). Before 
the emission occurs, a doughnut-shaped higher-wavelength STED laser pulse is directed 
onto the sample to stimulate the electron relaxation of those excited fluorophores that are 
not located in the center of the doughnut. The consequently stimulated emitted photons 
have the same wavelength as the STED laser light and are prevented from reaching the 
detectors by a filter. Later, the remaining excited fluorophores, which are mostly located 
in the center of the doughnut, relax and emit light, which is detected in the same way as 
in the case of laser-scanning confocal microscopy. 

 

Figure 2.6: Left: Jablonski energy diagram of the energy levels of A fluorescence and B 
stimulated emission; right: fluorescence excitation (green), fluorescence emission spectrum 
(orange) and stimulated emission spectrum (red). The difference between the energy levels 
is inversely proportional to the wavelength of the absorbed and emitted photon. C The 
timing and the lateral intensity profiles of excitation (green), stimulated depletion (red), 
and fluorescence (orange). 



20 Chapter 2. Methodology  

The trick that enables STED microscopy to seemingly break the diffraction limit is that 
the very center of the doughnut-shaped STED beam is completely dark due to symmetry 
reasons (the doughnut modulation unit rotates the polarization of light). The size of the 
center of the doughnut (the area from which the later-detected photons originate) is thus 
not limited by the diffraction limit and depends mainly on the intensity of the STED laser 
ɰ the higher its intensity, the smaller the size of the focal central region, leading to improved 
resolution. 
Sadly, this doughnut-shaped 2D STED beam only improves the lateral resolution of the 

system, while the axial resolution still remains the same as in confocal microscopy (500 
nm). To overcome this, a differently-shaped STED laser pulse is used, majorly improving 
the axial resolution (termed 3D STED). By combining the two shapes of the STED laser, 
both the lateral and axial resolution can be improved. A comparison between confocal 
microscopy, 2D, 3D, and 70% 3D STED (a combination of 30 % 2D STED and 70% 3D 
STED) is shown in Figure 2.7. 
Importantly, not all fluorescent dyes are suitable for STED microscopy [64]. Besides 

meeting the criteria for live-cell fluorescence microscopy, the dye should not absorb photons 
at the wavelength of the STED laser, but it should be able to emit them (otherwise, the 
emission of these photons cannot be stimulated). On top of that, STED-compatible dyes 
should be remarkably photostable to survive the large intensities of the STED lasers (c. 10 
MW/cm2). 

 

Figure 2.7: A comparison of side-view (xz) micrographs of the same 40 nm-large Crimson 
fluorescent bead (used to acquire the Point Spread Function of the microscope during an 
alignment phase), acquired by (from left to right): confocal microscopy, 2D STED, a 
combination of 30% 2D STED and 70% 3D STED, and 3D STED microscopy. Notice how 
2D STED improves the resolution in the horizontal (lateral, x) direction, but not in the 
vertical direction (axial, z), 3D STED improves the resolution only in the vertical direction 
(z), and 70% 3D STED improves the resolution in both directions. 

2.1.5 Fluorescence Lifetime Imaging Microscopy (FLIM)  

An imaging technique that can provide additional functional information about the sample 
is fluorescence lifetime imaging microscopy (FLIM), which can be used simultaneously with 
any of the aforementioned fluorescence microscopy techniques. It relies on detecting the 
time between fluorophore excitation and the emission of photon (the so-called fluorescence 
lifetime), which depends not only on the fluorophore, but also on the pH, viscosity and ion 
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concentration in its local environment, as well as on the vicinity of other molecules that 
can interact with the relaxation pathways of a fluorophore or interest. 
Because spontaneous photon emission is a quantum process, its timing is not always 

the same; it follows a monoexponential probability distribution. In practice, when enough 
emission events of a fluorophore are detected, the lifetime ἳ of the fluorophore can be 
determined from the time-distribution of the arrival of emitted photons: Ӛ(Ӿ)̄ Ӱ˻/ [59], 
[62] (see Figure 2.8). To provide a reasonably good fit to determine the lifetime with 
satisfactory signal-to-noise in each pixel in the image, this approach is generally slower 
than ordinary, intensity-based imaging. 
FLIM measurements can be performed on a variety of fluorescence microscopes [59], 

[62]; in our confocal setup with pulsed laser excitation, we used a PMT (photomultiplier 
tube) single-photon detector and a time-correlated single-photon counting (TCSPC) 
module, which enable measurements of the time between the laser excitation and the 
detection of each of the emitted photons (see grey, magenta and blue elements in Figure 
2.4).  

 

Figure 2.8: A fluorescence lifetime-coded image is obtained by fitting the time-distribution 
of detected photons with a monoexponential decay (middle) in each pixel of the image. 
Often, the fluorescence lifetime-coded image is weighted (multiplied) with the intensity 
image (left) for easier detection of characteristic structures in the image, as shown on the 
right. 

2.2 Detection of Non -Fluorescent Nanoparticles  

In order to enable tracking of the nanoparticles inside living cells using optical microscopy, 
one must be able to detect the nanoparticles as well as the cells. Although various 
fluorescently labelled nanoparticles are commercially available, we specifically wished to 
track the TiO2 nanotubes due to their characteristic in vitro and in vivo behavior. Hence, 
we decided to fluorescently label them by attaching a commercial fluorophore onto the 
nanoparticle surface via a silane linker (see Figure 2.13 in Section 2.2.2). As this was done 
in-house, we were free to choose a fluorophore which is optimized for STED microscopy. 
To ensure stable and artefact-free fluorescent labelling, we used and refined a quality-
controlled procedure, which will be discussed more in detail in Section 2.2.2). 
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However, for the other pre-synthesized nanoparticles, which we obtained from the 
specialized JRC distribution source and used to test several key events, the labelling and 
its optimization would require proportionately more time and effort. Hence, we devised a 
method to simultaneously detect both the native non-fluorescent nanoparticles and 
fluorescence from all the other structures on the same optical microscope. For this purpose, 
we relied on the fact that most nanoparticles are ordered, crystalline structures that 
consequently scatter light stronger than most biological structures. Thus, the nonlabelled 
nanoparticles could be localized by detecting the light that is scattered back from the 
sample (i.e., by reflectance microscopy). 

2.2.1 Reflectance Microscopy  

The simultaneous implementation of reflectance and fluorescence microscopy is shown in 
Figure 2.9. In the first setup that we devised (reflectance microscopy, shown in green), we 
used the same excitation lasers as for fluorescence microscopy, and directed some of the 
back-scattered light through a beam-splitter onto an auxiliary detector that was located 
before the pinhole and all the notch filters that block the excitation light. In the second 
setup (confocal reflectance microscopy, shown in dark red), an additional excitation laser 
with a higher wavelength than others was used. At this chosen wavelength, the existing 
filters of the fluorescence microscope setup did not block the back-scattered light, allowing 
us to guide the light to a detector by an additional dichroic mirror located behind the 
pinhole. The technical details of both setups are described in Section 2.5.4.3. 
Both of these setups enabled detection of nanoparticles with a 60x water immersion 

objective, albeit with lower resolution, contrast and specificity than standard fluorescence 
microscopy of the labelled nanoparticles (Figure 2.10). Nevertheless, the image quality was 
still satisfactory for our research hypothesis as we were interested only in the general 
location of the nanoparticles (Figure 2.11). We noted, however, that at lower magnification, 
lower numerical aperture of the 10x air objective sadly precluded localization of nonlabelled 
nanoparticles (Figure 2.12). 
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Figure 2.9: Schematic of the two setups for detecting light that is backscattered from the 
sample by the nanoparticles: reflectance microscopy (shown in green) and reflectance 
confocal microscopy (shown in dark red). ɶExc.ɷ denotes excitation lasers and ɶDet.ɷ 
denotes detectors. Elements from the existing fluorescence setup shown in Figure 2.4 that 
are not used for detecting the backscattered light are greyed out and several elements that 
are also used in fluorescence microscopy are recolored for clarity. 

 

Figure 2.10: Comparison of three modes of optical detection of nanoparticles using a 60x 
water immersion objective. From left to right: confocal fluorescence microscopy of labelled 
nanoparticles, reflectance microscopy, reflectance confocal microscopy and reflectance 
confocal microscopy that was blurred post-acquisition using a 100 nm wide Gaussian filter. 
The upper row shows micrographs in the horizontal (xy) plane and the lower row in the 
vertical (xz) plane; the same nanoparticle aggregate is on all micrographs. 
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Figure 2.11: Detection of nonlabelled multi-walled carbon nanotubes (MWCNT, left) and 
nonlabelled TiO2 nanotubes (middle and right) in a sample with living cells using a 60x 
water immersion objective. The reflectance micrographs (left and middle) and reflectance 
confocal micrographs (right) of nonlabelled nanoparticles (red, ratio between nanoparticle 
surface area and cell surface 10:1) were acquired after a 2-day incubation with LA-4 
epithelial cells (fluorescently labelled using CellMask Orange, detected using fluorescence 
microscopy and shown in green). Some of the xz micrographs were padded with dark grey 
to ensure that the figures are equal in size. 

