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Abstract

The potenti anlanto@wsirdiincy cewrf environment and <co
currently determined blyasoedttvehs taihdd it mmebyt aei
nanopatéestieg, causing a desperate need for
promi si ng uaretcehrarbaatsigvde p rupednpd toiyesn a -tsherto uogfh phuitg h
cebdsed tests that tar geatantolpeaerkgecsieevent s thbhana
0
n

utmes . However, this approach requires unders
anopatraxicdiety, which is sadly still lacking.
To alleviate this knowledge gap andbaeedse t
toxicity predi ¢tthieorarWwg doseenwha@ad events caus
cell s,nandtiu@b emorda&nopatritatetiarctt s strongly with
and caubastlogglung inflammation in mice. We
these everetld ailn aempdi tmacr opftaedd ddlulorleisrmuesn cley mi
includimagpd 3Bicoei si tion, Il i fetirengoliuma ginn gS Ten

mi cr osupaonpdy t r a crkaerdo ptaxreabiyc f [tuolreebsecleland refl ect
mi croscopyr. cWenffiurrmende our findings by transcri
perfor med usiamgo t.tuthee ss ame

| mport amndtilsyc,onvea @@ u a raa mtoivrede fsseeamé c hani sm i n w

l ung epithelialquaebhsaneppanbti ¢lhhed d og mi ng | ar g
bi-mano composites & rdfnfeacltoanedrliiyndgo ovmhadot siec.l eWe
alebseirwketdh mamepar t(ieclge cr DL AIHIiOtHMEED bj c a
but neandt ®sle0 INMTrbonanarop&dl and ot her cell I
but not alveolar macrophages). The oémmamekey
cel l deapboif hgeael Itshretam o p a)ratnideriiomd | a mmatiomg si gt
(causing tfthreedsntmiuinex) cefTlhhe combination of thes
continuousnanyacdd gt codfesn t he al veolar cell s, C
i nfl ammagoayi ng,c horboesreircy eidn falsammat i on.

Furtherdeswrcbked thwpanskbeor awhicah mbihé L

i nfl ammat or ymoadi fcoonnmeyg tbhye ntolpragge ccilfei ¢ r ates of
events. To deecedevineed hemr esw si mpl,e tahned rqgeusiuclkt
of which can be combined with the theoretical
ohanoparticle

As shown in this dibaserdt ateeadby amkicngsobpyel
coupled with compl émopntoarreys udgerceaames ng of n
mechani sms, t hper o miecchkdregd boost -hasedmephadi cmi o
nanosaf etaynd ae btsitmcel eeht eanalmaérnati ve for toxic






Povzetek

Vsakodnevanmo sstnaov | ij en i veli kim kolic¢inam razno
l ahko nekater:i resngi oamo otzay loj enmesset zndamord eel ¢ e
prispeva k razv4djiuwnphjudmi mevsodregenerativni |
ocenah jeposhadé&lecesedaj skrajsa nase zivljenj
postaja Cedalje bolj perec¢ zaradi povecfane pr
nastajanja nanodelcev pri wuporabi in razgradn
Precejsen deu®iznksokvodh agmwoddél cev | ahko pripis
di menzvgam dna njihova dilMménanim)aijne mpamsj eai 0c
specificni povrsini, tg . razmerju med povrsin
nanodel ci pr exrkiag roe b(ikod mwas,k eCrbevesmal seeha)i he
preidejo v |Ilimfo in kri, od koder se razsiri]|j
telo skozi pljucne meshakedebka@gmaiso vel iml
sizWa, jmamed zrakom in krvjo je v njih ze
¢cnih mesi ckov pa je izmaehmnaheldjograesjn piontVe mpd g
uc¢ni m gmersfaanki tcaon tl d mp i dymavt oi m gparpaditedidn @zv i z | e |
mi alveolarnimi epitelijskimi celicami t
¢ni h mesi ¢konwgnodkemoejpeans& &igma i zvor a, joil
morejo razgraditi, kot to uspesman@adcsee] o s
ato dolgo Casa zadr gupreeivdealskeoxliu,slmgk agpipae
potencialno skozi Zilni endotelij v kri

Trenutno se za doloc¢anje morandhdapoeawhluj sjko
aga in dolgotrajna testiranja nma oaveplxiav & . K
mp | ksna kombinacija njegovih |lastnosti, je
posl edi ¢no moc¢no omeen oded bktenlkiuC i MOd ett easvtnior ad i
uj napovedna toksi kologija, ki s pomocCj o
to (t. 1. in vitro testov) <ciljno preverj
ijo do skodljiwih Zadr atvstpenshop zt dmel j i
umevanju molekul arninnonafedikciezmav] ¢ okséegunbDs
o pomanj kljivo. Poleg kompleksnosti bi ol o
anizmov toksi ¢noestiizrteuddn o dteg zsktovopr idnaerjj at i
dé jmaj hne rraand dkealhckimmdrperéi vedej o do popol nornm
avstvenih izidov. Posl| ddiktsn@mjoeagypdtir ebnct ol
odefbdevpazguwdnj ah zdomg &kd koos\ksokpasl kaihh n & kua j mi n
i zpostavitvi, vse do vidnih simptomov na 1

posthnawiotdwil cem
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Da bi ubl azili omenjeno vr zel V znanju 0 m
posl edi ¢no razvili in vitro teste za napovedc
nanodehcpodl agi poznani h mehanizmov, smo se p
zgodnij i h mol ekul arni h dogodkov, K i j ih povz

nanocevikkamldaimasnma eil zker al € kahpdesHeréendst avni k



X Povzetek

skupine sirok
nanocevke moCcC

i pi
i

O upariatbd n edii ok sriachmidle | cteervodel cev. P
no interagirajo z bioloski mi mol ek
model ni h | dni h mehur ckov, razpad celi ¢ne men
celicah, pr mi si h pa zZm mrakosaepwmka moztpiosmad&h ¢ en
nekaegtmes vnetje pljuc.
Pri svojih raziskavah smo uporabljadiincelicni

eomakmioh agSav kMH erim smo s fluorescencni mi SO
ukture in organel e, teralmat d |opazecsvceelni€ nzoi vira ker
rostorskim in ¢ &sojveniumg sehap veintosne Isil isk et.r anskrip

i n vivo r ezruelztiantaimi( hail svteooll oosvk iimmi br onhoal veol ¢
er so bili vssdapesseskiujso, opanbdébeamedséebojno pr
KIl'jucden prispevek k razumevanjmnanoddalpadmhbh v cel
ZVoOoj metodol ogije za spremhpdne]) egewdlhoxajla ciah
uorescencno Zm kmeomsdmepwkaamr@c¢ razvil i postopek
everljivo in ponovl j invam ofdlsd dkreensecrecn Canl on 00 zdnoasCt eovpe
u ¢
[
[

KKt n n o

orescenc¢nimi sondami. Ker smo nanocevke ozna¢c
i sijskmm smektabko poleg tega s superloc¢ljivos
i hovo | ego v struktwroalrejna Sk krampknat amdng so |
onfokalne mikroskopi|je, pri kater bi bi a ¢
ri bl3i0On on m. Za dol ocevanje 0s ij e

ejstvo, da na zZivljenjski cas uorescence upor
mo mer il z mikroskopijo zZivl] njskega Casa flu
Da bi prever imeihaniat mi narkoddlj &§ estoesrt @ S mo odkr il
rescencno oznacenimacnbnborawbdib misadmd @uweg e

ili v Zivih celicah prek deytekejjr sapethbbet
jors&k omii k e . Ker tovrstna detekcija temeliji
r, da sipajo svetlobo, s mo | ahko z nj o
nega oznacCevanja s fluorescenc¢nimi sondan

ote agregaci
I
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t
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KIl'juden rezultat zgorpjyoeoposakhkega Shcdeoemjeganar
i ih celicah je oaudnkorvogy ij €®a meaghao kpraaneseage pri ka
uCnega epitelijea nar mdaljsoeoi 0t ejonarigii nioe @ ne r
ajo z |ipidi in dmugi mMakbi sl 6gkibomi z-makékjbayv
poziti na povrsini epitelijskvi micgliihc,plkiucjniiH
i .Okpialc Eoepozite smo zaradi njihove znacilne o
uorescencnih <glielk @alR epnoa nibedmeoltsoah | s >r ukjtar ah ne n
premi kati, se s procesom nanokarantene wucinkov
nanodel sestemu, ki | ghak obiporloosstkoi min tneorlaegkiurlaa mi ) , k
povefa verjeehpet cehi prefamokaranteno | ahko tor
mehani zmov celine obrambe. Pojav snamohamandteé te v
(npr. nanoyekkiafhit &liiOni ¢nem silicipMdMEM dim&si du
pa pri anBdMBzZLi aTiiO ogl ji kovih nanocevkah) in cel
epitelij siddihn cred \bidSaYi®, i ne pa pr MH&akr of agi h

Drugi kl jucden dogodek za razvoj kroni nega vne
Opazili smo, ihaema&lio agajnoa ntoladdetd cpadisd el c e
katerega so pljuc¢ne epitelijske celice Ze imobil
po internalizaciij.i raz qoraadidjéd ckeival &kokeo nmgl, e kzwalr ea
samie sebpostavijo nmatoidkrit @p av npoiIgmist 6 nt er agi r a
bi ol oskimi strukturami. Pri ipowdihiedgljiiCm)alswealii ma k
internalizispnpomhiakodelko,i kjer j &h kpor ezocspg eatl i imnt e

_"3 X O T N
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mi . Ci kel kroZzenja nanodelcev med epite
kl enj en.

dotoka novih imunskih celic, ki bi nac
i cirkend o ke roezgevn 4 lai sl ej us mav ulvmaeM mraeal n

i h celic \% al veol , kar | anhaknoo d gnleide @ d e

0
signal kzap&jiamofma uravnavana s strani epiteli]
[
a

| veol

arni mi celicemethersinggpaebkt gepa pvnet | a
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0
oenostavljenim teoretic
a sest spremaemnrinjoidek ePwa

nim model om. Model Vvs«
ver dfj s&kvi hc weetl a &ca h v m
h namnedelpoewr sina epitelijskih i n i mun:

arametrov pa vsebuje, tkhdi sorisppar i ¢ni za Vv
osebej: XepdMsiénksvitostyyanmokmotaenrt ®ineel- za sp

signal i zacky ¥ blabESnyasnpor keanritarejliaenwj i estmilsee | n e
u vrednosti | ahko model posnZzimaoarkauztinio€ n e
dno) vnetijteaj kodnivhea j edoligqoresne posk
prostor teh treh parametrov | ahko wupor
na jakost in trajanje vmatnjoal,eltcerv posl
| ahko t espterrii npeanrtaantentor edoelkoCi | i s prepr

esti e&al kadneaamroare Isame njt emmir et i ¢ ni mo d e | poeno:
bnasmonnokul ture epitelijskih celic, monokul tu

ovitew mekajdnevnega obnasanja omenjeni
vno iin hitro dol oizmoanrkilh ud alkatderdie emanrt :
imo v teoreticdé¢ntemodgaltathecdkad] amjpa viemov imy
rapotemamodhiel cev

e prikazano v tem delu, |l ahko sl edenje
i h vvedambaihnaci ji s kompl ementarni mi pri:
zmov namet okakdnomodogoca razvo,j casovno |
d o v a mjaan ovdaerbncaesstniovi mehani zmov brez test
a prikazani rezul tati brez dvoma poleg

odpirajo mpoegaezbunbyiti h vprasanj za bodocCe r

N
|

)

‘,/ *“« ‘\\\

war ,_;s

| Razumevanje Racunsko modeliranje
. ~ mehanizmov sistema in razvoj N ; . t\
. o . I Y apoved vnetnega
Vdih nanodelcev toksi¢nosti ciljanih celi¢nih testov P g

Slakx u
tehni k
al veol
test e,

potenciala nanodelcev
brez testiranja na Zivalih

porabo naprednih optic&nih mikros|
smo razjasnil i nme b dpeolvezerno, ¢ ag roe kk r
i h. Na podl awgodkmoidted g a ammej haa ntiezgnaa n¢
s kateri mi | ahkma madboheeanot e/ nteit ma
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Chapter 1

Int roduction

1.1 Exposureto Nanoparticles Can Affect Human Health

Despite being daily exposed to potentially ha:
food and the air we breathe, we still do not
alone predict its adverse effectmi hefareet hey

i ssue as morenamapaodip@anedevell ate matter with e
in the range from 1 to 100 nm) are manufactu

textil es, medi cine and i n vadiitoiusn alnldyu sct o ntarli
the already present exposure from naturally
vol canic ash and fine dust) and incidentally
engines and sol [ d@]#AJuel combustion)

Through the YWeatsh vasksudhave beedayxoanel at
worrkel ated i nhal ati eemadocEnpptsh B adf LEME sedrude

ast hma, l ung cancer, heart di sease, chronic ir
silicosis, pulmonary fibrosis, chronic obstruct
accelerated cognitive declianer Ouagopally, i nohal
mortality rate and was recently associated w
worl dwi de, corresponding to a[ L8Ek.s Nodt4ghbilfye, eoxn
of the major culprits in this study was deemec
than 2.5 pmanepmedi zll ley

Not surprisingly, the combination ofe emergi
associated wintahn ogpxyrdancrieend¢ osi de, and the qui c
introduction of nanotechnology into our |I|ives
field of nanosaf etayan(ost oma tcraxhedsgiyoccaall d geyd e o f ul
parta)mhesh focuses on testing, undnearnsotpaanrdiincg e

toxicity.

1.1.1 Nano particles in our Bodies

Several decades of nanosafety research has <co
body differentlyltbBamulantgert hpant | ar gteo speci f
mass ratio), which is a dif &61Asc oanns eegxuaenmpclee ,0 f1l
nmM argendn®spher es'®pcaornttiacilness ,1 0whi c h i-tni nheost al |

| arger surf%3cehaneahéedB8ame(Bads.caofhibullkarfge® s
sur f aecae gaorverns many of tmanop@sguecnpa ape migi et
interactions with their surroundings. I't ther



2 Chapter 1. Introduction

some-tmxn ¢ materials can induce toxic effects whe
[ 1.6 ]

I n our body, the nanoparticles firwa tchoimme i nto
| ayer of cells that i shepergchhnged of ormamar nahi
environment, and has evol ved tloyisiigmutlitsasnueeosu sfl tyo
bacteri a, Vi ruses, har mf ul substances, and nat |
contrast to |l arger parthcoegh nhespabitokbgscahbnb
the Iymph and bl oodstream and from there relocat
bone marrow, heart and brain, where they furth:i
(Fi gade Because the biological barriers are not

cagr eatflfyect t he amwtpcae mp ocH i 3]

Deposition Inhallation Injection  Ingestion

¢ N )
(o ) (wervous oo «—{tang [

N

——— I\t
[Kidfey | (soien) ter |

Urine Feces

Figar®ifferent modes of exposure of t h
transl| ocrmarn omabtitfevleen o rngganrosp,ae @ o e tei on ;
stands fionrt egsatsitArdch pt ed Afjgpwhbm i ¢ domai n) .

