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Short summary

Silica nanoparticles show promising characteristss oral drug delivery carriers. This
application implies a close contact with biologicglstems, therefore it is essential to
investigate the cellular binding, uptake and transproperties of nanoparticles. Furthermore,
their oxidative and cytotoxic potential has to aleated. A novel non-invasive assay for the
combined determination of cytotoxicity and oxidatistress exhibited that unmodified
nanoparticles with a size up to 84 nm caused a,sizee- and concentration-dependent
cytotoxic effect in Caco-2 cells. In contrast, krgand poly ethylene glycol-modified
nanoparticles provoked no deleterious effects. Hawenone of these particles showed an
oxidative potential. Cytotoxicity studies correlhteith cell association, uptake and transport
experiments: Nanopatrticles, which demonstrated tataxic effect, were also in a strong
association with Caco-2 cells or were even intézedl Thereby, the novel labelling of
nanoparticles with propidium iodide (PI) allowectlear distinction between adsorbed and
internalized nanoparticles in a quantitative waychHtacilitated the identification of cellular
mechanisms involved in the uptake of nanopartidlesthermore, silica nanoparticles could
function as drug carriers for the membrane-impebieeaompound PI. Free Pl molecules
were not able to enter Caco-2 cells, whereas naticpabound Pl was internalized time-
dependently.



Kurzzusammenfassung

Silika-Nanopartikel zeigen vielversprechende Eigbaften als orale Arzneistoffcarrier.
Diese Anwendung impliziert einen engen Kontakt zen Partikeln und biologischen
Systemen. Daher ist es unerlasslich die Assozigerund Aufnahme von Partikeln zu
untersuchen sowie ihr zytotoxisches und oxidativetential zu bewerten. Eine innovative
Methode zur kombinierten Detektion von Zytotoxirzitéind oxidativem Stress zeigte, dass
unmodifizierte Nanopartikel bis zu einer GroRe v84 nm einen gréRRen-, zeit- und
konzentrationsabhangigen zytotoxischen Effekt aafd=2 Zellen aufwiesen. Groliere sowie
Polyethylenglykol-modifizierte Partikel hatten dgge keine zellschadigende Wirkung. Ein
oxidatives Potential konnte von keinem der Partiketrzeichnet werden. Diese
Toxizitatsstudien korrelierten mit zellularen Assezings- und Aufnahmeexperimenten.
Nanopartikel, die einen zytotoxischen Effekt zeigtelemonstrierten auch eine starke
Assoziierung mit Caco-2-Zellen oder wurden sogadigse aufgenommen. Die Markierung
der Partikel mit Propidiumiodid (PI) ermdglichte béa eine deutliche Unterscheidung
zwischen adsorbierten und aufgenommenen NanopartiRee Identifizierung der zellularen
Mechanismen, die in der partikularen Aufnahme vt sind, wurde dadurch erleichtert.
Silika-Nanopatrtikel fungierten zudem als Carrier ddas membran-impermeable PI. Freies PI
wurde nicht in Caco-2-Zellen aufgenommen, wohingeggertikelgebundenes Pl zeitabhangig

internalisiert wurde.



General introduction

1.1 SILICA NANOPARTICLES AS NOVEL DRUG CARRIERS

The intensive research and discovery of novel dsigsh as peptides, proteins, plasmids,
antibodies and nucleic acids require new drug dgjitechnologies. Thereby, the usage of
nanomaterials allows various creative applicatidrisey can improve the bioavailability of
poorly water-soluble drugs, prolong the half-lifedoug systemic circulation, release drugs at
a sustained rate, deliver drugs in a targeted maané therefore, minimize side effects.
Furthermore, this new technology allows the adnmai®n of two or more drugs with e.g.
different water solubilities simultaneously in camdtory therapy and thus suppresses drug
resistance. In addition, nanoparticles as drugieraaffer the usage of more effective and
convenient routes of administration (e.g. the ooate), minimize therapeutic toxicity, extend
the product life cycle and reduce health-care cq@isang et al., 2008). Numerous
nanoparticle-based drug formulations and diagn@sgents had been already developed, e.g.
for the treatment of cancer, diabetes, pain, astlatfergy and infections (Brannon-Peppas &
Blanchette, 2004; Kawasaki & Player, 2005). Besitiesapy, nanomaterials can be also used
as diagnostic tools. They allow the detection cledse markers in the molecular scale and
identify abnormalities such as virus fragments anaerous cells (Zhang et al., 2008). All
these applications can be summarized in the termomadicine (Figure 1.1). Thereby,
nanoparticles show various therapeutic potentralfifferent medical fields such as oncology
or immunology (Farokhzad & Langer, 2006). Hithertabout 20 nanoparticle-based
formulations are in clinical use referring to th@mising properties of these novel materials
(Danson et al., 2004; Gabizon et al., 2006; GratisR006; Valle et al., 2010). Therefore,
nanomedicine is expected to become a well-estaaligtrm in modern medicine.
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Figure 1.1: Applications and research aims in nanomedicine {fieodfrom Liu et al., 2007).

In this regard, silica nanoparticles exhibit vagocadvantages and show a great promise in
many medical and pharmaceutical applications. &il& a non-toxic compound which is
already used as food additive or as carrier materidablets (Barbé et al., 2004). Silica
nanoparticles can be easily surface modified waetresal molecules to improve and target the
cellular uptake over surface chemistry (Chung ¢t28107; Kneuer et al., 2000; Kneuer et al.,
2000). A surface modification of nanopatrticles,. avgh poly ethylene glycol (PEG) extends
the residence time of these carriers in the blddekreby, the effect of PEG is based on the
defilade of nanoparticles over surface chemistrgnde avoiding a clearance by the
phagocytic system (Owens & Peppas, 2006; Robert ,e2002). Furthermore, PEG shows
stabilizing properties on the nanopatrticle surfdge to a steric barrier formed by PEG chains
(Behrens et al., 2002; Tobio et al., 2000). Furtebrantages of silica nanopatrticles are their
high hydrophilicity and insensitivity to microbialttack. In addition, they do not show any
swelling or porosity changes within alteration iHl pvhich becomes very important with
regard to an oral application (Jain et al., 1998)ca nanoparticles can be easily labelled with
fluorescence dyes, which is essential for the itiga8on of their behaviour in cell culture
systems. Dye-doped silica nanoparticles can beapedpby two general synthetic routes: the
Stober and microemulsion process. The Stdber ssistheas introduced in 1968 by Stober
and Fink. It is a one-pot synthesis that is perfnunder alkaline conditions in an
ethanol/water mixture. Therefore, potentially toxioganic solvents or surfactants can be
avoided (Rossi et al., 2005; Stober & Fink, 19@38) method allows a controlled generation
of spherical silica particles with uniform sizesgang from 50 to 2000 nm in diameter.
During microemulsion preparation, silica nanop#tcwere prepared using a water in oil
emulsion system that employs a water-soluble arageatalyst and tetraethylorthosilicate

(TEOS) as a silica source.
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In recent years various studies proved the praeedi silica nanoparticles as oral drug or
gene carrier (Bharali et al., 2005; Fuller et 2008; Gemeinhart et al., 2005; Manzano et al.,
2009; Moulari et al., 2008; Simovic et al., 2010pv8ng et al., 2008; Tan et al., 2010).
Hollow mesoporous silica nanoparticles had beerd use drug carriers for fluorescein
isothiocyanate (FITC), which served as a model tauoe. FITC encapsulated in silica
nanocapsules was released more slowly than fre€ Kdicative for a controlled release of
the dye (Liu et al., 2007). Further studies shothed silica nanoparticles are also useful as
gene carriers. Plasmids bound to amino-functioadligilica nanoparticles were completely
protected from enzymatic digestion in human epigheancer cells (Kneuer et al., 2000; Roy
et al., 2005). Furthermore, it was shown that oigly modified silica nanoparticles can be
effectively used to introduce genes into neurordlisen vivo (Bharali et al., 2005). Silica
nanoparticles could also serve as carriers forcantier drugs such as doxorubicin. It was
reported, that mesoporous silica nanoparticles (M&\ease the drug over a period of
20 days in a constant rate (Barbé et al., 2004ithEtmore, MSN were able to enhance the
delivery of the hydrophobic anticancer drug pagkfato pancreatic cancer cells (Xia et al.,
2009) and allowed a target delivery of the chemmatbeutic agent methotrexate (MTX). Free
MTX caused apoptosis in cancer cells as well aserlthy cells. In contrast, MTX bound to
nanoparticles induces cell death only in cancds dmrit not in normal tissue (Rosenholm et
al., 2010).