 

Figure 2.12: Comparison of a reflectance (green) and confocal fluorescence micrograph 
(magenta) of labelled TiO2 nanotubes on a monolayer of LA-4 cells when using a low-
magnification 10x air objective. In this case, the scattering from the glass and cells 
overpowers the scattering from the nanoparticles due to the poor axial resolution of the 
setup ɰ even though the scattering from the glass was negligible compared to the scattering 
from nanoparticles on the 60x water immersion objective, as shown in Figure 2.11. The few 
regions in the overlay on the right where the signal from the confocal fluorescence 
micrograph and reflectance microscopy overlap are white. 
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2.2.2 Qualit y-Controlled Nanoparticle  Label ling  

To truly harness the potential of nanoparticle tracking in living cells using advanced 
fluorescence microscopy, nanoparticles should first be fluorescently labelled because they 
mostly do not fluoresce on their own. The common approach to fluorescently tagging 
already synthesized nanoparticles is to bind a fluorescent dye to the nanoparticles via a 
chemical linker (a silane linker works well for metal oxide nanoparticles) [53], as shown in 
Figure 2.13A. The benefit of this approach is that the same batch of nanoparticles can be 
separately labelled using various dyes, including dyes that are especially designed for 
advanced microscopies. 
However, such nanoparticle labelling must be accompanied by an appropriate quality 

control procedure to prevent artefacts and erroneous conclusions which can arise from 
nanoparticles, inadvertently changed during the labelling procedure. We thus refined the 
labelling procedure of metal oxides and devised appropriate quality control checkpoints to 
accompany the labelling, tested the procedure on the TiO2 nanotubes, and mimicked the 
effect of faulty labelling on experimental results ɰ work, which we published in [53]. A short 
overview of the procedure is presented in the following paragraphs, including several 
examples of artefacts (see Figure 2.13 B and Figure 2.14) and approaches how to control 
them (see Figure 2.13 C).  
As shown in the first row in Figure 2.13, the use of a charged linker and/or dye can 

unintentionally change the nanoparticle surface charge and consequently its interaction 
with biological molecules and cells [71], [72]. Because many ɰ if not most ɰ fluorescent dyes 
are charged, it is often difficult to avoid using a charged dye. Luckily, a linker with an 
opposite charge can be chosen to somewhat balance out the charge of the dye. Also, the 
general guideline in labelling nanoparticles is to change their surface chemistry as little as 
possible, thus minimizing the amount of linker and dye on the nanoparticles, while at the 
same time retaining and achieving a large fluorescence signal. To confirm that the surface 
charge of the nanoparticles has not been changed, the zeta potential of both the labelled 
and native nanoparticles should be measured over the entire range of pH values. When this 
is measured for the functionalized nanoparticles as well, it can indicate whether the linker 
has successfully bound to the nanoparticles ɰ a valuable piece of information, which is 
confirmed by Fourier transform infrared spectroscopy (FTIR) measurements. Moreover, 
the appropriate pH of the labelling and storage medium can be easily discerned from the 
zeta potential measurements. 
Secondly, the sonication that is often utilized to prevent nanoparticle aggregation 

during the labelling procedure can inadvertently change the morphology of the 
nanoparticles (Figure 2.13, second row), influencing also their interaction with the 
biological milieu [29], [73], [74]. This is best tested by comparing transmission electron 
microscopy (TEM) measurements of the native and labelled nanoparticles. For example, 
we observed that a 2-hour sonication can break the long TiO2 nanotubes that are used 
throughout this work into notably shorter nanotubes, which can disrupt the cellɴs 
cytoskeleton and cause the cells to wobble when pulled using an optical tweezer (see Figure 
A.1 in the Appendix). Using this knowledge, we reduced the sonication to 45 minutes, 
which did not noticeably change the morphology of the nanotubes. 
Last but not least, the presence of unbound dye in the sample causes erroneous 

localization of nanoparticles in the sample [75]ɰ[78], shown also in Figure 2.13, third row. 
The presence of unbound dye can originate from insufficient removal of the excess dye after 
the labelling step or from desorption of the linker from the nanoparticles, which is an often 
overlooked process. The amount of unbound dye can be majorly reduced by multiple 
centrifugal filtrations of the sample (or a sequence of centrifugation and supernatant 
removal) after the reaction between the linker and probe has ended, as well as right before 
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the experiment. Such removal of free dye should be carefully monitored by fluorescence 
correlation spectroscopy (FCS) of the sample or measurements of fluorescence intensity of 
both the sample and removed dye. 
If all the above-mentioned control checkpoints are followed, one can rest assured that 

the nanoparticle labelling is stable, repeatable, well-characterized, and enables reliable 
interpretation of experiments performed with the labelled nanoparticles. 

 

Figure 2.13: Overview of A the process of fluorescent labelling of nanoparticles, B potential 
experimental artefacts that originate from faulty labelling, and C checkpoints to control 
the labelling procedure and ensure reliable and reproducible experimental results. 
Reproduced from our published manuscript [53]. 
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Figure 2.14: Schemes and micrographs of potential experimental artefacts that stem from 
faulty labelling. LA-4 epithelial cells (cell membranes were labelled with CellMask Orange) 
were incubated with purposefully modified TiO2 nanotubes, labelled with Alexa Fluor 647 
(shown in red). 

2.3 In Vitro Model  

The uniform and easily cultivatable immortalized murine cell lines of type II lung epithelial 
cells (LA-4) and alveolar macrophages (MH-S) were selected for the in vitro model as they 
enabled comparison with in vivo experiments on mice as well as with various 
complementary methods performed by other groups in the H2020 SmartNanoTox project 
[79], which we were included in. Moreover, the coculture of these cell lines was able to 
reproduce in vivo key events despite its simplicity, thus avoiding increasing the complexity 
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of the model with additional cell types (e.g. fibroblasts, capillary endothelial cells, etc.) or 
lung surfactant (see Figure 1.3). 
The LA-4 cell line of murine alveolar type II epithelial cells (obtained from ATCC, 

CCL-196 [80]) was originally derived from a benign urethane-induced mouse lung adenoma 
(tumor) of a 28-week-old mouse [81]. Similar to type II alveolar pneumocytes, these cells 
contain lamellar bodies (organelles in which surfactant is stored), have a characteristic 
polygonal-shaped morphology, and their growth is contact-inhibited (although they do 
gradually lose this inhibition when cultures reach confluency) [81]. They can also synthesize 
a large amount of phospholipids, albeit with a different phospholipid composition than 
pneumocytes type II in vivo [82]. In contrast to the normal diploid mouse cells with 40 
chromosomes per cell [81], the LA-4 cells have on average 114 chromosomes (between 38 
and 256 chromosomes) per cell [80]. In our case, they appeared to be the perfect model 
system because they could reproduce the in vivo observable events related to the response 
of epithelial cells to metal-oxide nanoparticles. 
The MH-S cell line of murine alveolar macrophages (obtained from ATCC, CRL-2019 

[83]) was originally obtained from a bronchoalveolar lavage of a 7-week male mouse by 
culturing the adherent alveolar macrophages for several days before infecting them with 
the SV40 virus [84]. The contact-uninhibited, adherent MH-S share many properties with 
alveolar macrophages, including typical macrophage morphology, function and antigenic 
characteristics [84]. According to the creators of the cell line, ɶthis cell line should facilitate 
studies where homogeneous populations of alveolar macrophages are desirable, especially 
those involved in determining the immunological functions of alveolar macrophages and 
their potential role in lung pathologyɷ [84], and is as such an excellent choice for the 
planned experiments. 

2.4 Materials  

2.4.1 Chemical s 

LCIS: Live Cell Imaging Solution (Invitrogen), PBS: phosphate buffer saline (Gibco), 100x 
dcb: 100-times diluted bicarbonate buffer (pH 10, osmolarity 5 milliosmolar, mixed in-
house), F-12K cell culture medium (Gibco), RPMI 1640 cell culture medium (Gibco), FBS: 
fetal bovine serum (ATCC), trypsin (Sigma), penicillin-streptomycin (Sigma), non-
essential amino acids (Gibco), L-glutamine (Gibco), beta mercaptoethanol (Gibco), glucose 
(Kemika). 

2.4.2 Fluorophores and Stains:   

Alexa Fluor 647 NHS ester (Termo Fisher), CellMask Orange (Invitrogen), LysoTracker 
Red (Invitrogen), Hoechst reagent 33342 (Invitrogen), Propidium iodide (Invitrogen), 
DRAQ7 (Abcam), SAG-38 (3-(Benzo[d]thiazol-2-yl)-6,8,8,9-tetramethyl-2-oxo-8,9-
dihydro-2H-pyrano[3,2-g]quinoline-4-carbonitrile, kind gift from Stane Pajk, FFA, UL). 

2.4.3 Nanop articles  

Synthesized in-house by Polona Umek: 

ī TiO2 nanotubes (PU-nTOX-01-03) and 

ī TiO2 nanocubes (PU-nTOX-01-21); 

Kind gift from Ulla Vogel: 
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ī carbon black (Printex 90, kindly provided by Evonik, Frankfurt, Germany),  

ī TiO2 MKNA015 (MKN- TiO2 -A015),  

ī TiO2 MKNA100 (MKN- TiO2 -A100), and  

ī quartz silica (SiO2 DQ12, kindly provided by Craig Poland, IOM, Edinburgh, 
UK);  

Kind gift from the JRC Nanomaterial Repository: 

Ǔ NM-101 TiO2 anatase (TiO2-NM101-JRCNM01001a),  

Ǔ NM-105 TiO2 rutile-anatase (TiO2-NM105-JRCNM01005a),  

Ǔ NM-110 ZnO (ZnO-NM110-JRCNM62101a),  

Ǔ NM 111 ZnO (ZnO-NM111-JRCNM01101a),  

Ǔ NM-200 SiO2 (SiO2-NM200-JRCNM02000a),  

Ǔ NM-401 MWCNT (MWCNTs-NM401-JRCNM04001a), and 

Ǔ NM-402 MWCNT (MWCNTs-NM402-JRCNM04002a). 

2.4.4 Materials  

#1.5H µ-dishes (Ibidi), #1.5H µ-Slide 8-well (Ibidi), #1.5H µ-Slide 18-well (Ibidi), #1.5 
µ-dish 35 mm quad (Ibidi), Amicon Ultra 4 mL 100K (Millipore), Multi-Analyte ELISArray 
Kit (Qiagen). 

2.4.5 Software  

Imspector (version 16.2.8282-metadata-win64-BASE) software provided by Abberior, 
SPCImage 7.3 (Becker & Hickl), Fiji ɰ ImageJ 1.52p (NIH), Mathematica 12.0 (licence 
L5063-5112, Wolfram), Excel (Microsoft Office 2016, Microsoft), ilastik [85]. 