The sturdiest bi ol ogical barrier in the human
exposrmeranopar firmlme cosmetics and telxda idrepasdablwe s
tmanopadtuectw2sOa p5Sm t hi ck | ayer of dead skin cell
l'iving cells in theadep & tvecldowbeer vesome enter
body even through intact skskn[,da7]e,t [al&®]ne damaged

The gastestinal tract is another gatoestdfy entry
f omanopartiinclfeood and water. It is also partial
particul ate matter that is trapped in the mucus
transported towards the pharynxs btyramel onwaboed | i @
t he giarstteasot i nalnamoapcar.tpiMslnegt hr o-ugheshengastract w
seemingly no effect and are excreted, whil e ot h
mi crobi ome, cause infl ammahtei don oajndd®tlorre atnt ans| oc at
Last but not l east, some opbdbuttde omosexpodowmbe ei s
reathing pathways, which ameanopmasthicti kgs ekpeoenec
own that nanoparticles are able to enter the &
om the nasal cawvbirtay nangosesmébd g €emaitsé ;migv e edlir ve a
0]., UwcdaKitlayp,| eafma@acti cmra nwfp atrlse aiprpal ¢ t he mucu
at |lines the tracheobronchial regions and uppe
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maj ority of -sliareglerp,armiidorFaeerg .2 asT hehdwrmpped part

matter is efficiently cleared from the-airway
intestinal tract. Howevemanmpaeétpdmadshal fal wfe ot
in the lungtshehwnomawsereto the | ymph and/ or bl
ot her organs. Thi s rout e of exposur e i s con
nanopairntduded risks due to t heolliarfgled4 sxumrf earneel
small distance between t he2pam)r, ianst ewefldc ea sarsd ot
and | arge depogpiathobhefF2a] veplRhlce, this work w
the toxicity of inhaled nanoparticles in the
— 100 - Nanoparticles
h P
y ) c 80 -
er alrwa =
PP Yy S 40 -
o
& 40 -
°
Tracheobronchial s 20 1
region ® 0 : . e .
< 0.001 001 0.1 1 10 100

Alveolar region Diameter [um]
Figda2zehe majority of nanoparticl es dtehpaot
in the alveol arDatagifornomft hdel htuemrgrsat i o1
Protection (I CRP QLgPpa), iadampmtmad nf)r.om

As s hmPwng 3, et he nanoparticles that reach the
with lungwaumifatctoaaetof phospholipids and prot
i mmulmer ri er , but also |l owers the compliance of
the amount of energy and strain during inhal a
exhal[az3]a,n Af2tder passing through the lung surf
contact with one of the three types of cells

The rim of the alveol usoilsarf cerpmetdh eblyi alwoc etlylpst
st of the cells are pneumocytes type |, whi
undergoing cell division, but nsatiinbl ehias et a
a physi can tbhag raier odred wkl ood which shoul
e efficient gas exchange. Tlyen semonydt sy p
ald t hicker and are d nr edyaalgieng ft heex clrient g os
ating the volume in ion content of the al
entiate into type | pneumocytes, and ar ¢
wpobvbotusectly and indirecsel pfby mmodel &
[ 26]

The third cell type inuwtihe almmealusedd s mact
' are |l ocated on the pneumocytes ims the al
e alveolus and remove them by engulfing
r viruses and b am@therpisa ,t b ebduddu seott hfegr ar e n
odegradabl e. Neverthel ess, ma c rrogprhamarst iacrlee
om the ahveohtabeamydng el ocatiinnt g rwialmhoztedet i cl e
ther into the Iymph or upwards via the muco
e swall owedi nneotithmheal gasaco. Thda iclleasr d&moan r
veolus varies frupm pamt ibel eantyavhparet ifdloen 0. 1
noparticl e[s2]i,n [EPHe]lhmamsparticles that manag
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surfactant and through/ between pneumocytes react
of an extraaghfluslearn maggabtdx i amensat i thieale ftlhweiyd, f1
can translocate to the I ymph, or pass through/ be
the capgi2ll]l ari es

\{ Macrophage /7<ype Il pneumocyte

Surfactant

\—/j/.L( . ”\ — Type | pneumocyte

Interstltlum

. . *——Caplllary endothelial cells

“— Capillary

Figda38&chematicbbbodhkbanitrerNadtne tthteatal tvle
schematic is shown fl attened out and i s

1.2 Current Safety T esting N eeds an Alternative

The toxmamaopyasmntiisclgoover nacdhenatoudrel wfbyexposure an
dose but also by a complex combomabhaonaparftiphlyess
such ashapejrsize, chemi stry, crystal structur e,
adsorbed mat ereirasli $,2.8dTchke bk oemanses paxrdfiatlye i s t hat
someanopar tmiglhea be safe even at high exposure d
di ffeaeoapartianlddastlioamggi nf |l aengnaé¢ mtonadwnear sebsut co
[ 16] [29] s therefore clear that in order to e
nanopacdntcdieni ng products, each and every one of
before entering the market.

Today, reguyatedtismg of novel compounds and ma
ani mal s, such as mice-basddr aest sHowewet, fahif mal t
of the industry and society for testing the e
nanoparoiNcbel y ar e t heyc cenxspuaggdsn gveeq taenrdt Ity mei mi t i n g
numbemamdp ar tainadl ¢ heir combinatiwbheywhl esb cannoe
directly predict potential harmful outcomes for
wh ch resul-dpeamni fsip,ecowetscomes [ BO].ma®dBdtllap ek pobat
mor e anmdajmormr egoverning bodies hbdbasedt expedi meagdisr
further i ncreasing t he already urgent need fo
nanopasrafiectlye tests|[ 88 predictions

A promising repl acement for ani mal s are comp

ganoi ds, ti ssuaygy horvganmso anoda | shithlat closely n
unterparts.-albde #eifmmerce ealdestame viitmmp tests that
' I s-lowvwimagnbi ol ogi cal systems (e.g. mo d e | me mb
r -thhrgughput screening of materials. However, |

mai nt ained for ulcenghemodeghan@ ffemmesd t hey are
l'y foersmhetudi es|[ @ Baldluhies eifd eectmanotr oxsscsoakogy
Caus enamaonpyar taircel en ot bi odegradabl e and remain
puase, g aalsrionni ¢ or del ayed responses.

OO T ™O OO
X D >3 ® O d O —
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1.3 Mechanism -Based Testing of Nanoparticle Safety as an
Alternative to Animal Testing

Lately, a promising alternative approach that
vitro models has rena@hregdd:baSuwmidt anlmdnyyx stadse thyas ed
acquiring detailed knowlhadge atodx it dhiet ymeacrhda né¢ &

connecting several key evesitcadl eosn ivmtrd oald Vv erpsae
pat hways ( AOPFm®RIi, g te4de3.H5H own

An adverse outcome pathway is initiated by a
first crucial i nntaenroapcatai hoidnc tbeest wbeieon otghhec ah Mme b d e
a series of interconnected key events (KEs),

the molecul ar initiating event tyhhe uLedeésioe
har mf ul effect on the | evelulati ongamFisg wrhe wn i

14 the events in the AOP -rmapglp s adan asd ,wiachel rtareg
can only be discer nednpdseimeg taa rcyo nebxipneartiinmem toafl
techniques.

|l mportantly, when the intricate connections
outcomes are well uandéedmrst kond,wl erdegexrddo tdienvei s e
effecttheobghbput sint hwitt rcaant eoset used t o predict
by targeting the key event s[ 32nut h@peldwyerdes piut
the enormous amount of published research on
devel opment obDhsmeéchamiesmiuét iy kinkowbedge about
relati onsamepapateadncdret i es, early mol ecul ar even
|l ater on evolve [(BpP#1¢ompl ex di seases
Key events
Exposure to MIE , Adverse
nanoparticles | outcome
[ )
Scale Molecules Cells Organs Organism
Time Seconds Hours Days Weeks :

In vivo approaches
In vitro approaches

Figa4éAd schematic of an adverse outcome

scales of the key events, and the BWMMcBpe

foomol ecul ar i i tiating event

1.3.1 Current Issues Preventing Mechanism -Based Nanosa fety
Assessment

One of the reasons (alongside the complexity
knowl edge regarding the nanotoxicity mechani
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experi ment al techniques, perfor memdaniompayvitchbes
proves to -bheett@dd maoh for filling inhwhg, gaps
thus paving the way to predictive nanotoxicol
1.4 Investigating Toxicity Mechanisms Using TiO 2
Nanotubes

I n this work, tnhaen orpeatr d & icid ey wvi | | be invest.i
nanopa(lTh@lamot ubes) by usi ng vancceadmbe xp@aé i iome |
techniques and complementary in vitro, in viyv
hedetermined key events and meamamiay nesscviwed I11 .b
Anat as;pmahio@Qubes were chasnvompbaledadd hee moldey f i
foll owing crucial criteria:

TTi-Os one of the moshopemmmolcgo nuissuamp rt prsod u
found i n food, cosmetics, paper, textil es,
has an esti mat end oyfe a7r | nyi I9I0igodnu[ct d fos

fthesend8m®t ubes have been shown to strongly
(
[

and cause adverse outcomes both in vitro d
|l oss of cpkpbAadiamivivg)(strong pul monary n
for several monf B8] after exposur e)

fthe ,hiadotubes can be stablhoddaowesherntalry
commercial dyes that haveekwadn cc ardevfamnicleyd oanp
approaches, t hruess celnuathilamgnamngparticle track
as detection and characterization of key e

[ Sup b.4]

141 TiO> Nanotubes Cau se Lipid Wrapping and Chronic
Inflammation

n a recently published ;inmnwittulhe ss twedy, otbsera
i pids from model membranes (both smal/l and g
he outflow of embeanas$, frommahieom of mobil e \
edi ment atdf onmefd céwilsyers of nanotubes and ve:
nteraction between the nanotubes and | ipid m
i pid [veX]icl es

Mor eover, -iwhemeaCtF cancertocetheswenanekpbesd
urface dosen@gnapiavurbfadomemeln cel wWwasudDlcé) for
ays in the same study, a haze of wrapped na
sing fluorescence micrwsrco®plyoc asteewadr @th u sni d lolcy
ucl eus, and the cell pl asma memb[ranh]eAl ¢ oulhd st
ointed to the disintegration of the plasma m
Shockingly, when t hde tayjupeholrls lexmppsemi tLAel i al
nanopa, ttitlcd emsaj oritysofethenexdpobedrceibbility
cel l pl asma membrane even at emammdpayr tliaclge SK
araacel |l surface h6O0gHUpSakBexchavwre t he intense
wrapping i s a consequence of the strong aff
membr anes, it should not depend on tdhec eddlsl t

— — ~+ — —

T S Ccawnm
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mi ght possess anddefeempstebgnasmebmehaw retains the
of the plasma membrane.

control

2 600 - °

Q ——

. o

[re.

o o

« 400 - !2

Q

Q

=

= ]

P 200

0 1 | 1 |
AN LN Q Q
< N N Q
(\\ N\ \"\

cell surface vs NP surface

Figasheadhe dose dependencedofunpeepiladedlei
using propidium iodide aanfdtéeHdeagbstof 333
nanopart iuglli gpsa ndNtPybes, r e5plr oudnudceeBdYlafi roGeEdn s

I n vivo, i nstil | antainoont udbfe st hen smteamee TieGul ted in
|l asting pul monary inflammation, denoted by a not
into the lung even [@2.9MUnekpatted|l gxpbobbharenfl| amme
of the apmaanocsteublasO was more similar to the highly
guartz, DQ12) than to 4nhaenobpiabreest heskeednibhatkeTs
(nanocubes and two rectangul ar/ spherical particl
were similar in size and chemical composition, o
| ohg@gsting inflammatd olmy talse wasmhlenr eofmi meutr ophi l

I n the same study, t h e yn adneotteurbnei sn evde rteh alt o ctahtee dT
exclusively -phagbgomg sesomet ures of macrophages
expo$@2OeCrucially, al | four tested anatase nanop
even at 6 months after the exposammatiregahddess
already subsided. This indicates that the | ength
particle clearance.

Interestingly, after some addi[t29]hal sapmbyshat
the exposures that induce the st gnanngoetsubeasndandng
DQ12 at high doses) mi ght correl atse awi tchaya Inot a
foll owing é&xpd8ere (see
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Figaé:ehe correlation between the number

neutrophil s antandagyair 8tcihlelt ®atri on i n mice
correspond to st rTohnegedatianffloarmnfaitM @ nmet a
shown grey and the control valwue is sho
(CcsY) .

Anot her interesting observation from the

accumul ation of proteinaceoonoanmptstyecon dai ttihcen a
temesslecondary type of pul mtomatr yc an veomeatri meota

€ X p 0os wraen otpasr, t ii mladeu dganagr t z , talc and ti2t9gni um
Al though it occurred only i matntbeg amittdhaalttehian d uwee
chronic infl ammatniodnubEtshendi MQ12) , t he possi
bet ween t he st wootevcinstcsuswsaed i n the paper.

Many of the intriguing observationayfoescrib
example the retained cell viability of lung e
t hmanopaanhdclhtéde plasma membr ameumuhatian of p
matter in the alveol us, and the possible rol
proteinaceous matter in sustaining inflammat:i

events and their potayehricani d iinrkfyiteomniahtee sosuetnct oi m
empl oy a mechanistic stundyaoxdpdasheed eavlema sl usn. t
mi ght be able to under sswnhld o we hrdoreie ® @il Wit a&mi
even after a snanngolipealreesmas wlde¢ imatebygy keewl badge
to predict them.

1.5 Goals of the Dissertation

The purpose of this dissertation is

fto i mprove the current undet subhadi myeat sce
i ntreerl ati oman o maeatxipeccsleed al veol us using a com
optical techniques and complementary approa

and
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fto empl oy -gtahiin®e dn &wloywl edge on the relations be
predicnamnp arfaxicdiet y .