To evaluate silica nanoparticles as oral drug eéejiwystem, it is important to determine their
cellular uptake and localization. Especially, theistribution within the cell is an essential
indication for the future application spectrum. Wrdified silica nanoparticles sized between
40 and 5000 nm were able to enter human epitheblis in a size-dependent way. The
gualitative analysis via confocal laser scanningrogcopy (CLSM) demonstrated a clear
penetration into the cytoplasm. For silica nanapled sized between 40 and 70 nm a nuclear
localization was observed as well (Chen & MikecnvR005). In the field of gene delivery
the uptake of nanoparticles into the cell nucleasomes very important because the cell
nucleus contains the gene expression machineryremmitors the genetic material of a cell.
Thus, it represents the target for delivered genetaterial such as plasmids or antisense
oligonucleotides (Bharali et al., 2005; Gemeinteral., 2005; Slowing et al., 2008). These
results in fundamental research underline the pagkntial of silica nanoparticles as oral drug

or gene carrier.
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Another frequently discussed topic is the applaratof nanoparticles to inflamed tissue in
inflammatory bowel disease (IBD) (Lamprecht et 2001; Lamprecht et al., 2005; Moulari et
al., 2008; Nakase et al., 2000; Nakase et al., ROd@bst drugs which are used for the
treatment of IBD are delivered also to non-inflantiedue. A targeted delivery exclusively to
the inflamed tissue would decrease side effects iamgrove the therapeutic success.
Polystyrene micro- and nanoparticulate carrier vefi@vn to accumulate size-dependently in
inflamed colonic mucosa (Lamprecht et al., 2001%0Asilica nanoparticles exhibit a sixfold

higher accumulation in inflamed tissue than in Healthy control tissue. The successful
delivery of a drug to inflamed colonic cells coldd demonstrated using 5-Amino salicylic
acid (5ASA) loaded silica nanoparticles. 5ASA iedigo treat inflammation in ulcerative

colitis and Crohn’s disease. 5ASA-loaded silica aparticles with a concentration of

25 and 50 mg/kg caused a higher decrease in inflEgomnthan free 5SASA at a concentration
of 100 mg/kg (Moulari et al., 2008).

The design of silica nanopatrticles as drug or gemgers has to follow several requirements.
The composition of the particles must be biodedsbéiocompatible and nontoxic, so that
they can be used in human therapy. The particke migst be suitable for the administration
via different routes to enter the body and reaehhiblogical target site. Furthermore, also the
biodistribution should adjust to the therapeutiplegation. Finally, silica nanoparticles must
be loaded with drug molecules, whereby the drugishbe released in a controlled manner
once it reaches the target organ e.g. a tumourtf&u& Couvreur, 2007; Zhang et al.,
2008). Further developments lead to more complek aelivery systems such as silica-lipid
hybrid (SLH) microcapsules for the improved delywef poorly soluble drugs. The system
combined the solubilising effect of lipids with tis¢éabilising effect of silica nanoparticles.
This novel drug carrier was able to increase tla @vailability of the model drug celecoxib
from 62% to 93-100% when bound to SLH microcaps(lem et al., 2009). In this context
various other silica-based formulations exist tontoal and facilitate drug dissolution
(Sanganwar & Gupta, 2008). Table 1.1 summarizesahgoosition of silica nanopatrticles as

drug carriers.
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Table 1.1: Summary of different types of nanoparticulate deagriers (modified from Vauthier & Couvreur,
2007; Liu et al., 2007; Tan et al., 2009).

Nanoparticulate drug Definition Schematic
carrier illustration
Carrier nanoparticles Drug molecules are adsotbélde surface of
the nanopatrticles. %
Oil-containing Nanoparticles with an encapsulated oil droplet

nanocapsules surrounded by a silica shell.

nanocapsules droplet surrounded by a silica shell.

Mesoporous Hollow mesoporous nanocapsules with

nanocapsules encapsulated drugs.

Water-containing Nanoparticles with an encapsulated water @
£
".-3

Silica-lipid hybrid Silica-lipid hybrid microcapsules with 3
microcapsules internal porous matrix structure wi

encapsulated drugs.

Immune system and increase plasma stabi

n
Stealth carriers Modification of the nanoparticleface with
e.g. PEG will reduce recognition by twe\@
ity.

Targeted carriers Drug-targeted system with a tergdigand
(e.g. antibodies) on the nanoparticle surfacg.

1.2 OVERCOMING THE INTESTINAL BARRIER

Oral drug delivery is the most convenient routetfeg administration of drugs because it has
the advantage of avoiding discomfort, pain andadtdas which can be caused by injectable
dosage forms. However, most drugs are difficultioable to be delivered orally because of

their low bioavailability due to their poor stabyliin the gastrointestinal tract and their low
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membrane permeation over the intestinal barrier.dystemic absorption it is indispensable
that drug molecules resist the acid (~pH 3) andymiatic environment of the stomach and
finally cross the intestinal epithelial cells taaoch the general circulation and the target sites
(Figure 1.2).

liver stomach

small
intestine

colon

portal blood
system

Figure 1.2: Biological barriers that influence oral bioavailiétyi Orally administered drugs have to be soluble
and stable in the acid and enzymatic environmerthefstomach (1) and have to cross the epithelifithed
small intestine via an active or passive uptakeeszh the blood circulation (2). Thereby effluxteyss such as
P-gp and enzymes (CYPs) hinder the passage. Tigpfiss mechanism of the liver that eliminates ki

substances is another critical obstacle (3). Figutae modified from Dave Carlson lllustration, Caldo, USA.

This process, however, is limited by various phgisiand biochemical barriers which
normally protect the organism from toxins, antigansl microorganisms. The membrane of
the intestinal epithelium builds a tight physicalteer which is composed of a single layer of
columnar cells that are connected by tight jun&ido form a tight membrane. Drug
molecules or drug carriers such as nanoparticlesccass the gastrointestinal barrier via
different pathways using paracellular passage amtbeytotic or lymphatic uptake. The
uptake between intestinal epithelial cells is modthe preferred way of very small
nanoparticles of up to 50 nm. Larger particlesipés up to 500 nm are absorbed by intestinal
enterocytes through endocytosis whereas micropestie5 um) are taken up by M cells of

the Peyer’s patches (Florence, 2005; Hamman eR@05; LeFevre et al., 1978; Liu et al.,
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2007; Sanders & Ashworth, 1961; Venkatesan eR@D5) (Figure 1.3). Efflux systems such
as the P-glycoprotein (P-gp) demonstrate a furbiarier function. P-gp is localized in the
apical membrane and pumps compounds from withircéieback into the intestinal lumen.
Substrates of P-gp are various chemical moleculesh sas cytostatics, HIV protease

inhibitors, immunsuppressors and antibiotics (Gttan et al., 2002; Hunter et al., 1993).

L
nanoparticles
® &
lymphocyte

enterocyte enterocyte

tight junctions

basal membrane
macrophage

Figure 1.3: Uptake of nanoparticles at the intestinal epithaliThis epithelium consists of specialised antigen
sampling M cells which possess a reduced numbemiafovilli and a pocket staying in contact with
lymphocytes and macrophages. Nanoparticles arellamgrevented from passing between epithelial dejls
tight junctions. After the adherence to the apioaimbrane of M cells, nanopatrticles cross the apieahbrane
and are delivered into the cells and subsequerglylimseminated by the lymphatics (modified frGhark et al.,
2001).