2.5 Methods  

2.5.1 Preparation and Characterization of Nanoparticles  

2.5.1.1 Synthesis and Labelling of TiO 2 Nanotubes  

The TiO2 anatase nanotubes that were used in most experiments in this work were 
synthesized by Polona Umek in a single large batch to ensure comparability between the 
various experiments. She also functionalized a part of them with AEAPMS, which we later 
labelled with fluorescent probes by a covalent reaction between the AEAPMS silane linkers 
on the nanoparticles and the NHS- or SDP-ester functional group on the probe. All this 
was done in-house using the protocol and quality-control procedure that we described in 
reference [53]. Once labelled, the TiO2 nanotubes were stored suspended in 100-times 
diluted bicarbonate buffer with pH 10 at 1 mg/mL in a refrigerator to minimize 
aggregation. The sample was filtered through the 100 kDa membrane of a centrifugal 
filtration device (Amicon Ultra 4 mL 100K) at 1000 g (centrifuge LC-320, Tehtnica, 
Źelezniki) before experiments to remove any desorbed probe.  

2.5.1.2 Nonlabelled Nanoparticles  

Other nanoparticles were obtained in powder form either directly from the JRC 
Nanomaterial Repository ɰ a specialized distribution source, or as a kind gift from the 
scientists that performed the complementary experiments using the same batch of 
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nanoparticles. The nanoparticles were suspended in 4 mL PBS by a 15-minute sonication 
on an ice bath with a tip sonicator (Sonicator 4000, Misonix, with 419 Microtip probe) 
using a series of 5 s ON/ 5 s OFF steps and a power of 2 kJ per minute of sonication (30 
kJ in total). All these nanoparticle suspensions were optimized to have the same specific 
surface area (BET) of nanoparticles per volume of PBS by varying the concentration of 
nanoparticles between 0.3 (BET 300 m2/g) and 15 mg/mL (BET 18 m2/g). Thus, cells that 
received the same surface dose of nanoparticles also received the same volume of the vehicle 
(in this case PBS).  

2.5.1.3 Characterization  of the Nanoparticles  

The main characteristics of the nanoparticles that were used in this work ɰ such as their 
dimensions, chemical composition and specific surface area (BET) ɰ are presented in Table 
A.3 in the Appendix. More information on the nanoparticles can be found in the following 
references. The TiO2 anatase nanotubes, TiO2 anatase nanocubes, small and large TiO2 
nanospheres and DQ12 were well-characterized in reference [29]. Additionally, we 
characterized and compared the labelled TiO2 nanotubes to the nonlabelled nanotubes in 
reference [53]. The Printex 90 (carbon black) nanoparticles are characterized in the 
reference [86], whereas the rest of the nanoparticles were obtained from the JRC 
Nanomaterial Repository and are thus extremely well characterized in their publically 
available reports [87]ɰ[90]. 

2.5.2 Culturing of Cell Lines  

The LA-4 cell line of murine alveolar type II epithelial cells and the MH-S cell line of 
murine alveolar macrophages were obtained from the American Type Culture Collection 
(ATCC) as CCL-196 [80] and CRL-2019 [83], respectively. Both cell lines were cultured 
and sub-cultured according to the ATCC guidelines and grown in an incubator with a 
controlled humidified atmosphere with 5% CO2 at 37 °C. The experiments were performed 
when cells were between the fourth and the twentieth passage.  
The LA-4 cell line was cultured in Hamɴs F-12K medium (Gibco) that was 

supplemented with 15% fetal bovine serum (FBS, from ATCC), 1% penicillin-streptomycin 
(Sigma), 1% non-essential amino acids (Gibco), and 2 mM L-glutamine, whereas the MH-
S were cultured in a RPMI 1640 medium (Gibco), that was supplemented with 10% FBS 
(ATCC), 1% penicillin-streptomycin (Sigma), 2 mM L-glutamine, and 0.05 mM beta 
mercaptoethanol (Gibco). 

2.5.3 Preparation of in Vitro Samples for Imaging and Cell Tests  

First, the cells were seeded into appropriate chambers for microscopy (#1.5 and #1.5H 
chambers by Ibidi) and cultured in the above-mentioned conditions for at least one day to 
ensure that the cells have attached to the bottom of the chamber, recovered from the 
splitting procedure, and started proliferating. Care was taken to seed the cells as evenly as 
possible, especially for imaging-based viability experiments in small wells. 
At least 24 hours after the splitting, nanoparticles were added to the cells at an 

appropriate time-point before the experiment. The stock suspension of nanoparticles would 
be sonicated for 10 s in an ultrasonic bath (Bransonic ultrasonic cleaner, Branson 
2510EMT) before adding the appropriate volume of the nanoparticle suspension to the 
sample to achieve the desired surface dose (SNP : Scells) for the experiment. The cells were 
then continuously cultured with the nanoparticles until the measurement was performed. 
In the case of cocultures, the LA-4 epithelial cells were first seeded into the imaging 

chamber. After one day, the almost confluent layer of cells was washed with PBS and MH-



2.5. Methods 31 

S were added to the already attached LA-4 at a number ratio of NMH-S : NLA-4 = 1 : 40 and 
a 1:1 ratio of F-12K and RPMI full cell culture media. When observing the response of the 
coculture, the nanoparticles were added after both cell lines have grown in coculture for at 
least one day. However, for the reuptake experiments, the LA-4 and MH-S were first 
cultured and exposed to the nanoparticles in separate chambers, and thoroughly washed 
with PBS before adding the MH-S to LA-4. 
Before imaging, the cells were labelled with the desired fluorescent dyes. As most 

imaging sessions were short in duration (up to a few hours), the medium with the dye was 
replaced with live cell imaging solution (LCIS) and cells were observed in a closed heated 
chamber. For longer sessions, the cells were observed in a home-made stage-top incubator 
which provided the appropriate temperature and CO2 levels. 
In one experiment, we nebulized the nanoparticles onto the LA-4 cells (already labelled 

with CellMask Orange) with removed cell medium while continuously imaging the system 
in xz. The exposure was performed by nebulizing a 100:1 surface dose of labelled TiO2 
nanotubes (concentrated to 33 mg/mL in PBS) using a pre-wetted Aeroneb®Pro nebulizer 
from a VITROCELL® Cloud 6 system, mounted onto a 50 mL centrifuge tube that was 
pre-cut to a length of 10 cm. Due to losses in the system, the surface dose that reached the 
cells was estimated to be 10:1. More on the nebulizing system can be found in [91]. 

2.5.4 In Vitro Imaging  

2.5.4.1 Confocal Fluorescence Microscopy and STED Microscopy  

Most of the in vitro micrographs were acquired on a laser scanning microscope that was 
custom-built by Abberior around an Olympus IX83 microscope. As shown in Figure 2.4, 
the microscope uses two excitation lasers at 561 and 640 nm (maximal average power of 
50 µW in the sample plane, pulse length 120 picoseconds). An additional laser at 775 nm 
(maximal power of 170 mW in the sample plane, pulse length 1.2 ns) is shaped using a 
spatial light modulator into the characteristic doughnut shape that is used for STED 
depletion. The light emitted from the sample is detected by two avalanche photodiodes 
(APDs, SPCM-AQRH Excelitas) in two separate wavelength ranges: 580ɰ625 nm and 655ɰ
720 nm, as defined by the filter sets (Semrock). The objectives used in this work were a 
10x air objective (UPLFLN10, NA 0.3, Olympus) and a 60x water immersion objective 
(UPLSAPO60, NA 1.2, Olympus). 
The images were acquired and contrasted using Imspector (version 16.2.8282-win64) 

software that was also provided by Abberior. In each experiment, the microscopy settings 
were tuned to achieve the best combination of signal-to-noise, resolution, speed of 
acquisition, and field-of-view of the micrographs while minimizing phototoxicity and 
photobleaching. The most commonly used microscopy settings are listed in Table 2.1. 

Table 2.1: A short overview of the settings that were most commonly used for live-cell 
imaging shown in this work. 

Imaging Mode Laser powers Dwell time Pixel size Pinhole size 

Confocal 5-10 ʈW 10 ʈs 
dx, dy: 100 nm 

dz: 200 nm 
1.1 AU 

STED 
Excitation: 5-10 ʈW 

STED: 20-40 mW 
30 ʈs 

dx, dy: 30 nm 

dz: 50 nm 
1.1 AU 

FLIM 5-10 ʈW 100 ʈs 
dx, dy: 100 nm 

dz: 200 nm 
1.1 AU 
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2.5.4.2 FLIM  

The fluorescence lifetime images (FLIM) were obtained on the same custom-built STED 
microscope (Abberior instruments) as described above in Section 2.5.4.1 and shown in 
Figure 2.4. To detect the time between the excitation and emission, the fluorescence was 
detected using a photomultiplier tube (16-channel GaASP PMT, Becker & Hickl) that was 
attached to a spectrograph with a diffraction grating of 600 lines per mm to measure 
photons with wavelengths ranging from 560 to 760 nm. The spectral information was 
discarded and the information on the photon arrival time was sent to a time-correlated 
single-photon counting unit (TCSPC, Becker & Hickl), which also collects information on 
the excitation timing in real time. From there, the information on the arrival times of all 
the photons detected in each pixel of the image was gathered in Imspector 16.2 (Abberior 
Instruments). The typical microscopy settings are shown in Table 2.1. 
After acquisition, the fluorescence lifetime data was analyzed using the SPCImage 7.3 

software (Becker & Hickl). Firstly, the Decay matrix was obtained from the brightest pixel 
in the image, and was used to determine the response function of the system. Then, the 
spatial distribution of the mean lifetime was calculated using monoexponential fitting of 
the arrival times, gathered from an array of 7 x 7 pixels (700 x 700 nm large area, obtained 
by setting the binning parameter in the software to 3). To avoid confusion, the lifetimes 
were not determined if the signal in the peak was below 5 counts, which corresponds to 
background noise (this was obtained by setting the Threshold parameter in the software 
to 5). For easier comparison of lifetimes between samples, the rainbow look-up-table was 
scaled from 500 ps to 1000 ps for all images, and both intensity and contrast of the lifetime-
coded image were adjusted to improve the visibility of the structures of interest. 