The goals of the adi §odrltoatsi:on ar e

fdevise -aoquablted procedure for ,néreotfulueossr esce
to ensure stabl e, rethabbeterepedthabel |l ang, w

funravel celdalllaul aarndewearbt s i n the ionsevdi tro al\
tmanopa, tiimcdlewsdi ng pdeetf eemagséead nicermd ul ar

fdetermine the relations between the detected
fassociate the events winhanopawvivol esents for

fdescribe the key relations bbeweehi thk tetdeb |

fdevise simple and quick in vitro assays to te
model , and

fuse the results of the in vitro apsag§bchs an
t he nandmxrtciidlye

Hypotdses

fBased otnaithed reel [ ul ar viability of lung epith
to Jdnahot[ubshsoimiri gas e we hypothesize that | ung
pos sdeesfsenmescehani sms t hats uernvailbvlee etxhpeon® ptace $ i t b es
even at extremely | arge doses.

fBased on the previous hypothesis and the not
macrophages aftemarcpobel 2dhomify U6 e we
hypothesize that alveolar macr ophdaegfeesnsdeo not

mechani sms and are hence more |ikely to die
epithelial celdwraatdashe. same expo

fBased on the in vivo data showing a possible
t he number of macrophages at dalyast i gl | owi

nfl amm2®howmrFi gd6e we hypot hespaeundaaf reel | s

[
t hrranopat hibtldeessen rel eased from other dying ce
prolongs the inflammation and possibly expl ai
chronic inflammati on.
| mplications for science
Wi despread use of the excinamagperptpisalbat dobsacé&f
by sl ow and exmesredi vseafarniymatlesti ng. Sadl vy, deve
testing strategies is hindered by our current I
governing the devel opment of adverse outcomes.
Luckil vy, reg einn adwameed uytcheddh Imiwe oscopi es and
provide an unprecedented opportunity for unders
wel | as their relations. Notcebd Il w,| atr-b elnldo B anrt temr a c
eventd itn meeavi th resolution of 10 nm under physi
cell environments on time scales ranging from se

of new events, investi gatniorsr dafindil nttheer iadciitoel wongsi chbael t
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determining their relations to complex cell ul
observationsaoophei €ame

As shown in this disskeirmatioackitmg abililheéeéyca
of events enabdiemsg tdife tumadecasusaal ity bet ween t
with complementary advanced approasclitead ,esa owi
possible key events can be i nAnveeesdteidg alt ceads.t Tfhar
construction ofmeshepatdhvveaysse, otuhtec oul t-bh anme & k ey
prediction of nanosafety, -and -ebfBtlsi ¢t e@nmieima
alternatives for toxicity testing.






13

Chapter 2

Methodology

2.1 Microscopy

A plethora of experimental techni qmuaenso parnt ibel a
toxicity in an in vitro model . I n contrast t
determine the superi mposed r espomnsaempofe tahte oennct
(e.g. various assaysgssoiicatosd oipnfecr mat i v rvic
of cell s. Al t hough this teamablessula uWumi cauel owie
processes in the sa-mpbked, Bé toacaad dobfiatnidgsma,r tmaaglee ¢
vi sualofz agvemt s, determining the heterogeneou:
correlation mdnoepadmntdisxctiveionh bot h inside a cell

bet ween cell s, asi oveldf ansa mya spocptbérn tkicablgch iadr t ef a
(Fi gabe

I n the following textceggénei aroccopgptechinitg
experi ment al section of this work wild.l be out
any of the excellent resojbup®&s]on this subjec

T2 T X
W0 LeE

W
g S eV v

Same overall signal, large How does the amount of nanoparticles
difference in cellular response in the cell influence the event?

FigatrBy enabl ibrygela caenlal ysi s of events,
i nformation on t he cehvaenniigsmmga nidn sttoaxn cce ,t yt
events bet ween cells (left), andi rtheer
nanopattighes}.

2.1.1 Microscopy o f Living Cells

One of the currently most power f uly emwogerciumhernt
eventscelsl miveroscopy. I n contrast to imaginhng
the time evolution of events inmnapa¢hlr olbtgype
the system, dynamic hanhepaesdondebetWéenanhdet
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respons-ei ma. r8ath knowledge about the spatial an
provide valuable hints about the causal rel ation
When i maging |iving cedd st,ham wist i mpomrdiatnitonso t
similar to the interior of the body as possi bl
temperature (37 3C), but also correct osmolarity

measurements that are sapcamwm ke feawhihewed bynigmadil
in a closed containerosiml|larmadidund owlsionie eiep eiquo r
the pH at physiologi cladf fvearl ace sl i(we gcuwylUt@H 8 mEFIESg

wth at i's used in this work). For l onger I magi neg
bi car barsetde cul ture medobpmi honsbdees thageproweid
temperature, humidity, and concentration of CO

To study events inside a |living cell, it is al:
appropriate wavelength. Al though | ight with a sh
of tdei raed micrographs, its photons also have h
cause moredathemabdel ogi cal structures. Hence, i ma
performed using |ight in the visible spectrum wi
as |light in the near UV already potently damages
even high intensities of l i ght in the visible ¢
intensity of the excitation |light mhoiuhg tre r ed.l
optical setup to mioveni zlkeel destsesct aon efnfi ci ency.

2.1.2 Fluorescence Microscopy

Al t hough conventional transmission optical mi cr c
interior, the signal is naeahasppafhidcldemakmhgeit
t hesimmbel  ul ar | ocati on. I't also possesses very |c
by the decrease in the intensity of light that

scattering and/ or abcelripg,i oor ggdndlilgehst anyd tnhaen o p «
ot her hand, uftlsuoaletsecremactgii ¥yneiocnreo socfopyhe most c¢commo

optical microscopies in cell Dbiology especially
high seh60}(vEBgR2.

As its name suggest s, fluorescence microscopy
fl uor etshcee nicremat e ability of some mol ecul es, at oms
in a certain range of wavelengths and emit it at
This difference in wavelengths betweenktbe absor
shift and is caused by a quick |l oss of energy o
phot on, causing the emitted photon to have | ess
hence a | ong[e@5]wawselhesmgtthi eagr ¢ he process and an

excitation and emissiiolhi g@®etrum are presented
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Bright-field Transmission Fluorescence
Microscopy Microscopy

FigazoOnef the advantages of fl uor es cfeir

transmission microscopy (left) is that
|l abell ed and thus ddicslmimgoigbhetisi 8 éheb
were incubasnead owiutblesTif@r two days. Beca
used for |l abelling cell s ( CenlalnMapsak( ADrear
shown in red), the two can be eaaspHsy (dri
\ Stokes shift
i
:A:'*jk Internal conversion } S 100 - H
3 <
g | z 801
Wy B
{Absorption \\Emission} S 60 -
AND N\A _g 40 -
Excited states Q
f 5 20 4
y Ground state % 0 - — S . .
=2
- > 500 600 700 800 900
fs ps ns Ime Wavelength [nm]
y
- »
X
Figa3eeft Jabl onski energy diagram of
di stribution of excitation (green), i nt
fl asceRiceght: fluorescence excitation (g
di fference between the energy | evels i
absorbed and emitted photon.
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I't is exactly this Stog&esishaftl|lubatsceaenceame:t
scheme of whichinFisg@&fhewWreciannsgr eayhe excitation an
are spectrally different, they can be split by
excitation 1| ight but transeni emi tthed elmi ghtedr ¢ agh
detect or whesrceaatst etrheed beaxccki t ati on | ight with a di

producing an i mage with vdanHKi g babkghoundt (as
increases the contrast of the method.

Fluorescence microscopy |

TCSPC
0

STED microscopy

| Confocal fluor. microscopy

Fl. lifetime imaging (FLIM) |

Det. 655 - 720 nm
Det. 580 — 625 nm
Det. 560 — 760 nm

Exc. 561 nm
Exc. 640 nm
STED 775 nm

]
=
=
©
=
i)
o

Excitation

=== Pinhole

Emission

S
Ve
a
A
i

= Stimulated emission

Figag4aéAd scheme of the microscope t hiahte

el ements represent thescempenmingrso®c¢ope

l ines represent excitatioocExaan@énemiessiean
andbed®denotes det eol oaleednentthserar e addi t |

| ocal ( matgiemhmh a) , increasgdthddgoltubinah {r

the system (bl u®gct 2acelddapn®a iln ebde sipnect i v

After a molecule absorbs a photon, by can r el
fluorescence but also through other processes,
transfer orfeieqrebngryiet@b&The efficiency of the f1l uc
termpuwdantum ef 5i dedobybthe rati o between the numl
emitted photons and the number of absorbed phot
bi ological mol ecules (less than a few percent).
interest, thebpebhreduwutnh!| gypecial dyes that have
enabl e their detection and | ower the required in
time, | abelling structures of interest with spec
fuorescence microscopy,s epsarnatlegd psl pee odtyreas owa rt hb ew eil
the sample to | abel different structures [/ mol ec
independently from one another.

thesrz&@agdwhi,ch coubh@gorauseéenrmfhertehnecei nt er act i
t ween cells and nanoparti dlrelslhehimeh hewedspl asnbhe
bos@eci al care shouhd bentakenatiookeephH fl uores

Living cells can bdnflviaor eofugse ntldysr lealoeinit edor ok
genet-éecadbdegd f | uor egsucaenntcuem pdroottse, i amagdii dbedil € o ¢
protlebhls, [ 57] ., [ ®91]t.,hi[s6 3wo,r kf], 16 dnder ensocssttitiyc pur soebde
eitphpenrtition into the plasma membrane of 1iving
| abel specific cell ul atrh acto mgproinveet sby yplpyasitadli oini
The most oftenwusadsheteront rineEldeedther ssytnh atesi
fluorescent pruwtaesi msotofneierdteedr dotr our experi ment
on the i ntheamaoptaindnit ddéfapeci Foc phetsame. reason, W
avoidpdci fic targeted | amanlobrog i wisnh@imad @i ns us
anti bodéelleddb)el | i ng proteihamnod e ChlaSNhAPd protein
| abel | icngcdusmingtWey i nt entionally avoided the use
of
be
a
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t he
pro

cel |l as | ow atsh epiars s r bwki etehn obei prl eovgea rcta | Strt
cesses.

Besides having an appropriate excitatton and

I
e
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Bec
and
ass
str
bl u
Thi
pat

I fluorescence mictoscapyw oshdwel dedll so blod h
sence of oxiighegrhdonmamxi c) and their emi ssi
rease significantly during the experi ment
reduce ph[o5tholb,| e[a6cBien ghlod gl d al stoh eb ec ed wa rnmee dt
oresces on its own and that phenol red, wh
ench) the flI[ueoBrlescence of dyes

Confocal Fluorescence Microscopy

ause the signal detecmedrbgcapba¢deslt.f2ubed
showninkFingw®@heyori ginates from the entire
ociated not only with the cellular compone
uctatr esr ¢ habove and below it. Al t hough the
rred, their signal decr eased otctad iachan ti rd ays. t
s can be improved by inserting two pinhol e
h, bl ocki ngofmosus olfi ghte aorud enabl ing fine

sample with a slice thickness of up to 500 nm;
s@wall ed confocal fl uor énsFdegn2dee Imin cproactoipye,i sc &

can
obj
pl a
use
It
[

I
e

- O T oW
> DO ™ —

e

and

be achieved by adding a spinning disk be
ective i n -ftiheel dc aislel uonii nwaitdiieonnh,o | cer ibny tplea cciom
ne of the sample just before the detector
d the | atter in our setup, whickhi g4 d ndi ca
is important to note that a smaller pinho
ce, but also |l owers the intensity of the d
the emi’5%dd laidgghtti on, the thickness of t hi
ow a certain pinhole size (app. 0.7 Airy wu
mi ni mal resol vabl e lamn@ea@doradidnivg xted etnlge bt
l ight "H nnwme wiuaena l apertuyk afmdtheffracusiveg
mebtt iou m

& ="M¥23 A (2.1)

& = 14"HBR3 A (2.2)

[ 6.6]The most commonly used pinhole size in thi

goo

d compromi se between signal intensity and

sampl es.



18 Chapter 2. Methodology

Fluorescence Confocal Fluorescence
Microscopy Microscopy

Fi gahb a s-bgsea de comparicoand owdl n(lnef t)
fluorescence micrographs of the same ce¢
bel ow) Thkeawonenf ocal midcrcedd ®d g mefmblr & ne
with Cell Mask Orange, -dhgpwnncuaob @t jereamn) ou
(fluorescently | abelled with Alexa 647
optical sectioning and t hluost afel s or @ snc etr
components in the sampl e.

2.1.4 Stimulated Emission Depletion (STED) Microscopy
According t20) aeng2,t itohnes hi ghest resolution of a t

mi croscapemwii bal apxel t ant é omn2zdt redx acm,i ve i ndex
medi um s1.13i mited by the diffraction |Iimit to app
550 nm in the|] &@&JFaolr diorugctliyvom century, it was b
t hiisf fddaction | imit, the only way to increase

wavelength of the excitation |light and conseque
the observed sample. However, -iensdlhet le@stt ¢ awlon ide
have emerged, each of tahmeom ndmploe nseenetminngg l & worek
di ffraction | imit and i mproveamem@tlapgromadhi g w

the size of antibodies and other proteins.

One of t heseoluutpeoms tetcihmualgateessd iemi ssion depl et
(STED microscopy), which was conceptup69®ly devi se
as weal V. A.[ D&hloonianc hi e vees od wuctch omi,ghSTrED mi cr os cor

setup is showimFbga@4uwsei rsgc hgerreey, magenta and red el
a STED | aser beam thatphasanmgslk! gndekaepeedsbyg tc
fluorescceedeseates i n most of the excitation vo
before the emi gR6é¢mwO0dCltarrfsof(st hpaenhergy transiti
fluorophore is -sbhbanebamg mbBciastapger the fluoroph
focused excitation Hagmrnt emdulage ai,n waidihf firsa d toil d o w
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of energy of t he heex diotwed te leencetrrgoyn | (etveel of t he
the emission osdhduampse,d-vwaivdpd egnhgntuht STED | aser pu
onto the sample to stimulate the electron rel
not | ocactedokenthbedoughnut. The consequently
have the same wavelength as the STED | aser |1
detectors by a filter. Later, the remaining e
in ¢aderoerthe doughnut, relax and emit | ight,

in the casgsananfi nlgasemfocal microscopy.