In recent years, the term “chemotherapy at home%gmts a new concept of chemotherapy
and purpose for the development of orally bioawddacytostatics. This innovation would
improve the life quality of cancer patients remétiga(Ajani & Takiuchi, 1999; Bottomley,
2002; DeMario et al., 1999; Feng, 2004). The difies are that most anticancer drugs are
orally not or just minimally bioavailable, e.g. th@al bioavailability of the cytostatic
paclitaxel is less than 1% of the administered eatration. This low absorption in the
gastrointestinal tract is based on the first-pdssimation by the cytochrome P450 and the
high affinity of paclitaxel to P-gp. The role ofgp- in that context was demonstrated in a
study using wild-type and P-gp knockout mice. Aseault, an increased oral uptake of
paclitaxel could be observed in mice lacking P-8parreboom et al., 1997). The additional
application of the P-gp inhibitor cyclosporine riésd in a 10-fold higher oral absorption of

paclitaxel (Meerum Terwogt et al., 1999). In thantext, further experiments showed that
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doxorubicin and paclitaxel-loaded lipid-based nartiples overcome multidrug resistance by
inhibiting P-gp (Dong et al., 2009). The applicatiof TPGS, a water soluble vitamin E
derivative, which is able to inhibit the P-gp medd drug transport, represented a further
improvement of drug delivery into intestinal celGollnot et al., 2006; Win & Feng, 2005).
These findings exhibit the high demand of new egigs for the oral delivery of various drug
molecules with low stability and bioavailability.oever, the delivery of anticancer drugs to
tumours is still a challenge. In this context, csilinanoparticles provide innovative and
promising characteristics as drug carriers andgotean attractive drug delivery system.
Tumours contain a high density of abnormal bloosiseés that are poorly differentiated with
an aberrant branching. Furthermore, these tiss@e® lan enhanced permeability and
retention effect due to a decreased rate of cleareaused by the lack of functional lymphatic
vessels in the tumour. Therefore, an increasednagletion of macromolecules as well as
nanoparticles could be demonstrated (Allen & Cui304; Conti et al., 2006).

A widespreadn vitro model for the investigation of oral bioavailalilis the human colon
adenocarcinoma cell line Caco-2. These cells forpolarized monolayer with an apical
brush border morphologically comparable to thathaf human small intestinal epithelium.
Caco-2 cell express tight junctions, microvilli amchumber of enzymes and transporters that
are characteristic for enterocytes (e.g. P-gp). Whdtured on permeable filter membranes,
Caco-2 cells form a polarized epithelial cell mayar that provides a physical and
biochemical barrier to the passage of ions andlsmalecules. Caco-2 cells are widely used
as ann vitro model to predict the absorption of orally admimist drugs. Than vitro/in vivo
correlation is well established and shows a higltoatance (Artursson et al., 1997; Artursson
et al., 2001; Chen et al., 2002; Hidalgo et al§%Hughes et al., 1987).

1.3 CYTOTOXICITY AND OXIDATIVE STRESS CAUSED BY
NANOPARTICLES

Silica-based materials with defined structures @uodface properties are known to be
biocompatible. Silica is used to enhance the biquatrhility of various drug delivery systems
such as magnetic nanoparticles, biopolymers aneéllasc(Allouche et al., 2006; Arruebo et

al., 2006; Huo et al., 2006). Microscopic analys®wed normal cell morphology after an
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uptake of mesoporous silica nanoparticles. Furtbezmgrowth rates of cells exposed to
silica nanoparticles demonstrated no differenceht ones of control cells grown in the
absence of silica nanoparticles (Slowing et alQ&0Slowing et al., 2008). A long-term

biocompatibility study exhibited that silica imptarcaused no toxic effects within a period of
42 days (Kortesuo et al., 1999).

However, the growing biomedical and pharmacologagplications of silica nanoparticles

call for the importance to investigate their infhge on cells as their uptake implies a close
contact between nanoparticles and the biologicstlesys. Therefore, a detailed evaluation of
the cytotoxic potential of nanomaterials is regdirla this course, nanotoxicology is a rising
sector in nanotechnology. Institutions such asEheopean Commission or the European
Food Safety Authority published scientific opinicaisout the potential risk of nanomaterials
in cosmetics or food which suggest treating naneras as new chemicals from a risk-point
of view (EFSA, 2009; SCCP, 2007).

Hitherto, the molecular mechanism of nanopartieulatduced cytotoxicity is not fully
understood. It is assumed that cytotoxicity is eauy cellular injuries through a variety of
mechanism such as membrane peroxidation, glutatdepletion, mitochondrial dysfunction
and DNA damage (Tao et al.,, 2009). Especially narntaqulate induced oxidative stress
raises suspicion affecting all types of biologiqablecules including lipids, proteins,
carbohydrates and nucleic acids. Therefore, oxidasiress is one of the most important
toxicity mechanism related to the exposure of nanibges (Eom & Choi, 2009; Green &
Howman, 2005; Shvedova et al., 2003).

In various studies an increase in reactive oxygpecies (ROS) could be detected
simultaneously with a decrease in cell viabilitieaincubation with silica nanoparticles (Eom
& Choi, 2009; Park et al., 2008; Wang et al., 2008)rising amount of ROS is often
associated with a decrease in glutathione and haneed activity of antioxidant enzymes
such as superoxide dismutase or heme oxygenaskid) imdicated an oxidative potential of
silica nanoparticles. Inflammation signal and apsf® markers can be increased as well.
Further studies supposed that the acute cytotgxgiprimarily originated from the cellular
internalization of nanoparticles rather than phgisstiamage on cellular membranes (Yang et
al., 2009). Furthermore, it is expected that thelkmn the size, the stronger the observed

toxicity is (Oberdorster et al., 2005). In a stuwiyWang et al., nanoparticles with a size of
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20 nm showed a higher decrease in cellular vigbithan 50 nm particles with a
simultaneously higher increase of ROS in human gartic kidney cells (Wang et al., 2009).
However the relationship between the physico-chahpooperties of nanoparticles and their
toxicities seems to be much more complicated thahg matter of their size and surface area
(i.e. shape, charge, concentration, etc), but gimid is still ongoing (Hussain et al., 2005;
Sayes et al., 2005).

1.4 AIM OF THE THESIS

The aim of this thesis was to investigate the adgon between silica nanoparticles and the
human intestinal epithelial cell line Caco-2. Thmrethe cytotoxic and the oxidative potential
as well as the uptake and transport characteristitteese particles should be explored.

One focus was stressed on the establishment of atieenatives to standardized method for
the detection of oxidative stress and cytotoxiaityitro. The measurement principles of the
standardized techniques often interfere with nanmbes and prohibited their usage for these
applications. In their role as potential drug asj silica nanoparticles are supposed to come
into close contact with biological systems, thugsiessential to have a dependable assay to

evaluate the toxicity of nanoparticles.

Another aim of this thesis was to allow a quangificn of the cellular uptake of nanoparticles.
Hitherto, the nanoparticulate uptake was mostlgmeined via microscopic techniques such
as confocal laser scanning microscopy or transomsslectron microscopy, which makes a
comparison between single studies very difficulhefiefore, a quantitative assay for the
determination of the quantification of nanoparscéould be established.

Based on this novel experimental design, the upkseaviour of silica nanoparticles with
different sizes and surface modifications shouldekplored. Furthermore, the endocytotic
mechanisms involved in the uptake of these nanicfestshould be identified (Figure 1.4).
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Figure 1.4: Working flow chart of the present thesis.



Characterization of fluorescently-labelled
silica nanoparticles in physiological buffers

and cell culture media

Fluorescently-labelled silica nanoparticles werepared by the Leibniz Institute of New
Materials (INM, Saarbricken, Germany) and wereestdrighly concentrated in an aqueous
solution stabilized with acetic acid to a pH of +or their use inin vitro cell culture
experiments, these nanoparticles had to be digp@nsphysiological buffers or cell culture
media. The tendency of nanoparticles to agglomesateensitive to ingredients such as
bivalent ions (e.g. Gaor Mg™). Therefore, the dispersion of nanoparticles Esthisotonic
solutions as well as their stability had to be exgdl before performingn vitro experiments.
The alteration in size and potential of a nanoparticle gives information abdhe
nanoparticulate behaviour in physiological media avere determined via dynamic light
scattering or electrophoretic light scattering gsithe Zetasizer Nano Zs (Malvern

Instruments, Herrenberg, Germany).