2.5.4.3 Imaging of Nanoparticles  with Reflectance Microscopy  

As discussed in Section 2.2.1, nonlabelled nanoparticles in the sample were located by 
detecting the backscattered light simultaneously with the detection of fluorescence. As 
shown in Figure 2.9, two versions of reflectance microscopy were developed and tested on 
the same STED microscope that was described in Section 2.5.4.1. 
In the non-confocal version (shown in green in Figure 2.9), the same 561 or 640 nm 

excitation laser that was used for fluorescence microscopy was directed onto the sample. 
Then, both the emitted and scattered light from the sample passed through a 50:50 beam-
splitter that directed half of the light onto a photomultiplier tube (PMT) and half onto 
the APDs. Because scattering is far more likely to occur than fluorescence in our samples, 
almost all the signal that is detected on the PMT arises from scattering. On the other 
hand, almost all photons that are detected on the APDs arise from fluorescence because 
the light passes through several filters that block the excitation wavelengths and hence also 
the scattered light.  
For confocal reflectance microscopy (shown in dark red in Figure 2.9), a tunable 

Chameleon Discovery laser (Coherent, pulse length 100 fs) with a wavelength of 750 nm 
was directed onto the sample. Its maximal average power of 1.7 W (measured at 850 nm) 
was attenuated by several neutral density filters (ND filters) and later by a 785 nm built-
in dichroic filter which reflected only a minor fraction of the beam, directing it onto the 
sample. The emitted and backscattered light passed through the same 785 nm dichroic, 
which transmitted most of the light, and a 0.63 A.U.-large pinhole, until a 725 nm dichroic 
separated the scattered light from fluorescence. The scattered light was thus directed onto 
a multi-channel photomultiplier tube (the PMT described in Section 2.5.4.2), which was 
set to detect wavelengths between 725 and 925 nm, and the fluorescence was detected using 
the afore-described APDs. Because of the large coherence of the Discovery laser, the 
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backscattered light exhibited strong interference, which resulted in a strong speckle pattern 
on the micrographs that could lead to false negative colocalisation. This was later 
diminished by applying a 100-nm-wide Gaussian blur to the micrographs, which sadly also 
reduced the spatial resolution. 

2.5.5 In Vitro Cell  Tests  

2.5.5.1 Measuring Cell Viability  

Cell viability was determined on LA-4 and MH-S monocultures that were exposed to 
various doses of the TiO2 nanotubes. Just before imaging, the cell medium was very slowly 
removed and replaced with LCIS supplemented with 1.5 g/L glucose. Then, the cells were 
fluorescently labelled with a mixture of two dyes: one that labels the nuclei of all cells (5 
ʈg/mL Hoechst reagent 33342), and a second, spectrally well-separated dye, that labels the 
nuclei of cells with compromised plasma and nuclear membranes (0.15 ʈg/mL propidium 
iodide ɰ PI). Since cells with a compromised plasma and nuclear membrane (PI-positive 
cells) are mostly necrotic or in late apoptosis, they were counted as ɶdeadɷ. During imaging, 
two fluorescence and one bright-field micrograph were acquired on each of the five well-
separated locations in the sample. To enable comparison between the samples despite 
uneven cell density (most likely due to the meniscus effect in small wells), the images were 
acquired at similar locations in each well. The field-of-view of each micrograph was 760 ʈm 
x 760 ʈm, corresponding to ca. 100-400 cells in the negative control.  
The fluorescence micrographs that were used to determine cell viability were recorded 

using a 10x air objective (Plan Fluor 10x, NA 0.3, Nikon) on a home-built wide-field 
microscope built around a Nikon TE2000-E body. A bright Xe-Hg light (Lambda LS, Sutter 
Instrument) was used for excitation and a EMCCD camera (Rolera-MGi, QImaging) with 
512 x 512 pixels for detection. In between, a set of appropriate filters and dichroics 
(Brightline, Semrock) was used: 352-402/409/417-477 nm for the Hoechst reagent 33342 
and 503-538/560/596-664 nm for propidium iodide.  
After imaging, the number of all cells (Hoechst-positive) and the number of dead cells 

(colocalized Hoechst and PI signal) in each image were determined by semi-automatic 
counting of cells using a custom-built program in Mathematica. In short, inhomogeneous 
illumination was first corrected using a top-hat transform with a disk kernel (similar to the 
Rolling Ball algorithm implemented in ImageJ). The image was then blurred using a 
Gaussian filter with a radius of 4 pixels (6 ʈm) to even out the signal, binarised using a 
user-defined threshold, and the remaining holes in the image were automatically filled in. 
Then, the distance of each pixel to the background was calculated, and the maximal values 
of these distances (above a used-defined threshold distance) were used as markers for the 
detection of morphological components on the gradient-filtered image using the rainfall 
watershed algorithm. This step greatly improved the ability to separate neighboring cells 
from one another. Then, components on the image that were appropriately large and 
circular (this was also user-defined but remained constant for all images of the same cell 
type) were counted to obtain the number of nuclei of all cells (Hoechst-positive) and 
number of nuclei of dead cells (PI-positive) in each location in the sample. When 
determining the number of dead cells, only those PI-positive objects that colocalized with 
Hoechst-positive objects were counted. Lastly, the number of living cells and fraction of 
dead cells were both calculated from the number of all cells and the number of dead cells. 
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2.5.5.2 Determining  the Cauliflower -Forming Potential of Nanoparticle s 

The fraction of nanoparticles that were quarantined on the cell surface was estimated from 
the fluorescence-scattering micrographs and a visual overview of the sample. After 2 days 
of incubation with nanoparticles, the sample was measured on the above-described STED 
setup using a 60x water immersion objective, and a field of view of 80 x 80 ʈm. CellMask 
Orange fluorescence from the cells and scattering of nanoparticles were measured from 18 
cells in each sample and a visual overview of the entire sample was performed. For each 
cell, a horizontal (xy) slice and two vertical (xz, yz) slices were acquired. The evaluation 
of cauliflower-forming potential of the nanoparticles is described in detail in Table A.1 in 
the Appendix. 

2.5.5.3 Detecting Released Cytokines with ELISA  

The concentrations of eight cytokines (CCL2 (MCP1), CCL3 (MIP1a), CCL4 (MIP1b), 
CXCL12 (SDF1), TNF-ɻ, IFN-ɾ, IL-1b, and IL-6) released by a coculture of LA-4 and 
MH-S cells after exposure to seven nanoparticles (TiO2 nanotubes, TiO2 nanocubes, TiO2 
MKNA015, TiO2 NM-101, TiO2 NM-105, ZnO NM-111, and crystalline silica ɰ DQ12) were 
measured using a kinetic measurement of a sandwich ELISA (Multi-Analyte ELISArray 
Kit, Qiagen). Cocultures of LA-4 and MH-S cells were grown in two 96-well plates for each 
96-well ELISA plate and exposed to a 10:1 surface dose of various nanoparticles. After 48 
h of incubation, the medium was removed from the cells, joined together (from the 
multiplicates exposed to the same nanoparticles), and centrifuged at 200 g for 5 minutes 
(centrifuge LC-320, Tehtnica, Źelezniki) to remove dead cells and cell debris. Afterwards, 
the upper 2/3 of the sample were transferred to a new microcentrifuge tube and centrifuged 
at 23000 g for 20 minutes (centrifuge MR22i, Jouan) to remove the majority of 
nanoparticles ɰ this helps to avoid optical interference that is caused by binding of 
nanoparticles to the ELISA plates. The supernatant was transferred to a new 
microcentrifuge tube, 0.03% Triton X-100 was added to open up any vesicles in the sample, 
and the sample was centrifuged for 1 minute at 100 g (centrifuge LC-320, Tehtnica, 
Źelezniki) to remove bubbles in the sample. In the assay, 12.5% FBS was used as a negative 
control, the antigen standards from the kit were used as a positive control, and a blank, 
non-exposed coculture cultured in the same manner as the exposed cocultures was used as 
the third control. 
From here on, the ELISA assay was performed as instructed by the manufacturer. First, 

the samples were added to the ELISA plate along with the Assay Buffer and incubated for 
two hours to let the cytokines bind to the cytokine-specific capture antibodies that were 
attached to the bottom of each well of the ELISA plate. After washing the plate to remove 
unbound molecules, the Detection Antibodies (to which biotin was bound) were added to 
the plate and incubated for one hour to allow them to bind to the captured cytokines. 
Then, the sample was washed and Avidin-HRP (avidin- horseradish peroxidase) was added 
to the wells for 30 minutes, during which the avidin molecule was able to bind to the biotin 
on the Detection Antibodies. After washing, the Development Solution containing H2O2 
and the soluble TMB substrate (3,3ɴ,5,5ɴ-tetramethylbenzidine) was added to the wells, 
and immediately afterwards the time-course of the absorbance was measured at 650 nm 
for 1 hour in steps of 15 seconds on a spectrophotometer (Infinite M1000 Pro, Tecan). 
During this time, the HRP enzyme catalyzed the colorimetric reaction that transformed 
the colorless TMB into its oxidized state, in which it absorbs light at 650 nm. The cytokine 
concentrations were calculated from the initial slopes of the absorbance time-dependence 
of the nanoparticle-exposed cells, adjusting for the measured values in the non-exposed 
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coculture, negative control (just the Assay Buffer) and positive control (Antigen Standard 
Cocktail), as described in detail in Section A.3 in the Appendix. 

2.5.6 Model of Chronic Inflammation Following Nanoparticle  Exposure  

The theoretical model of nanoparticle cycling in the alveolus and its effect on cell 
population and chronic inflammation is described in detail in Chapter 4. It is defined by a 
system of differential equations, which can be further simplified to describe the in vitro 
monocultures of epithelial cells and macrophages, as well as their in vitro coculture. The 
system of differential equations was solved numerically to obtain the time evolution and 
final states of the model (so-called characteristic endpoints) using the function NDSolve in 
Wolfram Mathematica 12.0 (license L5063-5112). The same software was also used to 
visualize these results. 
The phase space of the three nanoparticle-specific parameters (toxicity ӾӹԂ, cauliflower 

formation Ӯӱӱ and signaling efficiency ӽӳӲӸӬӶӖӱӱ), termed ɶnanoparticle sorter cubeɷ, was 
predicted by calculating the time evolution of the in vivo system for various combinations 
of the three nanoparticle-specific parameters. For each of these three parameters, 30 values 
that were equally spaced in the logarithmically distorted phase space were selected, totaling 
the amount of predicted time evolutions in the grid to 30 x 30 x 30 = 27.000. The values 
of the final states of the model were read out and used to determine the contours that 
delimit areas with similar characteristic endpoints in the nanoparticle sorter cube. The 
same approach was used to model the cross-sections and projections of the nanoparticle 
sorter cube. 