A In the centre of the doughnut: fluorescence

\ Stokes shift

1
- :A:H Internal conversion } '5‘ 100 - H
> 1 =
by > 80 4
G [Absorption] [Emission} =
& 60 -
AN YaVa V. 2
, = 40 A
Excited states @
= 20 A
h 4 Ground state £
> S 0 += — T T )
£ ps e Time 500 600 700 800 900
Wavelength [nm]
B On the doughnut: stimulated emission
: ) _
_; Internal conversion} o5 100 -
) <
g lated z 507
. Stimulate =
“| | Absorption 2
Cp emission § 60 -
s = a0 -
Excited states @
= 20 -
v Ground state % 0 . =] r .
Time = 500 600 700 800 900
fs ps <ns Wavelength [nm]
C
Y

fs <ns s Time

Figaeeeft: Jabl onski energy dA &bmeamce B
stimulated emission; right: fluorescenc
(orange) and stimul at eldh ee ndiisfsfieorne nscpee cbtert
is inversely proportionaledoandee miatGeBh
timing and the | ateral intensity profil
and fluorescence (orange).
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The trick that
the vengkthe do=s
reasons (the do
cenbkerthe dough
not Idi miyt ¢ he dif
wt he hi ghnesri tiyt,s t
resolution.

Sadly, thishapeudgRDMUutSTED beam only i mproves the

bles STED microscopy to seemi
0 STED beam is completely dar
ut modul ation unit rotates t|
t (the -daerteeac tferdo nmp hwohti ocnhs tohrei gliantae
raction |l imit and depends mai nl
ihnet esmal |l er the, sligadiofigtthe ffmomgrad:

3!59,

system, while the axial resolution stildl remain
nm). To overcomeshhpsd S&THDffFasent pyloyvyeé nigs used,
the axi al resolution (termed 3D STED). By combi n
both the | ateral and axi al resolution can be in

mi croscopy, 2D, 3D, and 70% 3D STED (a combinat
STED) i sinBho@&ne

| mportantly, not al/l fluorescent[ 6ddyjBesiades suit
meeting the ceilteffimaofesckhee microscopy, the dy
at the wavelength of the STED | aser, but it sho
emi ssion of these photons cannot-cbmpatimuéaded}’.
should be remarkably photostable to survive the
MW/c i) .

Confocal Microscopy 2D STED 70% 3D STED 3D STED

Figaréa compam @9fewi dez) micrograplas gef
fluorescent bead (used to acquire the F
alignment phase), acquired by (from | e
combinatd% oD oSTBmD and 70% 3D STED, Nard c
2D STED i mproves the resolution in the
vertical direction (axial, z), 3D STED
(z), O BD7 STED i mproves the resolution

2.1.5 Fluorescence Lifetime Imaging Microscopy (FLIM)

An i maging technique that can provide additional
is fluorescence | ifetime i magiursge dmisd rmud ad amye o(urslU ly
any of the aforementioned fluorescence microsco,|
time between fluorophore excitadalolhedanfdl abree emeé s
l' i fetime), which depeonds,nbutoal gooont hé@aef ptior op
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o

oncentration in i s | ocal environment, as we
an interact with he relaxation pathways of

Because spontaneous photroonc eesmi,s siitosn tiismiaigqu
he same; it follows a monoexponenti al probab
mi ssion events of a fluoriopfthot lee affleu alred phtd rea
etermined fdricm rtibeaittiiome of the &Xr ¥V dI599df, e mi
62 &e g2B)e. To provide a reasonably good fit
atisfact aroy s€i gmaleach pi xel in the image, t
han or di nabrays, e dimtgeangsi t y

FLI'M measurements can be performed ph9Ja, var
[ 662]in our <confocal setup with pul seldtil plsieer e
tube) -phionplne det ect-oor ramlda t-pehdd tismmen gdoeunt i ng (T
modul e, which enable measurements of the tim
detection of each of the emitted pHmoRiogwusr e( see
2.4) .

t
t

o

Intensity Determine the lifetime in Overlay of intensity and
image each pixel lifetime image

100007
£= 128

1000~

5

01— M A A A

5 ¥ | ¥ 1 ¥ | v 1
00 50 100 150 200

10000

.
o) _
f\
AN

- s iy Color-coded lifetime
——— i —] [l |
w o0 s w0 o .o | 1000ps 2000 ps 3000 ps 4000 ps

Figas8a fluoresceadedlimagéemies obt adinstdr
of depboteas with a monoexponenti al de
Oof t en, the fl uonoksdtceinmage iifet wemeghted

i mage (left) for easier detection of <c¢h
right.

2.2 Detection of Non -Fluorescent Nanoparticles

I n order to enanbaneo ptarrahcskcitnegsloifvitnhge cel |l s using
one must be ablneantopadsit edetlsl t mes t he cell s. A
fl uor escenntanyo plesx bl eedo mmer ci ally avail abl e,
track irheenoltiubes due to their chlaeayiedbainsctei,c i
we decided to fluorescently | abel them by at!
nanopasrurifcdce via aFsigllah@eselcit2ikopgnr 2 A s etehi s was
iMouse, we were free to opboosfeozra dST EiDo rnoipchroor sec
To ensure stadilreeadduarestaant | abel |l i pg, we

controlled procedure, whichSwtct2l.0phe2 di scussed
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However, for-syhehesainmedspt enchhiech we obtained f
swd alJiRRGddi stri bution source and used to test se
i tospti miwaulidnrequire proportionately more ti me ¢
met hoad si multaneously d e b-Bk t1 0 rbensh acheo rpttahrat d T d teisv e

fluorescence &t omcanulrteiseh es amméheapti cal microscope
we relied on t hneanfopastr tairbeh €0 rndoesrte d crystalline
consequently scatter |l ight strongédrhet moml| mdstl |ei
nanopacbiutldeodabyze®etecting the | ight that IS S
sample (i.e., by reflectance microscopy).

2.2.1 Reflectance Microscopy

Thei mul tampbement ati omndf f I e@fntieceroasnccoepyn i s s hown
Fig29eln the first setup that we devised (refl ec
used the same excitation | asers as sfoone folfudresc
baeslkcattered | ighdpltihtrtoairghomrmat ddeam auxiliary det e
before the pinhole and all the notch filters th
setup (confocal refl ect ancen naidcdriasicoonpayl, esxhcaowwmtiir
with a higher wavelength than others was used.

filters of the fluorescence nsiccartotsecrcepde |siegthup daild
us to guide the | ighittitwomnal ddeitcehcrtoirc bmi rarnoraddo c
pinhole. The technical det &Sielcst2i.obn o3 h setups ar
Both of these setumsaneompabMidd]! detbelcxt iwant eorf i@ mme
objective, al beit with | ower resoluti on, contras
mi cr os choepyl aobfe Itl ed Fngm®apar Neceeshél ess, the i mag:e
still satisfactory for our research hypothesis

|l @¢ i onnahotpla¢Ftiigddtes We noted, however, ,that at |
| ower numerical aperture of htbheallOkabbohabepétedyv
nanopa (Ftiiga2lt s
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Det. 725 -925 nm
Exc. 561 nm
Exc. 640 nm

/
/ .
N
N\

Objective

Detector

| Reflectance microscopy |

Exc. 750 nm

| Confocal refl. microscopy |

Figae8chematic of the two setups for de
sampl e tmynotphaer ti el leect ance microscopy (
confocal mi croscopydcikodewnt éen exac kt abdedd
denotedetectors. El ements from t mdiagxXdeh
are not wused for detecting the backsacatt
are also used in fluecefowaerdd amiidryoscop

Confocal fluor. Reflectance Confocal refl. Confocal refl.

microscopy microscopy microscopy microscopy + blur

Xy

Xz

FigatreCompari son of three modasopéu®ipal
water i mmer skomoamolb¢fetctti «eri ght: confoca
nanopartieflkesectance microscopy, refl ec-
conf ocal microscopyactqludtsiwa o nbluwsrirned ap d
The upweshows micrographs in the horizo
vertical (xz)napnoapnaarggtcleleecas @ame s on al l n
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MWCNT TiO, nanotubes TiO, nanotubes
Reflectance Reflectance Confocal refl.
microscopy microscopy microscopy

Xy

XZ

Green: cell membranes (fluorescence) Red: nanoparticles (scattering)

Fi g2t ®eDetection of rmarnll emaelclaead omwlbteis ( M
nonl abelderdotTubles (middle and right) in
water i mmersThbaea obébflketiarce micrographs
confocal mi crographmsarfopatht § dlod s a tmiradn alipes
sur faarceeand cel | surface 10: ldayweirnec udba@ag 4
epithelial cells (fluorescently | abell e
mi croscopy and Ssohmewrm fi nt hger exen)mi cr ogr apl
to ensure that the figures are equal i n

Confocal fluor. Reflectance

' ) Overlay

microscopy microscopy

.

Fig@t2Compari son reflectance (grec
(mageniabebfzelehnﬂitwbes on a -“dmoael lay ewh &-
magni fication 10nx tahiirs ocbg seec,t itvlee scatt
overpowers t he sncaantotpeard tnegc tfersotmh e hppoor a
setwppen though the scattering from the
from nanoparticles on the 60xinWwagaeat®ri mm
regions in the overlay on the right w
mi crograph and reflectance microscopy o
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2.2.2 Qualit y-Controlled Nanoparticle Labelling

To truly harness the potenti al of nanopartic
fluorescence microscopy, nanoparticles shoul d
mostly do not fluoresce on their owmg.gi Mige <co
already swyandhpesii giedloedi nd a fl mamepaewnticthegs t
chemical l' inker (a silane |linker[ 580ja & siswewh f
Figat®&. The benefit of htehissanmepmpadceapacfecbaat
separately | abelled wusing various dyes, i ncl

advanced microscopi es.
Howevernamaoipcdirabelllei ng must be accompanied b

control pr oweerdtur &r tt eof apcrtes and erroneous concl
nanopartnadlvees,t ently changed during the | abell
| abelling procedure of metal oxides and devi s

accompahgbelhlei ng, tested thaneptrwktesura@anaodnmitimie
effect of faulty | abeuwoirrkg aovhiexp ejrdd Ipgdims & Is hieals
overview of the procedure 1 agrpapmse,nticedcliwnmditnh
exampl es of Fdrgtedf@a cabdg(dsitete and approaches how
t hem F(isgelet &) .

As shown i n inhkieg @&tigr stther ouwse of a charged | ir
unintentionalhlayophawrgfedadehecharge and conseque
with biological][ mb].ge cBuelfc2asu saerd dnraandgyf Immesntescent dy

are charged, it is often difficult to avoid
opposite charge can be chosen to somewhat bal
gener al gui dendamoeparnt ilcalbeesl liisngt o change their
possi bméenimhow&ngmount of | inker and dye on th
same ti me dedhiievinmgg aan | arge fl uorescence si gt
chargereahopahtabches been changed, the zeta po
and nmanopgashoocl édésbe measured over the entire
i s measurfeudn cftoiromahleipaead i we kb, it can liimdkieaoat e
has successfulnlanolpauwnd vlagé salbheé e piece of i nfo
confirmed by Fourier transform infrared spect
the appropriate pH of the | abellindg famamst loe a
zeta potenti al measur ement s.

Secondl vy, the sonutattimepdrtehmpopasiggicéegat i on
during t he |l abel ling procedur e can i nadvert
nanopar(RiigWlkt@ second row) , t haifntueernaccitnigo na lwsiot |
bi ol ogi c[a29]mi I[i7e3uhj s[74] best tested byncompar
mi croscopy (TEM) measur e mentasn opfa.rttherl ersakampl a
we oObservehdoutrhastona cZ2ati on canabotakes hehadtonagr
throughout this work into notably shosrter n
cytoskel eton and cause the cells to whoibddree whe
Alin the Appé&sdng this knowl edge, wenurtedyced
which did not noticeably change the morphol og

Last but thlogr elseeanscte, of unbound dye in the

| ocal i mathioprardfi t he$ Jup MmBllsehowimFiad @fo® t hird row.
The presence of unbound dye can originate fror

the | abel |l i negs crtpetpi o dfr otmhed | i gk evrhifcrhom st hhen n
overl ooked process. The amount of unbound dy
centri fugal filtrations of the sample (or a

removal ) &afttiern tbled weeean t he | inker and probe h
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d

o

the experi ment. Such removal of free dye shoul
correlation spectroscopy (FCS) of the sample or
bot hsample and removed dye.

I f all -méet  abmed contr ol checkpoints are foll
t heanopalrabellleing i s stalhlag,actepéatabl ea,ndwelnlabl

interpretation of weixtphe rtihneadal hasbpep.et f ol eng d

A Labelling process B Fluorescence microscopy € Checkpoints to control labelling
Changes of Different outcome . .
i surface # Zeta (i, 1i, iv) FTIR (i, ii)
charge + ¢ T
.é N . \
Func?onall- I Q . pH
zation ) Wavenumber
Changes of
morphology
_é during
. sonication
Labelling l
- Presence of Fluorescence

(iii > iv)

iii 2 unbound
dye (] é .
Unbound l/ .

dye Filtration #

removal
iv Reliable results
Well-labelled : o Metal oxide  Silane  pye Cell
AN nanoparticles A

nanoparticle  linker

Labelling-induced changes

Fi g2t20verviAdwmweofprocess of fhaoopsBpiotle
experiment al artefacts that G®Oc¢che@ch@madientf
t he l abell ing procedur e and ensur e re
Reproduceuwr fpwhn i shd®&3thanuscript
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Native nanoparticles Well-labelled nanoparticles Nanoparticles with altered
surface charge

Oversonicated Unwashed free dye Desorbed dye
nanoparticles

Fi gt#Shemes and micrographs of potenti
cell s

faulty | abedpiitnhgel iLaAl e (cell membr .
were incubated with poaposebes]| yl ambdi f &
(shown in red).