2.1 INTRODUCTION

The upcoming usage of nanostructured biomatemalshiarmaceutical or medical purposes
requires an improved knowledge of the biologicaéiaction of nanomaterials with cells or

tissues. Thereforen vitro experiments are essential. These assays reqeireothpatibility
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and stability of nanoparticles in physiological few§ or media. As a consequence,
nanoparticles have to be dispersed in isotonictisolsi with a pH of 7.4, where they interfere
with bivalent ions (typically magnesium or calciuar)d protein mixtures. Due to their large
surface area/volume ratio, nanoparticles showamgttendency to agglomerate and to adsorb
proteins., The knowledge of protein adsorption esyvimportant because the adsorption of
blood proteinsin vivo will affect the cellular uptake and biochemicatiaty (Patil et al.,
2007; Schulze et al., 2008).

Recent studies already demonstrated aspects ofpadiote dispersion and protein
adsorption. The addition of proteins such as bog@eim albumin (BSA) to nanoparticles
reduced th€ potential from ~55 mV to ~18 mV indicative for &ahg protein adsorption to
the particle surface. Furthermore, a binding tdgins resulted in an accelerated clearance by
macrophages which avoid nanoparticles from reacthiai biological target sites (Patil et al.,
2007). For this purpose, besides unmodified siti@aoparticles, poly ethylene glycol (PEG)-
modified silica nanoparticles were characterizedhis study as well. Thereby, it could be
possible to increase the circulation time of namgas in the blood stream by minimizing
and eliminating protein adsorption due to the ctiaristics of PEG. PEG is a polyether
compound which is known to reduce reticuloendothelclearance, the uptake by
macrophages, recognition by the immune systemlandegradation by proteolytic enzymes.
It shows stabilizing properties due to a steridoiditaation as well (Roberts et al., 2002;
Behrens et al., 2002; Tobio et al., 2000).

2.2 AIMOF THE STUDY

In the present study, fluorescently-labelled nantogdas with different sizes and surface
modifications were characterized concerning thehldviour in different media or buffer over
time by investigation of their variation in sizedafpotential. The absorption of BSA as
model protein was explored as well. For a bettenm@hensibility and clarity only exemplary
results are presented, especially because narmesnivith analogue characteristics behaved

similarly.
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The aim of this study was to determine the sizeratiion and the stability of fluorescently-
labelled silica nanoparticles in physiological lem§f and cell culture media (+/- proteins).
Furthermore, th& potential as well as the adsorption of BSA shduddinvestigated. The

characterization of the nanoparticles should helpestablish a catalogue of different

nanoparticles for various experimental approachesgaestions.

2.3 MATERIALS AND METHODS

2.3.1 Silica nanoparticles

Amorphous silica nanoparticles were received frowva Leibniz Institute of New Materials
(INM, Saarbricken, Germany) where they had beerpgoesl by Stdober synthesis.
Synthesized nanoparticles were either unmodifiedadditionally surface-modified with
amino-ethyl-3-aminopropyl-trimethoxysilan (DIAMOY @oly ethylene glycol (PEG) chains
with a molecular weight of 750 g/mol. Transmissialectron microscopy (TEM)
measurements were performed as a visual contrglré&i2.1 shows exemplary TEM images

of unmodified and PEG-modified silica nanoparticleth different sizes.

For fluorescence detection, nanoparticles were ixalmaded with the fluorescent dye
rhodamine B-isothiocyanate (RITC). Thereby, thé&aiimatrix served as a protective shell
limiting the effect of the outer environment to tfie@orescent molecules. For further
experiments, nanoparticles were surface-loaded pvibidium iodide (Pl). The choice of the
fluorescence dyes was reasoned in different exeertiah approaches, which will be discussed
in detail in the different chapters (compare toptba4 and 5). Nanoparticle names are
composed of the particle size in HBSS, the surfaodifications (D=DIAMO or P=PEG) and
the fluorescence dye (RITC or PI).
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Figure 2.1: TEM micrographs of silica nanoparticles with anctheiut PEG-modification (A) Unmodified
nanoparticles, N50-RITC, 50 nmB) PEG-modified nanoparticles, N50-P-RITC, 55 nf&@) Unmodified
nanoparticles, N77-RITC, 77 nm(D) PEG-modified nanoparticles, N77-P-RITC, 87 nfk) Unmodified
nanoparticles, N94-RITC, 94 nr(f-) PEG-modified nanoparticles, N94-P-RITC, 97 nm. Batsnm (A, B, E
and F) or 50 nm (C and D).

2.3.2 Materials and buffers

Different silica nanoparticles were dispersed imgghate buffered saline (PBS) (Table 2.1),
Hank’s balanced salt solution (HBSS) (Table 2.2phvand without addition of 1% bovine
serum albumin (BSA) or in Dulbecco’s modified eagtedium (DMEM) from Gibco
(Karlsruhe, Germany) (Table 2.3). All buffers werdjusted to pH 7.4 by means of NaOH.
Acrylic cuvettes for the determination of particleszes were purchased from Sarstedt
(Numbrecht, Germany). Zeta folded capillary cuvefta the measurement of theotential
were obtained from Malvern (Herrenberg, Germany).
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Table 2.1: Composition of phosphate buffered saline (PBS)S Rgre adjusted to pH 7.4 by means of NaOH.

Ingredient Concentration
NaCl 129.00 mM
KCI 2.50 mM
NaHPO*7H O 7.00 mM
KH,PO, 1.30 mM

Table 2.2: Composition of Hank’s balanced salt solution (HBS$BSS were adjusted to pH 7.4 by means of
NaOH.

Ingredient Concentration

NaCl 136.90 mM
KCI 5.40 mM
NaHCG; 4.26 mM
NaHPO,*7H 0 0.34 mM
KH,PO, 0.35 mM
Glucose 5.50 mM
HEPES 10.00 mM
CaCl 1.26 mM
MgCl;*6H,0 0.50 mM

MgSOs*7H,0 0.40 mM
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Table 2.3:Composition of Dulbecco’s modified eagle medium (EM).

Ingredient Concentration
CaCp*2H,0 1.80 mM
Fe(NGs)3*9H 0 0.00025 mM
MgSO*7H,0 0.81 mM

KCI 5.33 mM
NaHCQO 44.05 mM
NaCl 110.34 mM
NaH,PO,*2H,0 0.92 mM
D-Glucose 25.00 mM
Phenol red 0.40 mM
Amino acids 10.64 mM
Vitamins 0.15 mM

2.3.3 Measuring principle of the Zetasizer Nano ZS

The Zetasizer Nano ZS allows the determinationhef dverage hydrodynamic diameter by
dynamic light scattering (DLS) and tligpotential of nanoparticles by electrophoretic figh
scattering (ELS). DLS is a technique to charactetie diffusion of particles in solution. It
measures Brownian motion and relates this to tree @i the particles. Brownian motion is the
random movement of particles due to forces resuftedh the solvent molecules that
surrounded them. The larger the particle, the slagvés Brownian motion because smaller
particles move more rapidly. The size of a partidecalculated from the translational
diffusion coefficient by using the Stokes-Einsteequation. Thereby, the measured
hydrodynamic diameter refers to how a particleudiéfs within a fluid. The principle of this
measurement technique is based on a monochroras#iclbeam that passes through a cuvette
with a colloidal dispersion. Some of the light isiformly scattered by the particles in all
directions via Rayleigh scattering. The changingtatices of the particles due to their
Brownian motion causes interferences of the ligiattered by neighbouring particles. The
analysis of these occurred time-dependent fluainatiin the scattering intensity gives
information about the speed of the particles ingbkition. Using a diffusion coefficient, the

hydrodynamic diameter of a nanopatrticle could kterdeined (Malvern Technical Note).
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The potential is a physical property which is exhititey any particle in suspension and is
determined via ELS. It is the potential differertaetween the dispersion solution and the
stationary layer of fluid attached to the parti¢tesreby it is measured at the slipping plane of
particles. The liquid layer which surrounds a m#eticonsists of two parts: an inner region
(Stern layer) where the ions are strongly assatiated an outer diffuse region, where ions
are loosely bound. Within the diffuse layer thesaifictive boundary inside which the ions
and particles form a stable unit. That would me#&ra particle moves, ions within the
boundary move it. The potential at this boundargu¢face of hydrodynamic shear) is the
{ potential (Figure 2.2). Thépotential is a measure for the degree of stabiifitg colloidal
system. If all particles in suspension have a Iniggative or positivé potential, there will be
no tendency for the particles to come togethersmnthey repel each other. In contrast, if the
particles have a low potential, there will be no forces preventing #igglomeration of
particles. The ELS measurement principle is baseith® application of an electric field to the
dispersed patrticles. By alternating the charge éetwthe electrodes, the particles move back
and forth between the electrodes at a velocitytiveldo their surface charge and the potential

of the electrode (Malvern Technical Note).
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Figure 2.2: Schematic illustration of thepotential (modified from Malvern Technical Note).