2.5.7 Analysis of In Vivo BAL Cell Numbers  

In this work, we analyzed the cell numbers from bronchoalveolar lavages (BAL) of mice, 
published under a CC-BY license by Danielsen et al. [29]. In the study, they intratracheally 
exposed 8-week old mice to several mass doses of various nanoparticles (18, 54 or 162 ʈg 
of nanoparticles per mouse). After the desired time (1, 3, 28, 90, and 180 days), they flushed 
the lungs of anesthetized mice to obtain the BAL fluid, from which they isolated the BAL 
cells and counted them [29]. 
To compare cell numbers between the tested nanoparticles, we decided to estimate the 

cell numbers at the same surface dose for all nanoparticles because the often used metrics 
LOAEL (Lowest Observed Adverse Effect Level, lowest dose with observed adverse effect) 
and NOAEL (No Observed Adverse Effect Level, highest dose with no observed adverse 
effect) can skew the toxicity grading of nanoparticles, especially when the measurements 
have been performed at only a few exposure doses (see Figure A.10 in the Appendix). First, 
the surface doses of the exposures published in [29] were calculated from the mass dose (18, 
54 or 162 ʈg of nanoparticles per mouse), characteristic BET surface area of the 
nanoparticles, and the estimated lung surface area of a 20-gram 8-week old mouse (80 cm2) 
[92], [93]. Then, linear interpolation between the exposure doses for the same nanoparticle 
was used to calculate the approximate cell numbers at a 1:1 surface dose exposure. This 
was possible for all nanoparticles except for DQ12, where linear extrapolation was used due 
to the lack of data-points ɰ it was measured only at the highest mass dose 162 ʈg, whereas 
the 1:1 surface dose was equivalent to 800 ʈg, which was well out of the measured range. 
The cell numbers at exposure (day 0) were estimated by calculating the average cell 
numbers of all the negative controls ɰ mice exposed to the sham control (vehicle without 
nanoparticles). For the dose dependence graphs, the cell numbers at day 0 and exposure 
surface dose were calculated in the same manner as described above, except for the 
interpolation which was not needed. 
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Chapter 3 

3 Results and Discussion  ɰ Key Events 

in Nanoparticle -Exposed Alveolar 

Cells  

The results presented in this and the following chapter are a part of our contribution to 
the interdisciplinary, international H2020 SmartNanoTox project, and formed the basis of 
the publication H. Kokot, B. Kokot, A. Sebastijanović et al., ɶPrediction of Chronic 
Inflammation for Inhaled Particles: the Impact of Material Cycling and Quarantining in 
the Lung Epitheliumɷ [94] ɰ one of the major outcomes of the project. 
As mentioned in the Introduction, a plethora of complementary in vivo, in vitro, and 

in silico experiments should be performed using the same nanoparticles (mostly TiO2 
nanotubes) in order to mechanistically understand the complex network of events in the 
nanoparticle-exposed alveolus. Several of the findings from complementary approaches, 
which were performed by other members of the consortium, are included in the discussion 
of our experimental results with the aim of enriching the discussion and increasing the 
impact and validity of the conclusions. This was done with permission from the authors, 
who are clearly attributed in the text. 
As a side note, we would like to stress that the micrographs presented in this chapter 

were obtained using different experimental setups. Most of them are fluorescence 
micrographs of the horizontal plane (denoted as xy) of an in vitro cell culture obtained 
using a confocal fluorescence microscope with a 60x water immersion objective; cell 
components on the micrographs are shown in green and nanoparticles in red. Any 
differences in the setup are clearly stated. 
In order to understand the complex network of events that take place in the alveolus 

following nanoparticle exposure, we decided to imitate the latter by a combination of simple 
in vitro sub-systems. By focusing first on the events in monocultures of alveolar 
macrophages, then on monocultures of epithelial cells and, lastly, on the events in the 
coculture of these cells, the flow of nanoparticles and the interactions between the events 
are simplified, and can thus be discerned more easily (see Figure 3.1). 
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Figure 3.1: Splitting the system into simple subsystems lowers the complexity of 
interactions. 

3.1 Macrophages Die Trying to Defend the Epithelium from 

Nanoparticles  

 
Because macrophages are cells of the immune system whose 
role is to defend the body from foreign objects, we decided 
to first study and discuss the interaction between the model 
nanoparticles ɰ TiO2 nanotubes ɰ and MH-S, a cell culture 
of alveolar macrophages.  

3.1.1 Macrophages Immediately Start to Internalize Nanoparticles  

Macrophages are cells that are specialized for recognition, internalization and degradation 
of foreign bodies. It is therefore not surprising that the MH-S started to internalize TiO2 
nanotubes immediately after coming into contact with them. As seen in Figure 3.2, these 
macrophages can internalize various sizes of particles, from single nanotubes to aggregates 
of nanotubes as large as half their size. They were also observed to lift large nanotube 
aggregates from the floor and internalize them (Figure 3.2 A) ɰ similarly to what 
macrophages are known to do with bacteria [95]. Interestingly, when a macrophage was 
observed interacting with and trying to internalize an aggregate much larger than itself, a 
haze of nanotubes could be observed inside the macrophage (Figure 3.2 C). This haze 
corresponded to a multitude of internalized single nanotubes, which were most likely torn 
from the aggregate by the macrophage and would soon be condensed into larger nanotube 
agglomerates, as the ones seen on the left of the macrophage. 
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Figure 3.2: Macrophages internalize various sizes of nanotube aggregates. A A time-lapse 
of four MH-S macrophages (green) internalizing various sizes of TiO2 nanotubes aggregates 
(red) very soon after exposure (1:1 surface dose ɰ ratio between the nanoparticle and cell 
surface areas). B A time-lapse of a MH-S macrophage internalizing a 5 ʈm large aggregate 
of TiO2 nanotubes after 2 days of exposure to a 10:1 surface dose of nanoparticles. Only 
the first frame is a STED micrograph, the rest are confocal (conf.). Notice how the plasma 
membrane ruffles and wraps around the aggregate during the internalization, as is 
characteristic for macropinocytosis and phagocytosis. C A confocal micrograph and a 
STED zoom-in of MH-S macrophages, engaging in internalization of a huge aggregate of 
TiO2 nanotubes after 2 days of incubation with a 10:1 surface dose of nanoparticles. The 
red haze inside the macrophage corresponds to a multitude of single, non-aggregated 
nanotubes. Because 70% 3D STED was used, the improved resolution in the axial direction 
ensures that the red haze is inside the cell and is not an artefact of an elongated point-
spread function. All fluorescence micrographs in A, B and C were acquired in the 
horizontal (xy) plane with a 60x wi objective, cell membranes were labelled with CellMask 
Orange (shown in green), and TiO2 nanotubes with Alexa 647 (shown in red). The intensity 
of the nanotubes (red channel) was logarithmically scaled and cut-off below 2 counts to 
show both the single nanotubes as well as big aggregates. 
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3.1.2 The M acrophages are Full of Nanoparticles  Several Days A fter 

Exposure  

After several days, a large amount of the TiO2 nanotubes was located in the MH-S 
macrophages, most commonly in the form of spherical aggregates of fairly uniform sizes, 
ranging from 0.5 ʈm to a few micrometers in size, as can be seen in Figure 3.3. This is 
different than the situation at shorter time-points, where both smaller and larger aggregates 
were common, suggesting that in this time, macrophages rearranged and re-aggregated the 
internalized nanoparticles. 
A consequence of nanoparticle aggregation inside the macrophages is the reduction of 

the total surface of nanoparticles that can interact with biological milieu (so-called active 
nanoparticle dose). Also, the macrophages at that time-point did not appear to be crucially 
depleted of energy, judging from the vivid movement of their plasma membrane, as well 
as of the vesicles and nanoparticle aggregates in the macrophages (see Figure A.12 in the 
Appendix). This is in agreement with the transcriptomics that was performed on the same 
system by J. Beckerɴs and T. Stoegerɴs labs (HZM Germany) [94]. According to their results 
(which are summed up in Figure A.13), the two most prominently up-regulated hallmark 
gene sets in macrophages at this time-point, i.e. two days after exposure, were Oxidative 
phosphorylation and mTORC1 signaling, which are both involved in energy production. 
The former includes genes that encode proteins involved in oxidative phosphorylation 
(OXPHOS): a highly efficient sequence of chemical reactions in the mitochondria that 
releases the energy stored in nutrients (e.g. glucose) in the presence of oxygen, and stores 
the energy by producing ATP. The mTORC1 signaling gene set includes genes that are 
up-regulated when the mTORC1 complex is activated, increasing the synthesis of proteins, 
lipids and nucleotides, and glycolysis (rapid and less efficient glucose metabolism in the 
cytoplasm that also provides intermediates for the aforementioned biomolecule synthesis), 
all of which are needed for cell growth and proliferation [96], [97]. 

 

 

Figure 3.3: Macrophages are full of nanoparticles several days after exposure. The xy 
confocal fluorescence micrographs of MH-S macrophages (green) were acquired A after a 
4-day incubation with a 1:1 surface dose of TiO2 nanotubes (red) and B after a 2-day 
incubation with a 10:1 surface dose of the same nanoparticles. In both cases, the 
macrophages internalized large amounts of nanoparticles. Cell membranes were labelled 
with CellMask Orange (green) and TiO2 nanotubes with Alexa 647 (shown in red, intensity 
is logarithmically scaled and cut-off below 2 counts). 
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3.1.3 Macrophages Die A fter Internalizing the Nanoparticles  

Sometimes, a haze of nanotubes was observed inside certain macrophages, indicating the 
presence of a multitude of non-aggregated nanoparticles (left two columns in Figure 3.4). 
If these would not soon be aggregated by the cell, they could dangerously increase the 
nanoparticle surface dose that can interact with the cell interior and increase the risk of 
cell death. Several examples of dead macrophages can be observed in the right three 
columns in Figure 3.4. 
 