2.3 InVitro Model

orm and iemansoirltyamlciuvzleei weetldblld nes of typ
aAd alveol ar-Smaweoe hagleesct{ M f oegy t he i
comparison wi t h i n vivo experi ments
compl ementary methods performed by other grou
[ 79 ]whwewwkere included i n. Mor eover, tatbd ec aoou | t
reproduce in vivo key events despite its simpl

o —
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of the model with additional cell tyeptcs.o(e. g. fi
l ung sur fhRicd ®¥)e (see

The -4 Acel | l'ine of murine alveolar type |1 epi
CChlL9[680]was originally deriivneddu desde moaunlbeaidgnomae !t
tumorof-waeld 8 mo&ik]&si mil ar to type || al veol ar pn
contain | amellar bodies (organelles in which su

pol ygohnaaple dh onhoorgpy , and t hei-rnlgirmiwtt end i (sa lctohnotuagcht t
gradually |l ose this inhibiti8dnThwdédyncamldluge®ssymrtal
a | arge amount of phospholoopphasl i paild edmampaa stiht iao |

pneumocytes tly®z2]lIinl ciomtviasd to the nor mal di pl o
chr omosome[s8 1lpjeh-dcell | s have on average 114 chr ol
and 256 chr omo[s&0nd <) opear ccsslel, they appeared to
system becauseotthegy tbel dnrepvo observable event
of epithel i ealxiadel Insantogp ametiall es .

The -BlHcel | l'ine of murine alveolar -h@dé®ophages
[ 83]was originally obtained f rweme ka nbarl cen cnhoouasl ev eboy
culturing the adherent alveolar macrophages for
the SVA4[08]viThes ctohnacbited, S asdhhaerree nmanWH properti e
alveolar macrophages, including typical macr oph:
characte8rdil]Accaersdi ng t oe tdheldchlemnteglsl olfitreeh shoul d
studies where homogeneous popul ations of alveol :
those involved in determining the i mmunological
their potential ogayi8et]amd liusigapashoh an excell en
pl anned experi ments.

2.4 Materials

241 Chemical s

LCI'S: Live Cell |l maging Solution (lnvitrogen), P
dcb:-tilm@s dcadubedatbe buffer (PpH ool @as-mo Imd rxietdy i
houséd)2K FEell culture medium (Gibco), RPMI 1640 c
fetal bovine serum (ATCC)-st rtaptpemynci (nSi(gSriagma)p e
essential am)ngllatatheneG{ Becbco), beta mercaptoet
(Kemi ka)

2.4.2 Fluorophoresand Stains:

Al exa Fluor 647 NHS ester (Termo Fisher), Cel | M
Red (Il nvitrogen), Hoechst reagent 33342 (lnvitr
DRAQ7Y (Abcamd8 -((B3aGz o[ &) t6h,i8afizé&tl @ a ReoX-By D

di hyXHpgr ang] gy i24ocdrnmeni tril e, kind gift from Sta

2.4.3 Nanop articles

Synt hestithzoeuds ei by Pol ona Umek:
Tizanot uberBORPB) and
TizanocubrFTORRU) ;

Kind gift from Ulla Vogel
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T carbon black (Printex 90, kindly providec
T TiMKNAO15 -(TMKOMRO015) ,
T TiMKM100 (-MK®&2100), and
T quartz siDIQilea k$in@dly provided by Craig P
UK) ;

Kind gift from the JRC Nanomateri al Repositor
UNM101 ,Bin@t as eNM1ITRIIRENMO01001a),
UNM105 ,Tu®arneet as eNMITISRZNMO1005a) ,
UNMLI10 ZnONMIZWORCNM62101la),
UNM 111 ZnNOMI(ZIRONMO1101a),
UNM200 ,6B500M2 @J0RCNM02000a) ,
UNM401 MWCNT ( MW@MIMRCNMO4001la), and
UNM402 MWCNT ( MWENIRCNMO04002a) .

2.4.4 Materials

#1. 5-dihgs (1 bi diS) | eveel 85 H Ibi dSl)i,dw# 11185 | i di ) ,
p-di sh 35 mm quad (I bidi), AmicoAndlytra BLMEALGOD
Kit (Qiagen).

245 Software

| mspector (vemsei advd tidB A RE)B 2 8 ppfrt owaibdge dAbber i or ,
SPClIl mage 7.3 ( Breiciklienta g& JHilc IGVPgpt h(eMlaH)i(d a c A c @
L50658B1Wo | frEaxel (Microsoft OQiflfag&bR016, Micro

2.5 Methods

25.1 Preparation and Characterization of Nanoparticles

2511  Synthesis and Labeling of TIO  , Nanotubes

The ;fJanmbat ase nanotubes that were wused i n mos
synthesized biyn Poal ®inmglUenelkar ge batch to ensur
various experiments. She al so f unwhtiicom awei zleadt e
l abell ed with fluorescent probes by a csovalent
on thhe@eoplacasndct h-eor NHSsRt er functi onal group on
was dehnoeusien using the pgootoodl paondeduakitphat

referfeéBd®nce | abednaendot utbbees ™We@® e st ot edesuspe
diluted bi carbonate buf fLeirn wai tthefprHNg b ® miad e 1t
aggregation. The sample was filtered through
filtration device (Amicon Ultra-320mL TE®OQ@K) ca

Zel ezni ki) before experiments to remove any de

2512 Nonlabelled Nanoparticles

Ohenanopartwerlee obtained i n powder form eit]|
Nanomateri alyaReposdtezrdbuti on source, or as
scientists t hat performed the <complementary
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nanopart iMdalee p &ar twiealee s u4 p eFBISe db yimnan WtSe soni cati on
on an ice bath with a tip sonicator (Sonicator
using a seONesObBF &$teps and a power of 2 kJ per
kJ tiont al ). Al t hese nammppdarmiozeeldaveushpensames swe
surface area (BET) of nanoparticles per vol ume
nanoparticles bet’wgenad I BEEFABOM Mmhus, cell s t
received the samanopuraftszwcd esecee vefd t he same vol um
(in this case PBS).

25.1.3 Characterization of the Nanoparticles

The main characteristics of the mawmolpaasichebsr tl
di mensieanms,alcltompositioar é8&iljpgpecpfedgabletiace

A3in the AppPenédpbx mat inamopmctalmhebesf ound i n the fa
rfeer ences;zanlahteasTei (hananabase ma®ocubes,. small an
nanospheres and ch@QIr2ac wer ezevide nAcdedi ti onal |l vy, W

characaadi zedtpared t:hanbabbkebetdoTit®e nonl abell ec
refer[eésrBddhe Printex 90 (car bomhabrlacdikelheta@dopart |
ref er[eB6clavher eas t he rest of t he nanoparticles
Nanomateri al Repository amadr acrtéeenti zie®li ex pubéine vl
avail abl[eBufrPeOplor t s

2.5.2 Culturing of Cell Lines

The -4 Acel | line of murine alveol a cteylple Ililn ee poift
murine alveol ar macr onp htahgee sA meerriec aonb t Tayi pnee dC uflrtou r e
(ATCC) als9opB@Qlhd QQRU B3]Jrespectively. Both cell [
and -cslwtbured according to the ATCC guidelines an
controlled humidifi egdatat3nros’pCherTeh ewietxhp e5r% neht s we

when cells were between the fourth and the twent

The -4 Acell l i ne whasm clE2 K umedi umm ( Gi bco) t hat
suppl emented with 15% fetal bovinesetgempumnmykEBS$, f
(Si gma) e sls% nntoina | amino acigbutf &nbece ) , wlaede s miMh
S were cultured in a RPMI W&<dOswmepl eemerftGedcwi)t ht
(ATCC) , l1%speeptomhcnn ( Qilguma)mi n2, mdnd 0. 05 mM
mercaptoet hanol (Gibco) .

2.5.3 Preparation of in Vitro Samples for Imaging and Cell Tests

First, the cells were seededcdriostcopgppwdpbi ana &
chambers by I bidi) amantciuonededondi ttihenabfoawre at
ensur e t héatavaethteaccheeld st o t he bottom of the chamb
splitting procedure, and swb&enmnedopselkidf ehatceg! s
possi bl e, espebcaisaeld yvifaobri liintaygienxgper i ments i n s ma
At | ea

st 24 hour snaanfotpearwtetrbed kesp | 1t 0t it hg, cel | s &

appropr ipaotientt ibneef or e t he ealspemismamd poafwthiek 6¢ ® c k s
be sonicated for 10 s in an wultrasonic bat h (
251 0EMT) before adding theram@pasoipdrgidagsa owno It uomet hoe
sample to achieve the dRsioedtbearéanperidmeret ( SThe
then continuouslryarap dwtrtedl evE Heh méhaesur ement was

I n the case of -4c oecpuiltthuerleisa |l tcheel ILsA wer e first s
chamber. After one dlagyen hef ad enolss wasn fWwasselmdad wi |
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S were added to thd4 atraeadymbid: acNEedolLaf40Nand
a 1:1 r-B2Koamd ®KPMI full cel |l cul ture media. V
cocultwmaepptawe rmaelldesd after both cell l i nes hav
|l east one day. However, f or -4t han drSeMipetraek ef ierxspt
cul tured and neaxnpoopsaerdh itcde ptehreat e chamber s, and
with PBS befor&< addiLAg t he MH

Before imaging, the cells were | abelled wit
i maging sessions were short in duratiorms (up t
repl acéd ewictehn I i maging solution (LCIS) and ce
chamber . For longer sessionsmade et wagddrrsc weateo !
which provided the appr.dperviedtse temperature an
I n one mbwmee rnierhal Iniazneodp atrhtei ¢ | eds coenhtl os etahdey U Aa b e |
with Cell Mavak hOmaemper)ed cell medium while cont
in xz. The exposumebwhsdzpe@fbresmedf dge dose o0f
nanot uobnecse n(tcr at ed.itho PBIS ) mgHsmtintge &d Adearoneb®Pr o n
from a VI TROCELL® Cloud 6 slysdretmr,i fmoge ttewb e ntt
preeut to a length of 10 cm. Due to | osses in t
cell sstwvamated to bendlulldysMogne coann [thée] f ound i r

2.5.4 InVitro Imaging

254.1 Confocal Fluorescence Microscopy and STED Microscopy

Most of the in vitro micrographs were acquire
custbam |l t byvoAbbBeound an Ol ympus In¥X8 3 @#iecr os c (
the microscope uses two excitation | asers at
50 pW in tpHenegmmplud se | ength 120 picoseconds)
( maxi mal power of 170 mW in the sample plane,
spati al i ght modul at or nto the characteri s

i
depleti gmt TBme tltied from the sample is detect
( APDs, -'sSPRKHM Excelitas) in two S8fammtabnsdpav el en
720 nm, as defined by the filter sets (Semroc
10x aire obyYyrRICELNI1O, NA 0. 3, Ol ympus) and a 60¢C
(UPLSAPOG6 O, NA 1. 2, Ol ympus) .

The images were acquired and cont rvaisnt&ed) usi
software that was also provided by yAhbsbeetrtiionrg.s
wer e tuned t o achieve the mbese, combohation,
acquisition¥i eemdoffi ehed mimirmigmipdibrse twhx il @i ty
phot obl eaching. The meofpycoemmoningaud.tcd mict @l

Tab2leA short overview of the settingfe
i maging shwamk.i n this

|l maging Laser power Dwel | Pixel si Pinhole

| Idx, dy: |

C f I 51 qwW 1 1.1 AU
onfoca q qs dz: 200
E i talt@wn: dx, dy:

STED xeital@wn: o, X y 1.1 AU

STED:4 ® OmW dz: 50 n

dx, dy:
dz: 200

FLI M 51qwW 101 1.1 AU
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2542 FLIM
The fluorescence | ifetime images {pRhLI M) SWe&bDe o0b1
mi croscope (Abberior i nst rBuentetditoSn)adda s hinevmcr i bed

Fig2se To detect the time between the excitation

detected usinigearmbpbgtdaémelt GRASP PMT, Becker & Hi

attached to aitslpeatdogfapbt won grating of 600 |

photons with wavelengths ranging from 560 to 7E¢
an

di scarded d the information on t-ber péloatoed arr
sinmhet on coundSPn@, uBeictk e(rT & Hi ckl ), which al so ¢
the excitation timing in real ti me. From there,
the photons detected in each pixel of the i mage
I nstrumenty®) caThei croscopyTasle2ld i ngs are shown in

After acquisition, the da@naloywzesdaeg ntctee | $IRP @It mangee d
software ( Bekikregt I& Hitctkd )Decay matri x was obtain

in the i mage, and was used to determine the res
spati al distribution of the mean | ifetime was ¢
the arrisyalgatihmred from an array of 7 x 7 pixels
by setting the binning parameter in the softwar ¢
were not determined if the signal in the peak w
background noise (this was obtained by setting t
to 5). For easier comparison of |-iftathil me svalset we e
scaled from 500 ps to 1000 ps for Bwhé liimbgebmean
coded i mage were adjusted to improve the visibil

254.3 Imaging of Nanoparticles with Reflectance Microscopy

As di scoesedl.oZhnhonl abedtpedni dlheswealrapdat ed by
detecting the backscattered 1ight simultaneous|
shommi g9 e t wo versions of reflectance microscop
the same STED micr osc oJeec tRihcant 4 was described in

I n theomfomc al versi omFi(eg®aentihe graemen 561 or 6 ¢
itation | aser that waospyuswads fdaorr efclt ueadr eosncteon cteh
n, both the emitted and scattered |li-ght from
itter that directed half of the I|light onto a
APDs. Because scuttteroaoagurn st Ham fmouer é s kence
ost al | the signal t hat is detected on the P
d, al most al | photons that are detected on t
|l ight passesrshrbaghbkbevikraheféxc¢ci tati on wav
scattered |light.

For confocal refl ectance miFcirgoa8ep gy néabhewn in
Chamel &0 scovery | aser (Coherent, pul se |l ength 1
was directed onto the sampl e. Il ts maxi mal aver ag
was attenuated by sever al neutr al densi-ty filter
in dichroic filter which reflected only a minor
sampl e. The emitted and backscattered 1ight pas
which transmitted most -lodr gdepil nlgdit e, chimah iad i0a 6 B2
separated the scattered Ilight from fluorescence.
a meuclhtainn el photomul tiplier Sedatbio H).t/4dh.e@hR MTh dweassc r i
set to detect wavelengths between 725 and 925 nm
the dfsescei bed APDs. Because of the | arge coher

-~ 50 0N -0
OIS Q9 — oo T T X
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backscattered | ight exhhbresdl stedong anser édeg:¢
on the micrographs that could | ead to false
di mi ni shed by-nm@awipde iGagusas ilan0 bl ur to the micro
reduced the spatial resolution.