2.3.4 Size{ potential and stability of nanopatrticles in different buffers and media

Stock solutions from the used fluorescently-lalskkdica nanoparticles had concentrations
ranging from 3.7 to 12.5 mg/ml. For the determioratof the particles size as well as the
{ potential, particles were diluted in the respextidispersion buffer or media to a
concentration of 100 pg/ml. Size measurements per@rmed at 37°C with an equilibration
time of 120 seconds in disposable sizing cuvettéseaautomatic mode. Every measurement
was performed three times at different time poifts: stability measurements, nanoparticle
dispersions were stored at 37°C between the simgleasurements. For determination of the
 potential, automatic measurements (10-100 runsg werformed at a temperature of 37°C

and with an equilibration time of 120 seconds usirggcalculation model of Smoluchowski.
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2.4 RESULTS AND DISCUSSION

2.4.1 Alteration in the sizes of silica nanopatrti@ in different buffers and media

Due to the alteration in the complexity of buffensd media, silica nanoparticles exhibited
different behaviours. Thereby, unmodified RITC-lgdx silica nanoparticles with different
sizes could be dispersed in®las well as in PBS and HBSS. The dispersion iellacalture
medium e.g. DMEM with a very high complexity coute also performed without any

agglomeration of nanoparticles (Figure 2.3).
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Figure 2.3: Dispersion of three unmodified RITC-labelled silisanoparticles with different sizes (N30-RITC,
N45-RITC and N77-RITC) in kD, PBS, HBSS and DMEM. Bars present the mean + $Dthoee

measurements.

Difficulties could be observed in the dispersiorhdéour of nanoparticles with modified
surfaces. Silica nanoparticles with adsorbed anlamess (DIAMO) showed a strong
agglomeration in HBSS due to an interaction witrakent ions in the buffer (Figure 2.4). The
resulting aggregation was due to an electrostastatbilization described by the Derjaguin-
Landau-Verwey-Overbeek theory (DLVO theory). THigdry explains that the stability of
colloidal systems is based on steric, electrostatiocvan der Waals interactions between
dispersed particles. A surface in an aqueous mibeaharged by dissociation of surface
groups or by adsorption of charged molecules froensurrounding liquid. This arrangement
results in the development of a wall surface padénthich attract counterions from the
environment and exclude ions with the same cha®gable dispersions consist of a wall
surface potential balanced by an equal but oppokiiege of counterions. This potential can



2 Characterization of silica nanopatrticles 21

be decreased via the adsorption of specific iongtwiesults in a reduction of the interspace
between single particles and a consequently agghimoe of the particles (Zhang et al.,
2009). DIAMO-modified nanoparticles exhibited a pes ( potential of 21.8 mV. The
addition of bivalent cations such as ¥M@nd Ca2 which are ingredients of HBSS caused a
strong agglomeration of these particles due tox@ess of positive charged molecules and a
consequently reduced charge balance. In contrastoparticles with the same size but
without a DIAMO-madification could be dispersedHiBSS. Due to their negativgpotential

of -22.9 mV, unmodified silica nanoparticles wetdl sn a balance with the surrounding

milieu.

1000 7 gy N25-RITC

/3 N25-D-RITC
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Figure 2.4: Dispersion of RITC-labelled unmodified silica naadjcles (N25-RITC; -22.9 mV) and DIAMO-

modified silica nanoparticles (N-25-D-RITC; +21.8/Jrin H,O and HBSS. Bars present the mean + SD of three

measurements.

In contrast, PEG-modified nanoparticles could bepéised in the same way as the
corresponding unmodified nanoparticles. Therebg,atidition of PEG on the outer particle
surface caused an increase in size of 0.7 nm toml@Figure 2.5). Furthermore, PEG-

modified nanoparticles showed no alteégubtential.
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Figure 2.5: Size histograms of unmodified (black peaks) anddbeesponding PEG-modified RITC-labelled
nanoparticles (grey peaks). Particles were disgderséiBSS buffer(A) Unmodified nanoparticles N50-RITC,
50 nm and PEG-modified nanoparticles N50-P-RITCn&b (B) Unmodified nanoparticles N77-RITC, 77 nm
and PEG-modified nanoparticles N77-P-RITC, 87 1i@) Unmodified nanoparticles N94-RITC, 94 nm and
PEG-modified nanoparticles N94-P-RITC, 97 nm.

2.4.2 Stability of nanopatrticles in different buffes and media

Forin vitro experiments a long-term incubation of cells widtzles is sometimes necessary.
Therefore, nanoparticles have to be dispersedaelldriendly milieu. Physiological buffers
such as HBSS sustain the viability of cells for @h®4 hours. If long-term experiment with
longer incubation times should be performed, furth@plements such as proteins, amino
acids or vitamins are essential. All used RITC-ligoke nanoparticles except DIAMO-
modified nanoparticles (Figure 2.4) were stablelBSS over 24 hours (data not shown). The
core-bound fluorescence dye RITC had no contatttécsurrounding medium and therefore
caused no interactions. In contrast, stability expents with Pl-labelled nanoparticles
demonstrated that these nanoparticles often shostaimlity in HBSS over that period. PI-
labelled silica nanoparticles with different siZé2 and 74 nm) could be dispersed in HBSS
but showed a high agglomeration rate after a 24-hmwbation (Figure 2.6). This
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agglomeration effect could be based again on thsgnice of bivalent ions in the buffer and
their interaction with surface adsorbed Pl molesubgparently, the charge balance could not
be sustained for such a long period. However, &imetic measurements of N21-Pl, N34-PI
and N84-Pl nanoparticles demonstrated that thestclpa were stable for this period
(Figure 2.6).
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Figure 2.6: Stability of Pl-labelled unmodified nanoparticletiwdifferent sizes over 24 hours. Samples were
measured directly after dispersion (0-h-incubatldack bars) or after an incubation of 24 hour8#C under

standard cell culture conditions (24-h-incubatigirey bars). Bars present the mean * SD of threesunements.

A method for the solution of this stability problernas the application of ultrasonic which

allows a separation of nanoparticles. Experimentsved that ultrasonic was able to separate
agglomerated nanopatrticles but did not help toilstalthese dispersions. Ultrasonic-treated
nanoparticles even showed a higher agglomeratienas untreated samples. The usage of
ultrasonic with nanoparticles labelled with fluaresce dyes presents a further difficulty as

these labellings can be released via this treatment

A further approach to stabilize nanopatrticles & $kabilization via addition of bovine serum
albumin (BSA). Various studies investigated the eatp of nanoparticle dispersion and
protein adsorption including the binding enthalpymwteins and the change of theotential
(Limbach et al., 2005; Patil et al., 2007; Schuiteal., 2008). The supplement of BSA to
buffers or media resulted in a detectable size @ak8.4 nm which was based on BSA
monomers (Figure 2.7, black peak). The measuredede&x of nanoparticles was increased as

well due to BSA monomers adsorbed to the particidase creating a protein corona.
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Unmodified N77-RITC nanoparticles exhibited a diganeof 108 nm = 34.5 when dispersed
in HBSS supplemented with 1% BSA (Figure 2.7, gmsek). In contrast, N77-RITC
nanoparticles dispersed in HBSS without any additiof BSA showed a size of
77.2nm = 0.53 (Figure 2.5 B). A further indicatioh a BSA coating was the alteration in
{ potential. N77-RITC nanoparticles dispersed in BRfemonstrated @potential of -28 mV.
The addition of BSA into the medium caused a radnadf thel potential to -7.8 mV.
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Figure 2.7: Adsorption of BSA to the nanoparticle surface. Udified N77-RITC nanoparticles were dispersed
in HBSS supplemented with 1% BSA. The grey peakatemated the size of N77-RITC nanoparticles coated
with BSA. The black peak showed the size of freeABS the solution. Bars present the mean + SD ofeh

measurements.