 

Figure 3.4: Dead macrophages and a haze of non-aggregated nanoparticles in macrophages 
can be observed after a few days of nanoparticle exposure. The horizontal (xy) and 
corresponding vertical (xz) confocal fluorescence micrographs show MH-S macrophages 
(membranes labelled with CellMask Orange, shown in green) after a 2-day long incubation 
with a 10:1 surface dose of TiO2 nanotubes (labelled with Alexa 647 and shown in red, 
intensity is logarithmically scaled and cut-off below 2 counts). In the left two columns, a 
haze of nanoparticles can be seen inside the macrophages, and the right three columns 
show examples of dead and dying macrophages (denoted with arrowheads). Some of the xz 
micrographs were padded with grey to ensure that the figures are equal in size. 

Indeed, according to the viability data shown in Figure 3.5, exposure to large surface 
doses of TiO2 nanotubes (e.g. 100:1) decreases the viability of MH-S macrophages after 
several days of incubation. Alongside measurements of cell viability, copious amounts of 
cell debris found in in vitro lavages are also indicators of cell death (see Figure 3.6 A). One 
can also observe abundant cell debris in lavages of mice, exposed to TiO2 nanotubes 
(according to C. Endes and D. Kutschke, HZM Germany, personal communication, August 
2018). An important consequence of macrophage death is that the dead macrophages 
inevitably re-expose other macrophages to the nanoparticles they had previously 
internalized, consequently increasing the active dose of the nanoparticles and the death 
rate of the remaining macrophages. 
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Figure 3.5: Exposure to large surface doses of TiO2 nanotubes lowers the viability of 
macrophages. After a 2-day incubation of MH-S with TiO2 nanotubes, the cell medium was 
gently removed and the viability of remaining cells was measured by semi-automatic 
counting of dead cells and all cells from micrographs. A In the micrographs, the nuclei of 
all cells were labelled with Hoechst 33342 (shown in cyan) and the nuclei of dead cells with 
propidium iodide (shown in magenta). B The percentage of dead cells and number of living 
(non-dead) cells per field of view (760 x 760 ʈm large) were calculated from the counted 
cell numbers. Each marker in the graphs corresponds to one of the five locations in which 
the sample was measured, the horizontal bars represent the mean value, and the error bars 
the standard deviation. 
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Figure 3.6: Dead cells and cell debris are present in both in vitro and in vivo lavages. A 
Fluorescence micrographs of a MH-S monoculture and its lavage (cell membranes were 
labelled with CellMask Orange, shown in green) after a 4-day incubation with a 10:1 surface 
dose of TiO2 nanotubes (labelled with Alexa 647, shown in red). B Bright-field micrographs 
of cytospins of murine lavages one day after intratracheal exposure to a 2:1 surface dose of 
TiO2 nanotubes, doped with Europium. The lavage was stained with May-Grünwald-
Giemsa stain prior to imaging, which stained the negatively charged parts of the cell (e.g.  
nuclei) purplish-blue and the positively charged (e.g. proteins, granules) pink; unlabeled 
TiO2 nanotubes appear grey and black. The exposure and lavage preparation in B are 
described in detail in [98], and the in vivo micrographs are courtesy of Carola Endes and 
David Kutschke. 

Importantly, these TiO2 nanotubes induce macrophage death not only in vitro, but also 
in instilled mice (as was shown by Danielsen et al. [29]), which creates a link between our 
in vitro and the in vivo results. In vivo, macrophage death can be directly observed by 
counting the number of macrophages in the lavages of exposed mice, as we show in Figure 
3.7, Figure A.14 and Figure A.15 for data, which we re-analyzed from the raw data 
published in [29]. Nanoparticle-induced macrophage death is best seen with large exposure 



44 Chapter 3. Results and Discussion ɰ Key Events in Nanoparticle-Exposed Alveolar Cells  

doses, at the latest one day after the exposure. At later time-points and lower doses, the 
decline in macrophage numbers can be completely masked by the influx of monocytes into 
the alveoli as they differentiate into macrophages and raise the macrophage numbers back 
to the baseline or even above. According to two of the rare publications in which the BAL 
cell numbers were measured at very early time-points, i.e. a few hours after the exposure, 
the largest decline in macrophage numbers actually appears at around 12 hours after 
instillation, and the infiltration of neutrophils (accompanied by a significant increase in 
cytokine concentrations) can already be observed 3 hours after exposure (earlier time-points 
were not measured) [98], [99]. 

 

Figure 3.7: Time-courses of the macrophage and neutrophil numbers in the 
bronchoalveolar lavage fluid (BAL) of instilled mice. The time-courses are compared for A 
three different surface doses of the TiO2 NTs (corresponding to 18 ʈg, 54 ʈg and 162 ʈg 
per mouse) and B five different metal oxides at a 1:1 surface dose (ratio between the 
nanoparticle and lung surface areas). We recalculated the surface doses from the raw BAL 
cell numbers and mass doses, published in [29] by Pernille Høgh Danielsen, Kristina Bram 
Knudsen, and Ulla Vogel (CC BY license). In the calculation, we assumed a lung surface 
area of 80 cm2 for the 20 g heavy 8-weeks old mice [92], [93] that were used in the published 
work. We calculated the data for the lower graphs using linear interpolation for all 
nanoparticles except for DQ12, for which linear extrapolation was used ɰ hence the non-
physiological negative number of macrophages at day 1 after exposure. The values at time 
of exposure (day 0) were determined as the mean of all the negative controls at various 
time-points (mice exposed to sham control ɰ 0 ʈg of nanoparticles). 

An important trend that emerges from the time-courses of in vivo BAL cell counts 
following exposure to various doses of the TiO2 nanotubes (Figure 3.7 A) and exposure to 
the same surface dose of different metal oxides (Figure 3.7 B, both recalculated from the 
data published in [29]) is that the exposures that caused a strong, long-lasting influx of 
neutrophils (and thus also prolonged inflammation) also strongly depleted macrophage 
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numbers one day after exposure. This effect is more pronounced with exposures to large 
surface doses of nanoparticles (yellow and orange markers in the dose-dependent response 
to TiO2 nanotubes in Figure 3.7 A) and exposures to more toxic nanoparticles (e.g. DQ12 
and TiO2 nanotubes, denoted with orange and yellow markers in the in vivo response to 
various nanoparticles at the same surface dose in Figure 3.7 B). These exposures also 
initiated notable infiltration and differentiation of monocytes into macrophages at later 
time-points, which can be deduced from the increased number of macrophages. However, 
as shown in Figure 3.8, the connection between the initial macrophage depletion and later 
neutrophil numbers a month post exposure appears to be less pronounced, hinting that 
sustained inflammation is a consequence of not only macrophage death, but also of other 
processes that might include other cell types as well. 

 

Figure 3.8: The relation between macrophage and neutrophil numbers a day after exposure 
(acute inflammation) is nicely discerned, whereas the relation between initial macrophage 
depletion and neutrophil numbers after a month of exposure (prolonged inflammation) is 
not as simple. We pooled together and plotted the raw data published by Danielsen et al. 
in [29] (CC BY) from in vivo lavages of the mice instilled with five similar metal-oxide 
nanoparticles at three doses. The various nanoparticle exposures are shown in black, and 
the control measurement in orange. Because the number of macrophages one day after 
exposure depends on the balance between macrophage death and influx of new 
macrophages, the relation on the left graph is not monotonous. 

3.1.4 Macrophages Do Not M anage to Internalize  A ll Nanoparticles  

Unexpectedly, the MH-S macrophages do not manage to uptake all of the TiO2 nanotubes 
ɰ not even over the course of several days. As shown in Figure 3.9 (left), a significant 
amount of nanotubes was still located outside the macrophages even after several days of 
exposure to surface doses low enough to have no major influence on the macrophage death 
rate (according to the viability results shown in Figure 3.5). Interestingly, a perimeter 
around the macrophages was well-cleaned, whereas the rest of the sample was not. The 
inability of macrophages to clean the entire surface was even more pronounced at higher 
doses (Figure 3.9 right), where the incomplete macrophage cleaning of the surface was 
worsened by the effect of macrophage death, which not only lowered macrophage numbers, 
but also caused re-release of nanoparticles. 
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Figure 3.9: Macrophages do not manage to internalize all the nanoparticles. The 
fluorescence micrographs show presence of nanoparticles outside of macrophages (cell 
membranes labelled with CellMask Orange, shown in green) after several days of incubation 
with TiO2 nanotubes (labelled with Alexa 647, shown in red). 

On the one hand, the observed incomplete nanoparticle clearance could be caused by 
the non-physiological glass surface of the dish in which these experiments were performed. 
However, from the aligned fluorescence micrographs of a long-term measurement of MH-S 
macrophages in their coculture with LA-4 epithelial cells (which mimics the situation in 
the alveolus where macrophages move on top of epithelial cells), we determined the 
maximal speed of non-exposed macrophages to be approximately 200 nm/min (see Figure 
3.10), which equals 12 ʈm/h and is consistent with published measurements of human 
monocyte-derived macrophages [100]. If macrophages systematically scanned the alveolar 
surface with this speed, they would scan only 5 % of the alveolar surface in one hour and 
would need 22 hours to scan the entire alveolar surface (the calculation of scanned surface 
is described in Section A.8 in the Appendix). Consequently, macrophages are inherently 
too slow to fully prevent nanoparticles from reaching the underlying epithelial cells. 