255 InVitroCell Tests

2551 Measuring Cell Viability

Cel | viability wads adnedtSeMioinnoecdu |l drurkeA t hat wer
various dospranof.idbks BeDore imaging, the cell
removed and replaced wit hg/LLCIgS uscuopspel.e nfehnetne, d twh
fluorescently |l abelled with a mixture of two

tg/mHoechst reagent 33342),sapdratedcdygd, spact
nucl ei of cells matbhndompcbobmaseidémprapedi ¢Mh. 1

i odiwydle) . Since cells with a comprompesesdtplbasm
cells) are mostly necrotic orcdiemBluat emgap on@tgad i
two fluorescemfféeebaddmooneobriaph were acquired
separated |l ocations in the sampl e. To enabl e
uneven cell density (most I|ikely due to the m
acquired]| atcadiiminlsan n eafcihewedl .eddble mijet dgr ap!

X 7ttnQ corresponddhgcdlol s ai.n 1tOMe negative cont |
The fluorescence micrographs that were wused
using a 10x Paiarn oFbljueocrt i vGex ,( NA .u3d,l t-Niwk bdde) 0
mi croscope built aFE obumdly .a ANHikrolng FtE2X@Oambda L S
I nstrument) was used for exciiM&Gi, oMl anmadyi aaglE My
512 x 512 piwelsl hobetdtweenfi a set of approp:
(Brightline, SemAa b2k odad 1mums efdor 3t5tRe Hoechst

and -538/ 5680846 96m for propidium iodide.
After imaging, the nuprobseirt ioufle ga lal o dcbeelrl so f( Hloeeac

(colzedaMHioechst and PI signal) i n eauctho mamage
countinsg wsi ncgedbauicluts tpormo graga rh e mat i c a. I n short,
il lumination was f i-lratt tcroairseficaaendd wsski nkge ran etlo p( s
Rolling Ball algorithm i mplemented in | mageld
Gaussian filter wittm)a troackiviesn wfutd tpiex eslisggn@a |,
usdefined threshold, antdthehemageawaregabbbmat
Then, the distance of each pixel to the backgr

of these distawWeésnegdbonweeahosdddi stance) wer
detection of mornpthso!l comyi tclaféi |gireangeicd @t mage usi ng
watershed algorithm. This step aqree athlocerliilmsgr ov
from one another. Then, components on ¢t he im
rcul ar (t h-desf iwaesd alusto ruesmeari ned constant for
pe) were counted to obtain thepaosuimbieve)ofam
mb er of nucl ei-podi tdevaed dcdenl lesachPIl ocati on i
termining tehaed mncuenhb esr, -pafrslidt i tvleo b jRlcwb i B bdt

Hoechesdi tive objects were counted. Lastl vy, t h
dead cells were both cal cul atthesu nfbream otfh ed eraudmix

ci

ty
nu
de
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2552 Determining the Cauliflower -Forming Potential of ~ Nanoparticle s

The fracanomatolfwelgeisar amotni tende cel |l surface was ec¢
the fluescestenceg micrographs and a visual over\
of i ncubatipanm twictitees sampl e was mbasarrielde d nSTHhR a
setup using a 60x water i mmersionmobijCetti Mask anda
Orange fluorescence fr omanohpesrciwie¢d|lse meaas scad tfer om
cells ampkachnd a visual overview of the entire
cel |, a horizont al (xy)slsil ¢ exc qawide ¢ dv.o Tvheer td wall u 4

of cau-fof mbwgr potreannnd paadr toiscltlenecr i DatAkinn det ai | [
the Appendi x.

2553 Detecting Released Cytokines with ELISA

The concentrations of eight cytokines (CCL2 (MC
CXCL12 (SDHR1l) |«FNUMNE, a6y ft &l eased by 4d4andocul ture
MHS cell s after naxpopssu nt(aiako s abamm,notiudes, Ti O

MKNAO15;NMILIOA, ,NIM1O 5, ZAQ@1INMand cr wBQ1l1a2)l iweer esi | i ¢
measured usingemekhtnefi @ maaswinahl yBlLel SEAL | (SMurlrtaiy
Kit, QCagehd)urdesamdS NbHel | s wer e -wgerlodwmp liant etswaof 09r6 e ¢

9ével | ELI SA plate and exposed atnoo pasr.lt GAdltesrur4d & c e
h of i ncubatuimonya st hree mesceid from the cell s, j oir
mul tiplicates erpospd,t oantdec esmtnrei fuged at 200 g

(centri-¥2au0ge Tedet ezoaki ) to remove dead cells and
the uppee 23atpodfe whkre transferred t a new micro
at 23000 g for 20 minutes (centrifuge MR22i,

nanopamytthicd eel ps to avoid otaiucseeld ibryt elrifrediemg e
nanoparttoi ctEhd S A pl at es. The supernatant was t
mi crocentrifuge tlWOWe wak. @I%Bedr ttoommpXn up any ves
and the sample was centrifuged 3@, 1 Tmhhuoteaat

e
(0]

Zelezni ki) te iemonwe BBample. I n the assay, 12.5%
control, the antigen standards from the kit wer
no.exposed coculture cultured in the same manner
the thioH. cont

From here on, the ELISA assay was performed as

the samples were added to the ELISA plate along
two hours to |l et the cystpoekciinfdsc bhciagpst utriea tame e gotdo

attached to the bottom of each well of the ELI SA
unbound mol ecules, the Detection Antibodies (to
the plate and incubated for onepbhouvuedtoytdkiowed
Then, the sample wd&PwéshedseamddAsihdiper oxi dase)
to the wells for 30 minutes, during which the av
on the Detection Anti bodi est. SAdltuetri owaSecho nntga i nti hneg
and the solubl é3T¥MBeBubDmetraylebenzi di ne) was add
and i mmedi at el y eafotuearsvearodis tthhee atbisnoer bance was me
for 1 hour in steps of 15 Isnedcionndse ovhl 0D Os Pe ot, r Ol
During this ti mecattahleyhzekRIPokoziymetri c reaction t |
t heol oTMRB sisnbo i ddteaetde, i n which it absorbs I ight

concentrations were clabtpes avokedt h e cdaebptebnecbeanmcced i @il r
of bhaeopaaxtposled cell s, adjusting fexpobBedmeasur
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coculture, negative control (just the Assay B
Cocktail), as d&sect i3bmdAihre dAetpainldiixn

2.5.6 Modelof Chronic Inflammation Following Nanoparticle Exposure

The theoretimadopmnaddalcli e in the alveolus an
popul ation and chronic i nf |Chnmnanpatteirlotn iis defsicma c
system of differential equations, which can &
monocul tures of epitheds awelclelds tamai rmaicm oypihta
system of differenti al equations was solved n

final states-cafl |ltelde clh@adalctEegsada hitei ¢ uNDBavpiainnt s)
Wol fram Mat hemat L6QBRP2)Y. (Theesame software |
vi suahege results.

The phase spancen ofastpleecilteirce @ ar aXmedi ea s i( ft loxwe

for mavtyigond dingn aelf £§ ¥ bR E ytyemw avealp asrdricadlmee wa s

predicted by calculating the time evol stion o
of theatmlhorpeagpedccilfei c parameters. For each of tF
that were equally spadedoiamns etdisep lal coeg atradrttehlrdiadgelc|
the amount of predicted time evolutions in th
of the final states of the model were read o
del i mit areas with sdimtlsaman btaheeadcritedrest ube ent

same approach was usedctti®nmodeald tpiran @pcarstoincsl e
sorter cube.

2.5.7 Analysisof InVivo BAL Cell Numbers

I n this awarl ky,h edec e | | number s f r osmi BIArLG n aglf o arli vceac
publi shed -BMiderogas BGG i el 2807l rett ed .study, they i
expo&weaed k oltde eV enasdso s evsa roifhcaunso p s L B¢l 84gor 162
0
t
c

hanopapeéeircm@ddde) the @lesBre2d8ti e, (tamaly 1f8I10u sz
he lungs of anesthetized mice to obé aBALt he
ells and ¢d@®Adted them

To compare cell n u mbnearnso pheerttwweeel nd ¢ dhied ¢ & stt @ de s
cel l numbers at t he nsaannoep a&r ubridadaaes a otstee f @frt eard |1
LOAELowest Observed Atdtowesé HbbEecwibbébvebserve
and NOABL Observed Advgehgshee sEf fdeocste Lwevtehl no obs
effect) can skew tnhaen otpasyx, it deicstipye cgi raahd igrs gwrhaefme rnt thse
have been perfoexpdsat e ordbgydedsd 1f stvlee AppEINMS &,
the surface doses of [2Wér expakboukatpdbfriremedheé
54 ortgle6ofanoparpteircl msuse), characterishec BET
nanopa, tancd etshe esti mabeédalr@dinged&skurdoladcemduse (8
[ 92].,, TMTMBN, linear interpol ation breamwepar ttihel &
was used to calculate the approxi mate cell nu
was possinalne pfaor neixaclldet f or DQtlr2g p avlhatrieoh i masaru
to the | pokwats das ameasured only atg,t hweh elriegahse ¢
the 1:1 surface dostg, wawbhi eguiwaal wprt | touB8O0Of t
The <cell numbers at expovyrea(dayalO)ngietrt e eas
numbers of al/l t lgrei cnee geaxt f ovsee o otnad rtoHes s ham con:
nanopa).tikdrest he dose dependence graphs, the

sur f ace dose wer e cal cuwlsatdeeds cirn bede abdbame, mar
interpol ation which was not needed.
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Chapter 3

Results and Discussion  wKey Events
In Nanoparticle -Exposed Alveolar
Cells

he results pardenhe dd bdnp tdekii s@foeuca@anpai buti on
he interdisciplinary, international H2020 Sm
he publication H. Kokot , B.cPKe#@tiott i cAn d&feb @l
nfl ammati on for I nhaled Parltiincgl easnd tCuea rlammptai c
he Lung &pddgdhel oumt he maj oropettcomes of the |

As mentioned in the Introduction, a plethora
in silico experiments shouhdnbdasrptéintbleeb mgd Tu ©
nanotubes) in order to mechanisticalilly tumaeer s
nanopaaxpoaosled al veol us. Several of the findin
which were performed by other members of the
of our experimental results with dreasiimg otfhe
i mpact and validity of the conclusions. This
who are clearly attributed in the text.

As a side not e, we would | i ke to stress that
wer e obtainedt usxmpm@gr idnefnftearle nset ups. Mo st of
mi crographs of the horizontal pl ane (denoted
using a confocal fluorescence microscope wit
components on tahree nsihcowngriamphbagoeamtniacnl @eds. Any
di fferences ilrratrheg sdtauppdare c

I n order to understand the complex network
foll awnogaerxtpiocsluer e, we decitdead btyo at miomdbd & & h ep
in Vi tgysteums. By focusing first on the =eve
macrophages, then on monocul tures of epitheldi
coculture of theasasnmopalaihdcltthleen itlewtawé e t he e
are simplified, and can tRugBbhe discerned mor
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Free nanoparticles

<, Macrophage 7 ®
? ®
?
? 4 4y
Monocyte v v o
influx v
v

Fi g8t &pl i ttthihengsystem into simpl e Ssubsy
i nteractions.

3.1 Macrophages Die Trying to Defend the Epithelium from

Nanoparticles
Because macrophages are ce
role is to defend the boey 4T,
to first study and discuss Free °®
nanopauwt iiz@laestwabneds -MH a cel TGRS Macrophage
of alveolar macrophages.

3.1.1 Macrophages Immediately Startto Internalize Nanoparticles

Macr ophages arse ecce lfalbsi zteledlacio ym e ¢ m @aalmi,dz adteigornad at i on
of foreign bodies. I't i s t-Be st foitnetdenr thttaOsi izrepr i s i 1
nanotubes i mmediately after coimmiFng @i2,rettohexant act
macr ophaigretse roveat i aes si zes of particles, from sirt
of nanotubes as | arge as half their size. They
aggr egant etshef rfoliomotreraradk iz g B2A)wsi mi l arly to what
macrophages are knownd5tjlontder ewstihndlaxt ewhan a ma
observed interactimgrwabhhaggdegayenguthb | arger t
haze of nanotubes could be bBbgBR2@)ed Tmiss deazd e

corresponded tiontaermedIlbhigZeeddeandt ubes, which were
from the aggregate by the macrophage and woul d s
aggl omer at es, oams tthlkee lerfeas odedrme macrophage.
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120 min

FiggBz2zMacrophagesnaliaes sizes of ArAa nt dltrag
of f oSr mEMMEr ophapgeste( gwmaereingunsy shnaeetaoabedi
(red) very soon aft eruwreaxtpiocs ulreeh afele plaacshder
sur faae®A tilmeose &f macMbd ph &g eaa lfi zIli argg e
of JJnahotubes after 2 days of eaeamogurdd

the first frame is a STED micrograph, t
membrane ruffles and wraps afi ot ed n alhie
characteristic for macr o Ancontf @siash aann
STED ziononmofS Mcr ophaged ntemrqadfiirzagth mgne

Tithanotubes after 2 days of inoabapa.nohn”
red haze inside the macrophage ¢ o-agrgersep
nanotubes. Because 70% 3D STED was wused
ensures that the red haze is inside th-
spread function. Al fA,uo8mrd& cweenrceeu iamcigd rt
horizontal (xy) plane with a 60x wi o0bj

Orange (shown i.magrdarm)e,s and hTIAODexa 647
of the nanotubes (red channeltpf ivabel og.
show both the single nanotubes as wel/l
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3.1.2 The M acrophages are Full of Nanoparticles Several Days After
Exposure

Af ter sever al days, a; nlamrogas b@ mo uvats dfeScahed Ti @
macrophagesonmgst ncomm form of spherical aggreg
ranging tinram @i £ e wnient egisz e, amF¢ g8k eT hsiese ni s

di fferent than t he-psoiitnutast,i omh earte sbhootrht esrmatlilneer and
were common, suggesting that i n tahgigsr etgiantee,d ntahcer o
internabnbpedrticles

A consequamemaacgfgrcdgati on i nside the macrophage
t he tot alnasnuorpfaatchea tdfean i nteract wdalhl éod od wtgii wea |
nanopadosie)l.e Al so, thet mpeiophages nat alpptar to |
depl eted of energy, judging from the vivid move.l
as of the vesicles and nanopar tHicgdel@aggtr kgates i
Appendi X¥his is in agreement with the transcripto
system bys Jan®BeTk eBStabsgd HZM9.@dAammamnrydi ng to their