The protein coating led to a sterical stabilizatioihthe nanoparticle dispersions, which
resulted in a reduction of particle agglomeratiSoch a steric stabilization due to a coating
with BSA had already been shown for gold, polymat aluminium hydroxide nanoparticles,
whereby these particles could be dispersed in neditaining bivalent ions (Cedervall et al.,
2007; Deschaume et al., 2006; Lucocq & Baschon@®6)19The disadvantage of such a
binding to proteins is that such particles are kiyicleared by macrophagés vivo and are
not allowed to reach their target cells. Approacteesicrease the particle circulation time,
therefore try to eliminate protein adsorption. Thfproach would stay in contrast with the
stabilization issue and lead to the point thatipiarstabilization via BSA or other proteins is
not the best solution. However, an adsorption ajtgins to the particle surface is not
avoidable when nanoparticles, without a specidhsermodification, enter cells. As shown in
figure 2.7 unmodified nanoparticles exhibited asty BSA absorption which resulted in an
increase in particle size of 30.8 nm. In contrastyoparticles modified with poly ethylene
glycol (PEG) demonstrated only an increase in eiz&.15 nm (data not shown). The PEG-
modification avoids an adsorption of proteins te tuter particle surface. The characteristics
of PEG will be discussed in depth in chapter 4.
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2.5 COLLECTION OF USED SILICA NANOPARTICLES

Table 2.4: Characterization of silica nanoparticles used is thesis. Size was determined via dynamic light
scatteringZ potentials were determined via electrophoretibtlgcattering. Nanoparticle names are composed of
the patrticle size, surface modification (P=PEG, D&IA0) and the fluorescence dye (RITC or PI).

Name Design Surface | Fluorescence| Sizein o
modification labelling HBSS (nm) | potential
(mV)
N25-RITC —~ - RITC 254 +251 -22.9
N25-D-RITC DIAMO RITC 795.9+5.3 +21.8
o

N30-RITC g - RITC 29.8+0.18 -32.0

N37-RITC = - RITC 37.2+3.70 -35.0

N45-RITC - - RITC 45.3 +£0.16 -29.0

N50-RITC —~ - RITC 49.7 + 0.06 -42.7

N50-P-RITC . PEG RITC 54.6 + 0.86 -27.5
o

N62-RITC - - RITC 61.6 + 0.07 -31.4

N77-RITC - - RITC 77.2 +0.53 -28.0

N77-RITC . PEG RITC 87.2 +2.42 -25.0
o

N94-RITC g - RITC 93.7+4.19 -37.6
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N94-P-RITC PEG RITC 97.4 £ 3.03 -35.4
N21-PI % - Pl 21.1+0.48 -33 mV
- )
Y 20 2

N34-PI 25, - Pl 34.0+1.40 -0.17*
- £
Y @ ¢

N61-PI % - Pl 61.4 +0.54 -12.1*
- )
Y 20 2

N74-PI 25, - Pl 73.8 £2.40 -0.48*
- £
Y @ ¢

N84-PI o5 - Pl 84.0+£0.21 -5.55*
- )
Y 20 2

* The surface modification with the fluorescenceed®! caused interactions with the measurementiptanéor

determination of thé potential.
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Oxidative and cytotoxic potential of

fluorescently-labelled silica nanoparticles

Parts of this chapter have been submitted for publication asjournal articles:
1. A. Neumeyer, C.-M. Lehr & N. Daum. Novel method for the non-invasive determination of

reactive oxygen species in vitro. Submitted to Toxicology In Vitro

2. A. Neumeyer, M. Bukowski, M. Veith, C.-M. Lehr & N. Daum. Non-invasive determination

of the cytotoxic effect caused by fluorescently-labelled silica nanoparticles. In preparation

Nanomaterials are innovative tools in the field dfug delivery. Thereby, inorganic
nanoparticles such as silica particles provide o characteristics as novel drug carriers.
Since silica exposure has also been associatedh@theneration of reactive oxygen species,
it is essential for a thorough risk assessmennadyae the cytotoxic and oxidative potential
of nanopatrticles. Recent opinions of the Scientfammittee on Consumer Products (SCCP)
of the European Commission and the European FoftedySauthority (EFSA) underlined this
approach, suggesting the validationmfitro methodologies for nanomaterials. Furthermore,
nanoparticles often interfere with various stantaed assays revealing again the importance
for the development of alternatives for already pwercially available techniques. Therefore,
a novel method for the combined detection of oxi@atstress and cytotoxicity was
established. This assay is based on the automatednwasive online monitoring of the
oxygen concentration in solution (SensorBSigteader). Silica nanoparticles with different

sizes and surface modifications were investigatéti ¥his novel method concerning their
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oxidative and cytotoxic potential. Thereby, sizene, concentration as well as surface

modification of nanoparticles affected cellularhilay but not oxidative stress levels.

3.1 INTRODUCTION

Silica nanoparticles have to be investigated canngrtheir oxidative and cytotoxic potential,
particularly with regard to a pharmaceutical or mabapplication where particles come in
close contact with biological systems. Recent sidiescribed that silica nanoparticles can
cause oxidative stress (Eom & Choi, 2009; Park &P2009; Wang et al., 2009) which is in
turn associated with deleterious effects resultingseveral serious diseases such as
autoimmune diseases and cancer (Avalos et al.,; ZB@7sette, 2008; Rice-Evans & Burdon,
1993; Sayre et al., 2008). These findings reveat the validation of the oxidative and
cytotoxic potential of nanomaterials is of greaemest. To exclude potential harmful effects,
these new materials have to undergo a thorough asdessment. Referring to this, the
European Food Safety Authority (EFSA) and the SdierCommittee on Consumer Products
(SCCP) of the European Commission recently pubdistopinions on the safety of
nanomaterials in cosmetic products or food (EFS#)92 SCCP, 2007). It is suggested that
nanomaterials should be treated as new chemicais drrisk point of view. For this purpose,
variousin vitro assays already exist. However, the use of staizéardssays for the detection
of oxidative stress and cytotoxicity with these ndéwmds of materials pose specific
challenges. Because of their material propertiaepmaterials often cause interactions with
many standardized assays revealing the importandbddé development of useful alternatives
for already commercially available techniques (lsmaden et al., 2007; Ulukaya et al., 2008;
Wabhl et al., 2008; Worle-Knirsch et al., 2006).

Oxidative stress arises with an imbalance of theegeion and the decomposition of reactive
oxygen species (ROS). Normally, cells are abledfemtd themselves against ROS damage,
using their antioxidant defence mechanism whicHuohes enzymes such as superoxide
dismutases (SOD) and catalases (Johnson & Gil®5; Lavrovsky et al., 2000; Sies,
1993). However, after exposure to oxidants the R&@8Is can increase dramatically which

results in damages affecting all types of biologio®lecules including lipids, proteins,
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carbohydrates and nucleic acids. This can leaddteip oxidation and fragmentation, lipid

peroxidation, membrane damage, mutagenesis anih@genesis (Sies, 1986).

ROS are either free radicals, reactive anions aunghoxygen atoms or molecules containing
oxygen atoms. They can produce free radicals octaeically activated by themselves, e.g.,
the hydroxyl radical (OH, superoxide anion radical {0 and hydrogen peroxide {8,) all
result from molecular oxygen ¢D(Figure 3.1)In vivo the main amount of ROS is generated
in mitochondria during the aerobic respiration (feerdez-Checa et al., 1998). In addition to
this endogenous oxidative stress, exogenous fagtohsding UV- or X-rays, ozone, smog
and the exposure to chemicals such as nicotinenaith more hazardous and result in an
increased generation of ROS (Baier et al., 200%r Baal., 2007; Bertram & Hass, 2008;
Rugo & Schiestl, 2004; Wang et al., 2006). A wetlokvn method for the detection of
oxidative stress is the 2’, 7’-dichlorofluoresceiacetate (DCF-DA) assay (Rosenkranz et al.,
1992; Wang & Joseph, 1999). This method is baseal ftuorescence assay first described by