 

Figure 3.10: The macrophages slow down during the exposure to nanoparticles. The graphs 
show the time-dependence of the speed of macrophages in a coculture with epithelial cells, 
exposed to a 10:1 surface dose of labelled TiO2 nanotubes. We calculated the mean and 
maximal speed (shown on the left graph) from the speed data (right graph), which we 
calculated from the positions of nine macrophages in aligned fluorescence micrographs that 
were acquired over a period of 80 hours (published in [94]). 
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An interesting observation from the graphs in Figure 3.10 is that the MH-S 
macrophages slowed down after exposure to TiO2 nanotubes. One explanation could be 
that they were surrounded by nanotubes and hence did not need to scan the surface to 
find other foreign bodies. Secondly, they might be focusing mainly on repairing the internal 
damage caused by the internalized nanotubes in order to survive. Thirdly, the strong 
interactions between the cells and the nanoparticles could act as glue, binding the cells 
together and inhibiting their movement (see Section A.9 in the Appendix). Fourthly, 
because we have observed that these specific nanotubes can disrupt the actin cytoskeleton 
in lung epithelial cells [94], it would be of no surprise if the same process also took place in 
macrophages, hindering their movement and phagocytosis, thus further limiting their 
clearance of nanoparticles. The observed slow-down of macrophages is also in line with 
recently published in vivo and in vitro observations of nanoparticle-induced attenuation of 
phagocytosis and migration in macrophages (albeit for different macrophages ɰ RAW 264.7 
cell line, BV2 microglial cell line, primary microglial cell cultures, bone marrow-derived 
macrophages, macrophages in living zebrafish larva ɰ and other nanoparticles ɰ Au NPs, 
CuO, CoO, Fe3O4, CNT, Mn2O3, and others) [101]ɰ[103].  
Importantly, the incomplete and slow internalization of nanoparticles by macrophages 

inevitably causes a non-negligible fraction of nanoparticles to bypass the macrophages and 
consequently reach and interact with the epithelial cells. Thus, pneumocytes ɰ lung 
epithelial cells ɰ and their direct interaction with nanoparticles are likely to play a major 
role in nanoparticle-induced adverse outcomes as well. 

3.1.5 Short Summary  

Alveolar macrophages ɰ ɶthe defenders of the lungsɷ ɰ internalize nanoparticles and their 
aggregates, which they then condense into large structures inside the cells. Their viability 
is significantly lowered when exposed to large nanoparticle doses, with the consequent cell 
death re-exposing the neighboring cells to the internalized nanoparticles. Because the 
alveolar macrophages are unable to internalize all nanoparticles, a large fraction of the 
nanoparticles inevitably interacts directly with the underlying lung epithelial cells. 

 

3.2 Nanoquarantine ɰ an Unexpected Cellular Defense 

M echanism  

In order to understand the role of lung epithelial cells in the 
nanoparticle-exposed lung, we shall again simplify the observed 
system and investigate the nanoparticle-induced events in a 
monoculture of the LA-4 cell line (type II epithelial cells) exposed 
to TiO2 nanotubes. Wherever possible, we will link the observed 
in vitro events to the in vivo observations from mice exposed to 
the same nanotubes via instillation.  

 

3.2.1 Epithelial Cells Immediately Start to Internalize Nanoparticles  

Similar to MH-S macrophages, the LA-4 epithelial cells are also able to internalize 
considerable amounts of TiO2 nanotubes. Noteworthy, they mostly internalize single 
nanotubes and small aggregates, but we also observed them internalizing larger 
nanoparticle aggregates, e.g. 5 ʈm in size. An hour after nanoparticle exposure, most of 
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the internalized TiO2 nanotubes were located inside acidic organelles (see Figure 3.11 A) ɰ 
e.g. late endosomes and/or lysosomes, which are filled with enzymes capable of degrading 
various biomolecules. This indicates that most TiO2 nanotubes enter the cell by 
endocytosis. The remaining small portion of nanotubes inside the LA-4 cells does not co-
localize with lysosomes one hour after the exposure, as shown in Figure 3.11 B, and most 
likely entered the cells in a different manner. However, after a few days of nanoparticle 
exposure, a large fraction of the nanoparticles inside epithelial cells are located outside of 
lysosomes/late endosomes in large nanoparticle aggregates.  
Unexpectedly, when we nebulized the nanotubes directly onto a LA-4 monolayer, some 

nanotubes passed through the plasma membrane in an order of seconds, as shown in Figure 
3.11 C. As this time scale is much quicker than the minute-long process of clathrin-
mediated endocytosis, such a quick passage could arise either from clathrin-independent 
fast endocytic processes [104] or from a purely passive passage of single nanotubes through 
the membrane ɰ a process termed direct translocation. This process is caused by the strong 
affinity between the nanotubes and the cell membrane that induces and mediates the 
process of lipid wrapping [105]ɰ[107]. 
It is important to stress that even though the LA-4 cells mostly internalize the TiO2 

nanotubes by endocytosis, this does not imply that they have specific receptors for 
nanoparticles. On the contrary, the endocytosis process is likely triggered by a) the various 
biomolecules that are adsorbed to the nanoparticles in the so-called corona and can bind 
to the endocytotic receptors and/or b) unspecific interaction of nanoparticles with these 
receptors and/or the plasma membrane. 
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Figure 3.11: The nanotubes enter the cell through multiple mechanisms ɰ mostly by 
endocytosis, but also through other routes, e.g. fast endocytic processes and direct 
translocation. A A fluorescence micrograph and a zoom-in of an LA-4 epithelial cell after 
a 70-minute incubation with a 1:1 surface dose of TiO2 nanotubes. B An equally contrasted 
fluorescence micrograph of an LA-4 epithelial cell after 3 days of incubation with a 10:1 
surface dose of TiO2 nanotubes. In A and B, the TiO2 nanotubes were labelled with Alexa 
647 (shown in red) and lysosomes with LysoTracker Red (shown in green), which partitions 
into acidic organelles and thus also labels late endosomes. C Side view (xz) time-lapse of 
nebulization of a 1:1 surface dose of TiO2 nanotubes (labelled with Alexa 647, shown in 
red, contrasted from 1 to 3 counts) directly onto a layer of LA-4 epithelial cells (cell 
membranes labelled with CellMask Orange, shown in green). The pronounced bleaching of 
the CellMask signal is due to the continuous use of STED laser during imaging (the frame 
rate of the original time-lapse was one frame per second). Note the presence of nanoparticles 
inside the cell from the second image onward. 

The endocytosis-mediated entry of the nanotubes into LA-4 cells is supported by 
findings of P. Zawilska who observed that the majority of internalized nanotubes were 
localized in endosomes after 30 minutes of exposure. Moreover, when she blocked all 
internalization pathways except macropinocytosis and phagocytosis [108], [109] with 
chlorpromazine, almost no nanotubes were observed inside the LA-4 epithelial cells [94]. 
Interestingly though, when we re-contrasted her published micrographs, we noticed that a 
small fraction of single nanotubes slowly relocated into the chlorpromazine-exposed cells 
(see Figure 3.12), possibly being internalized through macropinocytosis or by passively 
passing through the membrane as described above. 
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Figure 3.12: The major route of nanoparticle internalization is endocytosis, with other 
routes also present. Confocal time-lapse of LA-4 epithelial cells (cell membranes labelled 
using STAR580 DPPE, shown in green) that were pre-incubated for 15 minutes with 100 
ʈM chlorpromazine to block multiple endocytotic pathways, and exposed to a 10:1 surface 
dose of TiO2 nanotubes (labelled with Alexa 647, shown in red), with the chlorpromazine 
remaining in the medium during the exposure to nanoparticles as well. We re-contrasted 
the red channel of the original published micrographs for easier visualization of infiltration 
of single nanoparticles into the cell (arrowheads). Note that due to strong intensity scaling, 
it is impossible to discern whether the red signal near the edge of the cell corresponds to 
aggregates just below the plasma membrane or to aggregates on the cell surface from a 
single confocal slice. Original images are courtesy of Patrycja Zawilska; adapted from [94] 
(CC BY-NC) with permission. 

3.2.2 Surface-Bound Bio-Nano Structures ( Cauliflowers) Grow on 

Epithelial Cells In V itro and In V ivo  

Unexpectedly, a few days after exposure we observed large structures on the surface of the 
LA-4 epithelial cells, which were composed from TiO2 nanotubes and biological molecules 
(see Figure 3.13 for several examples of these structures at various magnifications; the 
structures appear yellow in the micrographs). In the epithelium monoculture, these large 
bio-nano structures were always observed on the surface of the cells, never inside cells or 
freely-floating in the sample medium. Importantly, the surface-bound structures were larger 
when the epithelial cells were exposed to larger surface doses of nanoparticles (see Figure 
3.13) and they would grow with time (see Figure 3.14). Because a literature search returned 
no descriptions of such a phenomenon, we termed these newly-discovered structures 
cauliflowers (due to their grainy texture and yellow color in our false-colored confocal 
fluorescence micrographs) and decided to examine them further. 
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Figure 3.13: Cauliflowers are larger and more frequent at higher surface doses of exposure. 
The xy micrographs on A, B and C show LA-4 cells (membranes labelled with CellMask 
Orange, shown in green) after a 2-day incubation with various surface doses of TiO2 
nanotubes (labelled with Alexa 647, shown in red) at different magnifications. D The xz 
cross-sections corresponding to STED micrographs from C; both C and D were acquired 
using 70% 3D STED. Before imaging, the cell medium was removed and replaced with Live 
Cell Imaging Solution (LCIS), thus also removing any mobile nanotubes and vesicles 
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Figure 3.14: Cauliflowers grow with time. Micrographs and a graph showing the 
characteristic time-scale of appearance of the bio-nano structures on the surface of LA-4 
epithelial cells (cell membranes labelled with CellMask Orange, shown in green) after 
exposure to a 10:1 surface dose of TiO2 nanotubes (labelled with Alexa 647, shown in red). 
The micrographs were acquired 3 hours and 48 hours after exposure. We performed the 
quantification with Tanja Vajs; the resulting graph is adapted from [110] with permission. 