(which are dFummeldd,up hien t wo mos-tegubai eeénhalyl mar
geneisvetmacraphabpepsoitnitme i . e. two days after expo
phosphoryl ati osni gmal wildgcRhC 1anrveo | bvoeetdh i n ener gy pro
The for mer includes genes that encode proteins
(OXPHOS) a highly efficient sequence of chemic
releases the energy stoirredt hen prugasrea recnd so f( ea xgy. g egn
the energy by producisngnlefhmregThea mME@RWIdes genes
upregul ated when the mTORC1 complex is activated,
|l i pids and nucl eoti daensd, leaemsd glfyfdcacliyesnits g(l ruapise n
cytoplasm that also provides intermediates for t
all of which are needed fi®6]cel[l97growth and prol

Fig@3®MacrophagesnanepdmtiVvelodd days Tahfet
confocal fluoresce8cmamiopbggaphEgnorAéaefM)
4day incubation with andndt shed Bcaefetdb)adsa
incubation with a 10:1 nawnfpacde | dbd®t lo
macrophagesnalrigzee da moamd pa.rotfCell le sme mbr an
with Cell Mask Or amagen o(tgurbeeesn )wiarhd ATlieCx a 6
is logarithmicalffy beotumvies® .@and cut
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3.1.3 Macrophages Die After Internalizingthe Nanoparticles

Someti mes, a haze of nanotubes was observed i
presence of a-angulrteigtautdeed onfa nmogpmar tinEl g84) €&l ef t t
I f these would not soon be aggregated by the

nanopagurifcdeee dose that can interact with the
cetdéat h. Sever al exampl es of dead macrophage!
col uimhsgB4 e

FigB4Pead macrophages-agmd eqgyah &®de nafmompan
can be observed anfaneorpaax p e Wehcecayhsoraofzon
corresponding vertical (xz) confScmdcrfc
(membranes | abelled with Cell Madak Oramg
with a 10: 1 s uJxnfaancoa udbesevi(d fa bRil ®ea 647
intensity is | ogar totf f mibeced lolwy 2s ccaoluend sg@ nc
haze of nanoparticles can be seen insi
show examples of deaddamdt egi wigt maamroewWw
mi crographs were padded with grey to en

Il ndeed, according toinfFh g 3%, ie acbxip o stuyr ed attoa [sahrog
doses mfandit@Obes (e. g. 100: 1) Geammaecavphaghbe a
sever al days of incubation. Al ongsaindoessofieasur e
cell debris found in in vitro |Riva@esOare al s
can alsobobdanvecal |l edeborfi smiicne,| aewapgocsteudb etso
(accor@i ngndes andHDM &Getmah¥ke personal commun
2018) . An i mportant consequence of macrophag:
i nevitabklppseaeot her macmampd@pared eyt ohadheprevio
i nternpnakionséquently increasiamgpbahedaktbeveedos
rate of the remaining macrophages.



42 Chapter 3. Results and DiscussiorwKey Events in Nanoparticle-Exposed Alveolar Cells

A Surface dose 0:1 Surface dose 100:1

100 1200
D §1ooo *
280 % ]
Td60- ® % e
0o o
£ 2 600 1 ,
= 40 - 2
O\OO “é 400 - +
o (]
& 2200 - B
]
0 < 0
0:1 1:1 10:1 100:1 0:1 11 10:1 100:1
Surface dose (NP:cells) Surface dose (NP:cells)
Fi g5 Exposure to | arge ;sanbaocbesiosewen
macropAbpgeslayg 2ncubal iwint JoAThiBBMubes, t he
gently removed and the viability @futopoe
counting of dead cell phandd alhle crelclrso gfrr
all cells were | abelled with Hoechst 33
propidium iodi de HThe wnerime maaggeertaf) .deai
(narradps opelrl fiweld60fmviiaérOge) were cal ct
cel l number s. Each marker in the graphs
the sample was measured, the horizont al
the standam.d devi at.i
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In vitro In vitro In vivo
sample after lavage lavage lavage

Non-exposed control

Exposed sample

Invitrolegend 50 um In vivo legend 50 um

Alveolar macrophages '

Living macrophages
(resident + recruited)

Dead macrophages Neutrophils (recruited) Q.

Cell debris and
nanoparticles

Cell debris and
nanoparticles

FiggéebPead cells and ced | batelbriims \airter @ ri
Fl uorescence mi ¢S omam@pdwl toufr ea aMHd it s |
| abell ed wOtangel | Maewn dna yg rienecnu)b aatfitoenr
dose onfanfaotQubes (|l abelled wiBBr Ak hd6mi
of cytospins of murinerhteageésabect dagy
Tithanotubes, doped with Europi um.-GrTihrew
Giensstaain prior to i magegati whal yghclamdec
nucl ei )-bpuephlhingdhthe positively chargeace
Tithanotubes appear grey and bl ack.i ke
described [i98]dedati hei nn vivo micrograph
David Kutschke.

| mportant| ynantohteusbee sSTiihduce macrophage death

in instilled mice (as wa)9,] swihoiwnh bcyr eDaatigeise las elni n
i n vittrbdenanwd vo resul ts. I n vivo, macr ophage
counting the number of macrophagesshdwii gheel av
37, Fi g Arlelan & i g WArlef or data, -avmalchzedn tiee raw d:
publ i s[h2edlh n np airmd ¢d ed macr ophage death is best
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doses$ hlemattest one dasyureaf.t eArt -plddetnderx ptaminmde | ower dose
decline in macrophage numbers can be completely
the al veoldi as they differentiate into macrophag
to the baseli necordievg nt a@abtowe . ofA t he rare public
cel l number s wer e me gsourne.de,dte wvadirdyere atrhley etxipnoes u r
the | argest decline in macrophage numbers actua
instillatindn, tamadi ome off neutrophils (accompani e
cytokine concentrations) can al (reardlyi-pdore ndisser ved
were not [MmME&lsured9]
A
Neutrophils Macrophages

150 » 150
2 5 Surface dose
= © .
o £ T of TiO,
‘5 100 © 100 nanotubes
] 3
= E ~—~—_
G = T: ud . -=- Control
g 50 250 T t \ - 03:1
E = i L .
= E 1:1
4 =) = .

0 @ . z ) 3:1

0.1 1 10 100 0.1 1 10 100
Time after exposure [days] Time after exposure [days]
B
Neutrophils Macrophages

5 150 o 150 Surface dose
E 1 1:1
Q =
£ 100 & 100 [ DQ12
3 3 1 :
= E 7 . TiO; nanotubes
5 50 ° 50 . ﬁN TiO; NM-1
E Qo ] i -+ TiO; NM-2
2 § -+ TiO, nanocubes

001 1 10 100 001 1 10 100 - Control

Time after exposure [days] Time after exposure [days]

Fi g@T.-&i ntceour ses of t he macrophage an
bronchoal wedllauri dl g vBaAd-) Tohfe itmicdei 4 d s da rmd A
three different suNTsac(ec adrorseessp goIf di & dheen tfa
per mo u Bef)i veenddi f f er ent met al oxi des at
nanopaand clluen aruwrsiVvdeecea | cul ated the surf
cel |l numbers andhmd89yd FPeen,i | peblHwgh Das

Knudsen, and Ull acogleh t{I€C€ B&ls cuaedtung
ared 820 oamthe 2Wegkéd eavdy2 |@ihched Aseerde i n t

wor We <calculated the data for the | owe
nanopar teixclept for DQ12, for whiuwghendenet
physi ol ogical negative number oTfhemaar wpg
of exposuwer € déd g tad®rn niihnee dmean of al | t he

tipeints (mice expaPpegd otéon osphadrm iccd netsr ol

An important trend theatouegmersges firnonvitvine BtAiLmec
foll owing exposure t onavnaorti Bobuegs8.7d8) s eadn do fe xtploes uTieO t «
the same surface doseFiod BGHE,f featem tr ewmna ltadh el oaxti edde sf
data pub]|] )9 hiesd tinat t he exposur elsadthiang cianufslewdx ao
neutrophil sl s(oanpdr otlflhonsgeal i nfl ammati on) al so stroc
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numbers one day adftfeagcte Xipo smo reee xyIphaomsswruensc etdo wli
surfacendoepat(péetl ew and orange@epamikdemd irestplo
to JdnnahotiubiegBT7TA) and exposureanopamiieelge o DIQA 2
and ;hia@otubes, denoted with orange and yell ov
var inausar tsi alte the same FsguB783e dbeesei mxposur
initiated notable infiltration and differenti
tipw®ints, which can be deduced from the incre
as shndcwmg 88 e the connection between the initial
neutrophil numbers a month post exposure appe
sustained inflammation is a consequence of no
processes that might include other cell types

— 250 1 %

> >

2 200 | . S 401

=2 W °

S 150 - £

° 2

5 o o 5

2 100 - 2 20 -

S G

g 50 - oo & )i

§ & o E o 2

= 0 T —|._!}| 1 ; 0 T l-“'l_._l

0 20 40 60 80 0 20 40 60 80
Number of macrophages (day 1) Number of macrophages (day 1)

Fig@88&e&e&he relation between macrophage an
(acute inflammation) is nicely discerne
depletion and neutrophil wmuenbEeprsoladnged
not as Wei mmwlod edandodgrlthihdeadawadt a publ i shed
in20C®Y) from in vivo | avages of t heoxn
nanopar taitclten.r eeha om&sbpasxdacder es are s
the control measBeeaene {heonamger ofaf
exposur e depends on t he bal ance bet we
macrophages, the relation on the | eft g

3.1.4 Macrophages Do Not Manageto Internalize All Nanoparticles

UnexpectedBymathepMBHges duop tnaokte naalnhangoef otttahlee sTi C
ynot ewvem the course of isEevegBa¢! adfaty)s,, & ss isdroi
amount of nanotubes Wwhese ®maaclbphagaestsedvent af te

exposure to surface doses |l ow enough to have |
rate (according to theiwgiBbei |l hyerestuilngl ys,hoa
around the macropbdaged, wabemwedd the rest of t
inability of macrophages to clean the entire
dosé&guim@B8right), where the incomplete macr ophesea
worsened by the effect of macrophage death, wt
but al so-r e bee avdich orpaa.r t i cl es
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Syp i Sgisn=1:1 Snp i Sgin=10:1
4 days of incubation 2 days of incubation

Legend 50 pm

Aggregates of
nanoparticles

Macrophage .

Macrophage
full of
nanoparticles

Fi gB9dMacrophages do not e madlaigmahneéoq a.r T h
fluorescence microgrmamby awtud wli @' e 0dn cnee
membranes | abelled with Cell Mask Orange
with;nfanlkotuubes (l abelled with Alexa 647

Ont he@ne hand, the omhsaarypyadltd ad@ampéaetsead dbypwe ¢

t he -mhoynsi ol ogi cal glass surface of the dish in w
However, from the aligned ftlaromemeaanwreeSme rctr oayfr ahd
macrophages in thedrepiotchudltivale aovdltihhe LEAWH iuah i min mii

the alveolus where macrophages move on top of
maxi mal s pexmoxdd nmancr ophages to be &ppgpuori mat el
31D, which tmQuabhadlRPs consistent with published
mo n o edyetre ved mdcdroddghagnmeascr ophagesnetdhset ealavtd ccladrl y
surface with this speed, they would scan only 5
would need 22 hours to scan the entire alveol ar
i s descSecbtei8@dm nA.he App€pnds rrpwe otplhya,ges are i nher
too slow tondmudpayf tpomivesmachi ng the underlying ep

Mean and maximal speed of Speed of individual macrophages
— macrophages c
£ 300 1~ g 300 ~
£ <
T —e— Mean speed E
— —o— Maximal speed - 9
= 200 - p S 200 A,
] O 1
(] Q.
8_ (%]
(V]
¢ 100 A & 100
© <
& = Q.
S o
b 0 T T T T 8 0
0 =
2 0 20 40 60 80
Time after exposure [hours] Time after exposure [hours]

Fi gB8t@The macrophages sl ow davam oduarfithrieg gt
show t He pteinmdeence of the speed of macr ojg
exposed to a 10:1 susrdarccet whoesse. oWe | caablec
ma x i mal speed (shown on the | efgtr agprhgph
calculated from the positions of nine m
were acquired overpuwblpies{h®dd] iof 80 hours
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An interesting obser vimFEi gu3rldirso mt htahte-Stghrea p Wi
macrophages sl owed downaadttebeexpOserexpbamat
that they were surrounded by nanotubes and he
findeomtf oreign bodies. Secondly, they might be

damage caused by the internal iTZheéd dh gn ottihbeesst
interactions betweaanophebioelié actandst gelules bir
together and inhibiting their movement, (see

because we have observed that these specific
in lung epligd]etti wobucel be of no sut ppiksaee fi nt h
macrophages, hi ndering their movéementi mogpdt Ipd
cl ear amacneo poar. t iTchlee ob sdeorwwne dofsInbawr ophages i s a
recently published in vinvamoapnatrndoccdeedt adbt ehsat
phagocytosis and migration ti nmamarcayRlphpy®e4. [ al |
cell i ne, BV2 microglial cel l l' i ne-dempirvendry
macrophages, macr ophageuga nidn ohtahrnedrp g wykiedbK RS i s h
CuO, CoO, Fe30#4, a@GNT[o1l 6jBIJ03)]

|l mportantly, the incompl eaamopradys mhwgiemther ne
inevitably-neaus gs bd emdmpatbohypliss the macrop
conseqguently reach and interact wi tugl utnhge epi

epithelwaad tcledilrs direcrnanopgamrtaicagli dd mk @il taly a ma
rol eanoppairidwcdeed adverse outcomes as well

3.1.5 Short Summary

Al veol ar makt hepldaeffesndemwsgi mtfernrmal iluengsanopart i |
aggregat est hemindle ntsteeyi nt o | arge $heuctuirabilh
i s significantly | owered when exposed to | arg
deat-bxpesing the neighboring cel IBectacubtehe i n
alveolar macrophages are unlagalertge iifmtacrntn alni z
nanopati hevlienatheéddyacectly with the underlying | U