Keston and Brandt (Brandt & Keston, 1965) who erp@tbDCF-DA to measure hydrogen
peroxide in aqueous solution.
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Figure 3.1: Summary of the antioxidant defence mechanism. Sub anion (@) is scavenged by the
antioxidant superoxide dismutase (SOBIutathione peroxidase (GP) uses hydrogen peeakiD,) to convert
reduced glutathionéGSH) to oxidized glutathion¢GSSQ. Glutathione reductase (GR) reduces GSSG to GSH

via nicotinamide adenine dinucleotide phosphate PRA) oxidation, while catalase decomposegDHinto
water and molecular oxygen (Maier & Chan, 2002).
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Oxidative stress can result in cytotoxicity, wherefthe cytotoxic potential of nanoparticles
have to be investigated as well. Assays for thediein of cytotoxicity address many cellular
parameters as cytotoxicity can occur in nearlypatts of the cell and in every cell organelle.
Exposure to cytotoxic molecules can result in & loE membrane integrity, cell lysis and
necrosis. In consequence of these damages, celtlgend division are arrested, which can
be detected as a decrease in cellular viabilitytheamore, apoptosis can be activated, which
is characterized by well defined events includimgird&kage of the cytoplasm and nuclear
condensation. Cytotoxicity assays detect eitherddmmage of cell membranes (mechanical
cytotoxicity) or the mitochondrial metabolism (mieddic cytotoxicity). One common
measured parameter in cell death and cell lysisrogtation is lactate dehydrogenase (LDH)
which is released from the cytosol of damaged @eltsthe supernatant. For the measurement
of cellular proliferation and viability, MTT assay a well known example. All these assays
are easy to perform but they detect only high-gpeaiterations of one cellular or metabolic
parameter at one selected time point and they arstlyninvasive methods (Fotakis &
Timbrell, 2006; Weyermann et al., 2005).

As an alternative to standardized and commonly-asedys such as DCF-DA, LDH or MTT,
a novel assay using the SensorBSigteader (SDR) was established. This method allaws a
automated and combined online detection of ROSrgéna and cytotoxicityn vitro. This
method was so far applied for the monitoring of caltivation, bacterial respiration and the
validation of cytotoxicity caused by several drBeckers et al., 2009; Kensy et al., 2005;
Noor et al., 2009). The measurement principle gebaon the automated online monitoring of
the molecular oxygen concentration in a microtpéate format (Kocincova et al., 2008).
Cellular respiration is associated with a consuamptf oxygen and therefore serves as an
indicator for cytotoxicity. Cytotoxicity can be @emined measuring the long-term cellular
consumption of oxygen during cell incubation. Arcrease in air saturation caused by
decreased cellular consumption of oxygen is a wamnyy indication for cytotoxicity before
other toxicity markers such as mitochondrial dysfion or destruction of the cell membrane
can be detected. The generation of ROS as an tiaid®r oxidative stress was determined

indirectly measuring the conversion of oxygen ratlizvia superoxide dismutase.
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3.2 AIM OF THE STUDY

Aim of this study was to evaluate an alternativestandardized assays for the detection of
cytotoxicity and oxidative stre$s vitro. For this purpose the SensorDidReader (SDR) was
used. In this study, a first-time combined non-siva method for the detection of ROS and
cytotoxicity in vitro based on the cellular consumption of moleculagexywas established.
Therefore, the SDR assay had to be adjusted fodetextion of ROS in cellular systems, as
the method had never been used before for thisicapiph. For this establishment,@;
served as a model substance for the generationQff Rausing oxidative stress. The
involvement of the SOD during exposure tglx was investigated as well. Furthermore, the
novel assay was evaluated by comparison with wetwn standardized assays for the
detection of ROS (DCF-DA) and cytotoxicity (LDH aMil'T).

This new established assay allows the evaluatiahefoxidative and cytotoxic potential of

different silica nanoparticles with various sizesl surface modifications.

3.3 MATERIALS AND METHODS

3.3.1 Materials

Dulbecco’s modified eagle medium with high gluc¢4& g/l) and L-glutamine was obtained
from Gibco (Karlsruhe, Germany), fetal bovine seruas purchased from PAN-Biotech
(Aidenbach, Germany), non-essential amino acidsewebtained from PAA (Cdlbe,
Germany). 2', 7’-dichlorofluorescein diacetate (9792’, 7’-dichlorofluorescein (~90%),
sodium diethyldithiocarbamate trihydrate, hydrog@eroxide (30%), thiazolyl blue
tetrazolium bromide, bovine serum albumin and piblyeenimine (PEI) (25 kDa) were
purchased from Sigma (Munich, Germany). CompositbrHank’s balanced salt solution
was as follows: 136.9 mM NaCl, 5.4 mM KClI, 4.26 mMMHCG;, 0.35 mM KHPQO,,
5.5 mM glucose, 10 mM HEPES, 1.26 mM CaCl 0.5 mM MgC}*6H,0, 0.4 mM
MgSO*7H,0. Hank’s balanced salt solution was adjusted to/pHby means of NaOH.
Cytotoxicity detection kit for lactate dehydrogeaawas purchased from Roche Applied

Science (Mannheim, Germany), OxoDisplates were obtained from PreSens (PreSens
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Precision Sensing GmbH, Regensburg, Germany). iB8eaf foils were obtained from

Greiner bio-one (Essen, Germany).

3.3.2 Caco-2 cell culture

The human colon adenocarcinoma cell line, Cacokdjec C2Bbel, was purchased from
American Tissue Culture Collection (ATCC, Manassd8) and used at passages 60-80.
Cells were cultured in Dulbecco’s modified eagledmen (DMEM) with high glucose
(4.5g/l) and L-glutamine, supplemented with 10%lfecalf serum (FCS) and 1% non-
essential amino acids and were maintained undedatd culture conditions at a temperature
of 37°C and in a humidified atmosphere of 5%,CThe culture medium was changed three
times a week. For oxygen measurements with thedBBisi® Reader (SDR), Caco-2 cells
were cultured in 24-well OxoDi$hplates at a density of 1x16ells per well in 1 ml culture
medium and were allowed to attach and proliferateéd6 hours. For the determination of the
conversion of DCF-DA into DCF (DCF-DA assay), Cé&aells were plated into 96-well
plates at a density of 2x16ells per well in 0.2 ml culture medium and allate attach and
proliferate for 96 hours as well. For MTT assay &accells were cultured also in 96-well

plates in a density of 2xi@ells per well and were cultivated for 8 days.

3.3.3 SensorDislf Reader (SDR)

The SensorDishReader (SDR) is an innovative system for the nreasent of the molecular
oxygen concentration @ in solution. For this purpose special 24-welltga(OxoDisft
plates) were used. These sterile multidishes corsnsor spots on the bottom of each well,
which consist of an oxygen-sensitive fluorescene dymbedded in a tissue compatible
polymer (Figure 3.2). The fluorescence lifetimeluf dye depends on the amount of oxygen
in solution. The emitted sensor signal is read rart-invasively through the bottom of the
OxoDisl plates by the SDR and is converted automatically.g., oxygen air saturation (%)
or oxygen concentration (mg/L) using calibratiomgmaeters provided in the corresponding
software (SDR_V37). A decrease in air saturatioferse to an increase in oxygen
consumption which is indicative for viable cellsheveas an increase in air saturation
indicates a loss of cellular activity. The calcath@lteration in air saturation results from the
difference between the value for air saturation emndormal culture conditions (buffer

control) and the value of the top of an amplitudeclv develops e.g., after application of
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H,O,. Measurements can be performed in user-defined tntervals. To avoid evaporation

effects in the 24-well plates, all dishes were egalith an air- and gas-permeable foil
(BreathSedl foils).

well

sample
sensor with oxygen-
sensitive dye

filter

excitation  emission

A B
Figure 3.2: Assembling of the SensorDi8tReader (SDR)(A) SDR with an OxoDish plate on top. Sensor

spots are immobilised at the bottom of each wWEBIlJ. Measurement principle of the SDR. The sensor ¢itex
by the reader non-invasively through the transpabettom of the OxoDish plates. Its emission is detected

from the bottom side as well. Images were recefi@th PreSens (Regensburg, Germany).