Firstly, we noticed that the cauliflowers are observed only in LA-4 epithelial cell 
monoculture, but neither in the MH-S macrophage monoculture nor in a cell-free sample 
consisting of the TiO2 nanotubes and the fluorescent probe (CellMask Orange, see Figure 
A.18 in the Appendix). Hence, we can suspect that the appearance of cauliflowers is cell-
mediated, and is not an artefact of direct affinity between the nanoparticles and the 
fluorescent probe. 
Secondly, super-resolution microscopy of the cauliflowers (Figure 3.15) revealed that 

these structures consisted of fairly monodispersed aggregates of TiO2 nanotubes, which 
were intercalated by sheets of phospholipids. Interestingly, the structures did not move 
when probed by a strong STED beam, which acts as an optical tweezer and can otherwise 
easily move mobile nanoparticles and lipid-filled vesicles (see Figure A.1 in the Appendix). 
Because we were also unable to remove the cauliflowers from the sample even by vigorous 
washing, this led us to conclude that these bio-nano structures are not only rigid but also 
strongly attached to the surface of the lung epithelial cells. 
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Figure 3.15: The characteristic appearance and structure of cauliflowers on the surface of 
lung epithelial cells. The LA-4 cells (membranes are labelled with CellMask Orange, shown 
in green) were exposed to a 10:1 surface dose of TiO2 nanotubes (labelled with Alexa 647, 
shown in red) for 2 days. 

In order to test whether the appearance of cauliflowers was merely an artefact of the in 
vitro setup used for the experiment, we took a closer look at the data from mice, exposed 
to the exact same batch of TiO2 nanotubes [29]. In the published manuscript, Danielsen et 
al. noted that the alveoli were ɶfull of micron-sized agglomerates and acellular organic 
debrisɷ. Also, ɶaccumulation of proteinaceous matter in the alveolusɷ was observed but 
not explained, which sparked our interest. Indeed, the micrographs of histological sections 
from the same experiment show that the lumen of the alveoli was filled with large structures 
that were composed of nanoparticles and biological molecules (Figure 3.16). Moreover, 
similar to cauliflowers, they were attached to the alveolar wall, which consists of type I 
and type II lung epithelial cells. Crucially, the in vivo presence of structures similar to the 
in-vitro-observed cauliflowers provides a valuable link between in vitro and in vivo results 
and supports the choice of the in vitro setup used for experiments.  

 

Figure 3.16: Cauliflowers are present also in the alveoli of mice, exposed to the same TiO2 
nanotubes. Right: color-inverted enhanced dark-field hyperspectral microscopy images of a 
histological section obtained from murine lungs one month after intratracheal instillation 
of a 3:1 surface dose of TiO2 nanotubes (162 ʈg of nanoparticles per mouse); cauliflowers 
can be seen as large purple structures in the lumen of the alveolus. For comparison, a 
histological section of a mouse, exposed to a sham control, is shown on the left. Courtesy 
of Trine Berthing, Pernille Høgh Danielsen and Ulla Vogel (NRCWE, Denmark; with 
assistance of Jorid Birkelund Sørli), adapted from [94] (CC BY-NC) with permission. 
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3.2.3 Cauliflowers Form by Exocytosis of Nanoparticles  

Naturally, at this point one starts to wonder how do these surface-bound cauliflowers form. 
One clue comes from Figure 3.17, where one can see that the characteristic size of nanotube 
aggregates in the cauliflowers (0.3 ɰ 0.5 ʈm) is very similar to the size of lysosomes (0.3 ɰ 
0.8 ʈm) in which the internalized nanotubes are located shortly after exposure. This leads 
us to hypothesize that the nanoparticles in cauliflowers might have previously been inside 
the LA-4 cells. However, as mentioned in the Introduction, these TiO2 nanotubes are known 
to only slightly affect the viability of the LA-4 lung epithelial cells [52], and consequently 
the large amount of nanoparticles in the cauliflowers cannot be attributed solely to the 
release of nanoparticles from the few dead cells. Therefore, the nanoparticles might have 
been released from living cells through exocytosis, as some cells have the ability to 
exocytose nanoparticles [111]ɰ[116]. 
When the excretion of exocytotic vesicles was blocked using jasplakinolide (a drug that 

inhibits fragmentation of actin, consequently preventing the excretion of exocytotic vesicles 
during the final stage of exocytosis; experiment performed by A. Sebastijanović), noticeable 
amounts of TiO2 nanotubes were located in exocytotic vesicles that were prepared for 
excretion from the cell (Figure 3.17 C) [94]. We noticed that in his micrographs, the size 
of the exocytotic vesicles ranged from 0.3 ʈm upward, which nicely corresponds to the 
observed size of nanotube aggregates in the cauliflowers. Moreover, almost no cauliflowers 
were present on the cells when exocytosis was blocked [94].  
Importantly, nanoparticle exocytosis by lung epithelial cells could explain the puzzling 

in vivo observations that almost no nanotubes were located in lung epithelial cells 90 days 
after exposure, but were instead mostly located in macrophages [29]. Namely, if one takes 
into account the incomplete clearance of nanoparticles by macrophages (see Section 3.1.4), 
one would expect to observe a significant amount of nanoparticles in both the epithelial 
cells and macrophages. However, the epithelial cells excrete the nanoparticles into 
cauliflowers and macrophages do not, causing the observed amount of nanoparticles in 
epithelial cells to be disproportionately lower than in macrophages. 
It is worth noting that similar but smaller lipid-nano structures were formed on the 

LA-4 cell surface soon after exposure when endocytosis was blocked using chlorpromazine 
and the nanotubes were mostly prevented from entering the cell (as was shown in Figure 
3.12 B). In this case, the strong affinity between the nanotubes and the plasma membrane 
caused lipid wrapping of the nanotubes, and aggregated them into larger structures. 
Although this route of cauliflower formation is also possible in the usual scenario after 
exposure to the TiO2 nanotubes, the route via endocytosis and exocytosis described above 
is more probable because of quick and efficient endocytosis.  
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Figure 3.17: The characteristic size of nanoparticle aggregates in the cauliflowers is very 
similar to the size of lysosomes and exocytotic vesicles. A A fluorescence micrograph of the 
lysosomes/late endosomes in an LA-4 epithelial cell (labelled with Lysotracker Red, shown 
in green) after a 70-minute incubation with a 1:1 surface dose of TiO2 nanotubes (labelled 
with Alexa 647, shown in red). B A zoomed-in fluorescence micrograph of unexcreted 
exocytotic vesicles inside a LA-4 epithelial cell (F-actin labelled with Sir Actin, shown in 
green) after one day of incubation with a 10:1 surface dose of TiO2 nanotubes (labelled 
with STAR 520SXP, shown in red). Excretion of exocytotic vesicles was blocked by an 
overnight incubation with 1 mM jasplakinolide prior to incubation with nanoparticles, with 
the incubation taking place during the exposure to nanoparticles as well. Original 
micrograph courtesy of Aleksandar Sebastijanović [94] (CC BY-NC). C A confocal and 
STED fluorescence micrograph of a cauliflower on the surface of LA-4 epithelial cells (cell 
membranes labelled with CellMask Orange, shown in green) after 2 days of exposure to a 
10:1 surface dose of TiO2 nanotubes (labelled with Alexa647, shown in red). In order to 
distinguish the nanoparticle aggregates in the dense inner structure of cauliflowers, STED 
microscopy was used ɰ hence, the structures also appear smaller than they would on a 
confocal micrograph. 

3.2.4 Cauliflower Formation is A ccompanied by Increased Lipid 

Synthesis  

One striking feature of cauliflowers is their richness in lipids, which can be nicely observed 
in Figure 3.18 A by comparing the intensity of the lipid signal from the cauliflowers and 
the signal from the cell plasma membrane. To investigate where this unusually large 
amount of lipids originates from, we first focused on lipid droplets ɰ organelles in which 
cells store ample amounts of fatty acids, which can later be used as building blocks for 
phospholipid synthesis or as an energy source. Unexpectedly, when we measured the size 
and number of lipid droplets in the LA-4 cells, the population of lipid droplets did not 
majorly differ between the exposed cells and control ɰ even at very high surface doses of 
100:1 (SNP:Scells), as shown in Figure 3.18 B. Consequently, we suspected that the additional 
phospholipids in the cauliflowers were not synthesized from the fatty acids stored in lipid 
droplets, but were synthesized anew.  
This suspicion was confirmed by the RNA transcriptome of LA-4 cells, exposed to the 

same nanotubes, performed by J. Beckerɴs and T. Stoegerɴs labs (HZM Germany) [94]. 
According to them, various aspects of lipid metabolism were increased in the LA-4 
epithelial cells both after 4 and 48 hours of exposure to the nanotubes ɰ including fatty 
acid metabolism, cholesterol biosynthesis and cholesterol metabolism (see Figure 3.18 C). 
From this we can conclude that although there was active de novo synthesis of lipids, these 
lipids were probably excreted, utilized for cauliflower synthesis or metabolized, which 
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explains our observed lack of change in the population of lipid droplets in the nanoparticle-
exposed epithelial cells.  

 

Figure 3.18: Nanoparticle exposure elevates the lipid metabolism of cells but does not 
majorly influence the size of lipid droplets. A Fluorescence micrographs of LA-4 epithelial 
cells (cell membranes labelled with CellMask Orange, shown in green) after 2 days of 
incubation with a 10:1 surface dose of TiO2 nanotubes (labelled with Alexa 647, shown in 
red). The signal from cell membranes (green) is shown in grayscale on the right to show 
the intensity of the signal in cauliflowers in comparison to the cell plasma membranes. B 
Fluorescence micrographs of LA-4 epithelial cells (cell membranes labelled with CellMask 
Orange and lipid vesicles labelled with SAG-38, both shown in green) after 2 days of 
incubation with a 10:1 surface dose of TiO2 nanotubes (labelled with Alexa 647, shown in 
red). C A heatmap presenting the GSEA normalized enrichment score (NES) of Hallmark 
pathways related to lipid metabolism and energy production in the transcriptome profile 
(total RNA) of mono- and cocultures of LA-4 and MH-S cells, exposed to a 10:1 surface 
dose of TiO2 nanotubes for 4 and 48 hours. It is based on gene expressions that were 
increased at least two-fold compared to the control (non-exposed cells). C is courtesy of 
Carolina Ballester Lopez, Martin Irmler, Johannes Beckers, and Tobias Stoeger (with 
assistance of K. Richter and A. Krişelj), adapted from [94] (CC BY-NC) with permission. 




























































































































