3.2 Nanoquarantine W an Unexpected Cellular Defense

M echanism

I n order to understand the 1
nanopaaxpaosiled | ung, we shall Free
system and i maaDtpiaigaded edc ee\ nanopartices /
monocul tur-4¢ oél thlkeibhd (type I

to Fdnnahot ubewepgoWhsdrbd e, we Wi

i n vietnrtos etvo the in vivo obse

the same nanotubes via insti

3.21 Epithelial Cells Immediately Startto Internalize Nanoparticles

Similar-St madMHophag#s epithleellLiAal cells are als
consi damalbhts ,oanoaotiObes. Not ewort hy, they mo:
nanotubes and smal | aggregat es, but we al s«
nanopaagdrcdgat gns ,i ne .sgi.ze5 wWan dmpaerx pafdture mo st
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the inteérfMalniozaudbes were | ocated Fimglitddewaci di c or
e.g. |l ate endosomes and/or | ysosomes, which are
vaaus bi omol ecul es. Thi s, nianndoi tcuabteess etnhtaetr ntohset cT
endocytosis. The remaining smafl cpodtsi almeasf nma n c
|l ocalize with |ysosomes oneinhRogil Bftamdt me& seé X p oS
|l i kely entered the cells in a difrhda&amemar tmanlnerr .
exposaurlear ge frmarnopari tofc tt ehee piatllee ¢da ttodu t sa ldles o f

|l ysosomes/ | at e Badop aangegrcd gaa tleasr.g e

Unexpectedly, when we nebuli zed mome | myreost ulsesne
nanotubes passed through the plasmainBégbrane i n
3.1 1C. As this time scale is -lnurcdh prud cceksesy afhaol at
medi ated endocytosi s, such a quickngapeadentoul
fastcenido p[rlolode]siseem a purely passive passage of
the menmjar pme®cess termed direct translocation. Th
affinity between the nanotubes and the <cell mer
process @fpi[nigAjblHo 7Wr a

It is Iimportant to stré4secsembbbtyevenet:maluighe t hie
nanotubes by endocrydtosi mpl tw hit Batdoehey have spe
nanoparticles. On the contrary, the endocytosis
bi omol ecules that are adsor-dbaldl dd ddhreomanampdrdan
to the endprgteotanditeceb) unspecific interactiol
receptors and/ or the plasma membrane.
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70 minutes

xz, STED

Fi gB8rt®The nanotubes enter t he celumotshrl
endocytossoc,t lbruaugehl ot her rout es, e. g.
trans!| AcAatfilaumbo.r escence mi-cnogf adphe pd Acdc ed
a MdOnute incubation witidnaaolt:BlAessgubhteg

fluorescence mi-4repgprapbl oéal acellLlA after
surface doaeobdlhA@&m@, | hhegnalncddt ubes were |

647 (shown in red) and | ysanomas gwietelm) L

into acidic organell es and Sihdues vailesw &lxe

nebul ixfatd oh: 1 sur traxreo tdwses o(f| albhed | ed

red, contrasted fromnlota 3 agewmptod)h &dhi
membranes | abell ed with Cell Mask Orange

the Cell Mask signal is due to the conti

rate of t hd aoprsiegewdasl aagtvé npeer second). Not
inside the cell from the second i mage o

The endoneylt asgiedl entry of t-hecelalnotiubesupmor
findings of P. Zawil ska whiontodrsmalniedeudbkat we h
| ocaliinzedhdosomes after 30 minutes of exposur
internapazhways except macr opi nfol®8]Jo,wii g hGah]d
chl orpromazine, al most noi dantdh eelple A h\ddidg | olo & ¢
I nterestingly tchoonughaesptuwebdeins wedr mi crographs, wi
smal | fraglta omamdt ushiens sl owly relecpbesedi cieodl
(sé&ée gl g, possiibntyerbneahlnigzuegdh macr opi nocytosi s

passing through the membrane as described abo
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Fi gB8t2The majornamnap @ir ndifed raild zandooyt o:¢
routes alGmbpfpale-btaipmkEAdofepi t hel i al cell s
using STAR580 DPPE, shownnduwubfaptreedn) mti ma
ftMchl orpromazine to block ,mudnd pdreg@ndd
dose erfanmdtOubesd (WiabhelAll exa B4 Ai thhavhre i
remaining in the medi uwnmndwprainrsg oWeeeec e xtpr

the red channel of the d&dwoirgiwasliuaddfzlaitd fm
of single nanoparticles into the cell (
it is impossible to discern whether the
aggregates just bel ow t he pl as mal | mesmbrrfi
single coOGfogmhgkbkbaetesy of Patrycjal
(CBYNC) with permission.

3.2.2 Surface-Bound Bio-Nano Structures ( Cauliflowers) Grow on
Epithelial Cells In Vitroand In Vivo

Unexpectedly, a few days after exposure we obser
LA4 epitkél sal which wer enamopwsed dmrd mbiTalOogi c al
(sEegBL & or sever al examples of these structur es
Sstrucst uaappear yellow in the micrographs). I t he

n
bi-mano structures were always observed on the su
frefellyating in the sample mébdiunm. st mpecttaagsr werth
when the epithelial cell s wemeaenexaplfosskeadbdase | ar ger
313 and they woul dFgrmeBw¥wi Bachume @sketerature se
no descriptions of such a phdhemewmened wet itweastme
cauliflowers (due to theioliogurai-bgal éceendf wrceal and
fluorescence micrographs) and decided to examine
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Swp : Sgin =0: 1 1:1 10:1 100: 1

Figgrt2Caul i fl owers are | arger and more 1
The xy micrAggeBag@gbsowdL el |l s (membranes
Orange, shown i ndagr eiennc)u baafttieorn avi 2 h v as

nanotubes (|l abelled with Al exa 647D Tahhec
cressesctionsnndé ogr e o Dp ETED mCicrim@ampwsr ér a
using 70% 3D STED. Before imaging, the
Cel | |l maging Solution (LCIS), thus also
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4000

3000 -

®
L J
L
2000 -
1000 A .
F
128

0 s

Ohours 3 hours 1 day 2 days

Total volume of bio-nano
structures per cell [um?3]

Time of incubation with TiO, nanotubes

Fig@rt#Caul i fl ower s gMowr omgrtehp htsi nend a
charact ersicsatliec otfi mgppeanmnanmncastofuct ueebi &
epithelial cells (cell membranes | abel
exposure to a 10:,0 acstuurbfeasc e( |daobseel loefd TwiCt |
The micrographs were acquired 3Nehpewrd o
quant i fwiid &t iT@mtj hae Vrag ssu | taidnagp t gerflalpfid ¢tine p e

Firstinpo,tiwetdhea hatulairfel ocoovesresri viedt @mliyt hel i al cel
monocul tur e, but-Snmathephaget men Méfurleteu rsea mpolre i n
consistingnadottihteesTiaddOnd t he fl uorescBEngupeobe (C
Al18 n the ApmHemdwex can suspect that the-appearanc
medi at ed, and is not an artefact of direct aff
fluorescent probe.

Second!| yesebumpiecromscopy of FRFihg®ick urle id alwed st at

these structures consisted of Jnaanroltyu bresn o dw hsi pcehr
were intericeadtas edf byhwsphol i pi ds. I nterestingly,
when probed by a strong STED beam, omhherhwiasca s as
easily move mobi |l e -fnia nloepda rvileiisg ke s=rsa n(seclehpp e ndi x

Because we were also unable to remove the caulif
washing, this |l ed us-ntamocoenalucdea rtetsatarteh emod mind \
strongly attached to the surface of the |l ung epi
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Epithelial cell

7
ﬁ Cauliflower

Internalized nanoparticles

FigB8t®The characteristic appearance and
|l ung epi thled tdaAceddlIsl . membr anes are | abe
in green) were exposed :nanatilbes glabeat
shown in red) for 2 days.

I n order to test whether the appetafacteocdf td
vitro setup used for the experiment, we took
to the exact s,amaobladb®]h noft hBi Qubl i shed manusc
al noted thatduhé¢ alsv enkeldir amegrieomer ates and a
debaAlssmccumul ati on of protei nsmwvasusbmattved b
n o n
fr

t explained, which sparked our interest. [

om the same experiment show that the | umen o
that were aampesaaeadideibe ol ogi ddlg Bt®l. e Molresover ,
similar to caulifl ower s, they were attached t
and type |1l lung epithel isadnaeldfs.s tCrrwctiwarl d sy, s
i wi torborcerved caulifl owers provides a valuable
and supports the choice of the in vitro setup

Q‘ Q‘ xposure
‘4 I
Alveolar wall

Nanoparticles

Biological material

FiggrteCaul i fl owers are present also ifis
nanot Rbgbeotionrverted edherddadedydpeaerkspectr a
hi stol ogi cal section obtained from murli
of a 3: 1 sur fraacneo tduobspgs o(BIn6d2p Oper c mes s e) ;
can be seen as | arge purple structures
hi stol ogi cal section of a mouseae, tbrpbet
of Trine Berthing, Pernille Hggh Danie

assistance of Jorid Bi[r%k@e@QQ ABK)S awi Itih) ,p ea
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3.2.3 Cauliflowers Formby Exocytosisof Nanoparticles

Naturally, at this point one-bsotuanrdt s atud iwad nodweerr sh o
One clue ¢Fomes gf wobemre one can see that the char a
aggregates in twke.tmauill s fvewersi fhiol. 8r tay the si ze
08tm) i n whint¢ r ma¢hiozeudbes are | ocated shortly aft
us t o hypot hneasn ozpea rtbhiacth etkhief | ower s mi ght have pre
e-4LAk el l s. However, as menti ememrdbem drhe Kmdwrmdu
only slightly af fdecltuntgh ee pvijtaBe &l nidtlyc coeft etghuee nLt A
e | argenamopatnioédlhes caul i fl owers cannot be at
| eansaenopfaft ol ehe few deadnaebpamifhbeedbhoee, t
en releawngdcket dbm ktihviough exocytosi s, as some
0 ¢ yntaonsoep a [ 1 iifj&1] 1e6s]

When the excretion of exocytotic vrewsg ctl et was |
nhibits fragmentation of actin, consequently pr
uring the fina)]l esxmagrei mdn tAx peSeftbaars)itia d) adnjoove &b | e
mount s ,mdnoltiuCbes were | ocatsed hiant ewmeacey tporteipca rved
xcretion fFriognB.ttéh)é 9.4 ¢Wd not i nelddi shmifcrbgraphes

of the exocytotic vimsiuplweas dr amwdhped hfsmiomea hye3 corr e
observed size of nanotubses.adlgregatces iahmokeé oauk
were present on the cell[s94vhen exocytosis was bl

h
0
h
e
e
X

Do = ~ ~+

o v QO —

| mpor traan o ygexadcylteosi s by lung epithelial cell s
in vivo observations that al most no nanotubes we
after exposur e, but were ins[ftzxjiNamestylyilfooated ¢

i nto account t he innacnoonppa beytiem bcel secaprhaangceds. &(fsde e Sect i

one would expect to obseamepaisBi gghe¢dhi tart eamobe
cell s and macrophages. Howevernaptahde iapeos hel i al
caul i flowers and macrophages donamaobpactiuslag th
epithelial cells to be disproportionately | ower
|t is worth noting thaaneimiltact bués swmat eéef ot n
LA4 cel |l surface soon after exposure when endocy
and the nanotubes were mostly prevemRBieglurfa om ent
318B). In this case, the strong affinity between
caused | ipid wrapping of the nanotubes, and ag
Al t hough this route of <caulifl owernafraromaatfitoenr i s

exposur e xnantoheab®isQ the route via endocytosis at
i s more probable because of quick and efficient
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A Lysosomes B Exocytotic vesicles C Cauliflower

2 um

Fi gB8Xt2The charact enainotpiagggilcgdgatods in th
similar to the size of I|IAAofslomerse aneneda
|l ysosomes/ | at e edn deopsiotnhmeesl iianl acne ILIA (| abel
i n green)ymianfutteer ianc/uObati on wi t hn andt: ubess
with Al exa 647 B Aszhooowsneridi moredffence micr
exocytotic vesdi celpeist hienlasidadliencae ldlbAe( Fed wi

greenégér abne day of i ncubation ,wanmndbt wb els
with STAR 520SXP, shown in red). Excre
overnight inoMbjaasphaki ndl ide pmamaopa,otw
t@ incubation taking pl amran odpuarratsi gcw@eikieg

mi cr ogo wrpthesd Al eksandalr9 dSi® aBd)IiCjAa ncoovnif ¢o
STED fluorescence micrograph o4 eapictahudli
membranes | abelled with Cell Mask Orange
l10surface doseovub&asO(l abell ed with Al
di sti ngruamdp dalgegrcd pgat es in the dense inr
mi croscopywyhweansc eysdadce structures al sona
confocal mi crograph.

3.2.4 Cauliflower Formation is Accompanied by Increased Lipid

Synthesis
One striking feature of cauliflowers is their
inFi gBt® by comparing the intensity of the | i
the signal from the <cell pl asma membrane. To
amount of | i pi dwe ofriirgsitn aft cecsu sfeuo nogna nleil dieds d rmo pw
cells store ample amounts of fatty acids, whi
phospholipid synthesis or as an energy source

and number opfet $ pidd ctehlel sLA the popul ation of
maj orly differ between wyydwere xptoswear wcehi gh asidr
100wt SO0S asinFhgBe 8. Consequently, we suspecte
phospholipids in the caulifl owers were not sy
droplets, but were synthesized anew.

This suspicion was corefriirpmediebeyefltiHsed ReNxAp ot sreadn
same nanotubes, pewf amme dr b V9 tabhesg B(et &AM POGe]r many
According to them, various aspects of4 1lipid
epithelial cells both after 4 auwnidnel8u dioug sf atf
acid metabol i sm, chol estteerrod | nheit caBbiyog @ 1s&E i(ss eaen d
From this we can concl uded¢thasowmtl i ehsoiusgy ho ft hleir pei
l i pids wer e pruothialbileye dexaawd é tf ¢ @ weert adyph iwaha@ stihs o
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explains our observed | ack of cham@aoipmrtthelpopu
exposed epithelial cell s.
Fi gBr®8Nanopaekxopsculree el evates the |ipid
maj orly influence thARl sozesodndeée piidic elp®
cells (cell membranes | abelled with Ce
incubationlwsuhf acé&fodoseubkesTi(Dabell ed
red). The signal from cell membr anes (¢
e intensity of the signal in cauliflR
uonesceaei crogdaphps takel LA cells (cell
ange and l'ipid vesdi&, esotlimbehdwmd iwnmt

cubation with a LOafdotubéscgEel dbeskl ed
dC)A heat map pr es ennotrimage nteheed hGseEnAt s cor e
thways related to |ipid metabolism ar
ot al RNAanof c ono wmloAdu raensdSoMHe | | s, exposc«
se ehadotOubes for 4 and 48 hours. It
creased fadl d easmparwed t-expbsedbiomlud & ¥
rolina Ballesteml éopedoh&Mames nBecker
sistance of K. Richter[ %t MQ)Krmwi g dl jf

mo—-o_ﬁ-o—s—-o-nr—r
”woYo 35350+ ® S T










































































































































































































