For the detection of oxidative stress, Caco-2 cellsre cultured for 96 hours in
OxoDisl plates. Alterations in air saturation were docuteeénevery hour during cell
cultivation. After the cell culture medium was rered, HO; in different concentrations
(75, 150, 300, 1000 and 2000 uM) diluted in DMEMsvadded to the cells. To analyse the
involvement of the SOD in the course of the assagldishment, cells were pre-incubated for
24 hours with the SOD inhibitor diethyldithiocarbat® trihydrate (DDC). This hydrophobic
chelating agent removes Cu (Il) ions from the a&ctsite and thus inactivating the SOD
(Fridovich, 1986; Khazaei et al., 2009). Cells weéreated with different concentrations
(20, 100 and 200 uM) of DDC before 2000 uM3A were applied as described before.
MTT experiments demonstrated no cytotoxic effecthef used DDC concentrations (data not
shown). For the evaluation of the oxidative potdntf nanoparticles, cells had been
additionally washed with HBSS, whereupon variousaparticles in different concentrations
(10, 50, 100, 200 and 500 pg/ml) were added tedtis. HO, in a concentration of 1000 uM
served as a positive control. After addition of ttest substance measurements were

performed every minute for 1 hour.

For detection of cytotoxicity, Caco-2 cells wereated as described in the paragraph above.
Triton-X (0.000001-1%), polyethylenimine (PEI) (@:Q00 pug/ml) or different nanoparticles
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in different concentrations (10-500 pg/ml) (dispersn HBSS) were added to the cells. The
consumption of molecular oxygen, indicative for te#l growth behaviour, was detected over
24 hours every hour. Triton-X served as a positioetrol for cytotoxicity. To investigate, if
the cytotoxic effects are reversible, Caco-2 cellre cultured for 48 hours as described
before. Afterwards cells were treated for 4, 8 @ddhours with nanoparticles dispersed in
HBSS or with HBSS alone. After these incubationetsni4, 8 and 24 hours), cells were rinsed
with HBSS and were cultured in DMEM for further @@urs.

To exclude the detection of chemical reactions tuld,O, or nanopatrticles, all experiments
were additionally performed in a cell-free milies well. Therefore, OxoDishplates were
incubated with DMEM under standard cell culture dibons in the absence of cells.
Afterwards HO, or nanoparticles were added as described before.

3.3.4 DCF-DA assay

The production of intracellular ROS was measuradgug’, 7’-dichlorofluorescein diacetate
(DCF-DA). DCF-DA is a non-ionic, non-polar and nfmerescent fluorescein derivative
which is able to cross cell membranes and is hydeal enzymatically by intracellular
esterases. In the presence of ROS DCF-DA is oxdire the highly fluorescent
dichlorofluorescein (DCF). A 10 mM DCF-DA stock sbbn (in dimethyl sulfoxide, DMSO)
was diluted in Hank’s balanced salt solution (HB®&h 1% bovine serum albumin (BSA) to
obtain a working solution with a concentration @ | ZM. Final DMSO concentration was
kept below 0.2%. After cell cultivation, Caco-2 Iselwere washed twice with HBSS
supplemented with 1% BSA, followed by an incubatadrDCF-DA at 37°C for 30 minutes.
After that period DCF-DA was removed and@ in different concentrations (75-1000 puM)
or nanoparticle dispersions (10-500 pg/ml) were edddand incubated at 37°C for
180 minutes. This time point had been determinegr&vious time kinetic experiments,
where an increase in fluorescence over time had beewn (data not shown). HBSS with
1% BSA served as negative control. To investighte duitability of different buffers and
media, the above described experiment was perforwidd HBSS, DMEM and DMEM
without phenol red, respectively. Emission of tleeeloped fluorescence was analyzed with a
fluorescence plate reader (Infinite M200, Tecan,ailSheim, Germany) using a
485 nm extinction filter and a 530 nm emission efilt Measurements were performed

immediately after addition of ¥#D, or after a 180-minute-incubation.
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3.3.5 LDH assay

The release of lactate dehydrogenase (LDH) fromadgt cells was detected in a two-step
enzymatic reaction. In the first step LDH catalyzbe conversion of lactate to pyruvate,
which results in the reduction of NARo NADH/H'. In a second step the catalyst transfers
H/H® from NADH/H" to the tetrazolium salt INT which is reduced towater-soluble
formazan dye. The absorbance of this formazan dge measured at an absorbance of
492 nm (Infinite M200, Tecan, Crailsheim, German@aco-2 cells were treated with
different concentrations of triton-X (0.000001%-1%) different nanoparticles (N50-RITC
and N50-P-RITC) in different concentrations (10@%®/ml). The release of LDH into the
supernatant was analyzed after 2, 4, 6 and 8 hdmréterference of the used nanoparticles
with the LDH assay was excluded performing substatuntrol tests beforehand (data not

shown).

3.3.6 MTT assay

Cells were treated with N50-RITC and N50-P-RITCtiedes in a concentration of 200 pg/ml

in HBSS and were incubated for 4, 8 or 24 hour® VAT reagent was subsequently added
for further 4 hours. Cytotoxicity was determined fmgasuring the reduction of the yellow

tetrazolium salt thiazolyl blue tetrazolium bromid¢TT) to water-insoluble purple formazan

crystals by metabolic active cells. Formazan cigsteere extracted with DMSO and their

absorbance was measured at 550 nm (Infinite M2@@afd, Crailsheim, Germany). An

interference of the used nanoparticles with the Magsay was excluded performing

substance control tests beforehand (data not shown)
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3.4 RESULTS

3.4.1 Establishment of a method for the combined determiation of oxidative stress

and cytotoxicity via SDR measurements

3.4.1.1 Determination of oxidative stress via SDR

34.1.1.1 Cdl concentration- and H,O, concentration-dependent increase in molecular
oxygen

The SDR had previously been used for the monitaoinggll cultivation and the non-invasive
determination of cytotoxicity based on cellulag €@nsumption. For its application in the
detection of oxidative stress in human cell cultsystems, a new assay had to be established.
For this purpose, ¥D, served as a model substance to generate ROSingsultoxidative
stress in Caco-2 cells. After cells were cultivated 96 hours under standard cell culture
conditions, HO, in different concentrations, (75-2000 uM) dilutedcell culture medium
(DMEM), was added to the cells. Measurements ofréselting oxygen concentration were
performed directly after addition of,B,. Figure 3.3 A shows exemplarily a typical SDR run
of control cells (treated with DMEM alone) (blackrates) and cells treated with
1000 uM HO, (open circles). Immediately after the additionH0D, (Figure 3.3 A, arrow) a
strong increase in air saturation (+55.50% + 0&4d consequently in the concentration of
molecular oxygen was documented. This effect rehehmaximum after 1 hour, followed by
a short stagnation with a subsequent decrease leicalar Q. Control cells also showed a
low increase in air saturation (+6.35% + 0.93) tlueariations in temperature. Within about
six hours, control cells reached nearly their basice (-3.77% + 0.80), whereas cells which
were incubated with 1000 uM,B, exhibited a great difference between the amourdirof
saturation before application ob®&, and after the reaction (+14.34% + 2.11) (FiguBeA.
This observed effect was associated with the amaintells as can been shown in
Figure 3.3 B. HO, in a concentration of 1000 uM was added to Cacels, which were
cultured for 48, 72 or 96 hours. Cells which wetdtuwred for 48 or 72 hours exhibited a
reduced reaction to 40, when compared to cells cultivated for 96 hours. @hesaturation
was increased by +23.28% +2.53 for Caco-2 cell#tumd for 48 hours and by
+33.67% = 2.7 for cells cultured for 72 hours (F®G8.3 B).
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Figure 3.3: Influence of HO, on Caco-2 cells(A) Run of an SDR experiment to measure indirectly the
generation of oxygen radicals in Caco-2 cells eatéd for 96 hours under standard cell culture itmm.
Measurements were performed every minute aftericgijgn of DMEM as control or pD, (arrow). For
clarification not all time points were plotted. Batepresent the mean + SD of three we(B) Cell
concentration-dependent increase in air saturaitar application of kD,. Caco-2 cells were cultivated for 48,
72 and 96 hours under standard cell culture candti Afterwards 1000 uM 4@, was added to the cells.
Plotted data were calculated by subtracting theistpair saturation from the maximal occurred saturation.
Data represent the mean + SD of three wells. Tteriaks depict significant differences betweenatiéht cell
cultivation times (g0.01**, p<0.001***).
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The results of three independent experiments witferdnt concentrations of 4, (75-
2000 uM) are presented in Figure 3.4 A, where eoimation-dependent increase of oxygen
concentration could be detected:@d in a concentration of 75 uM did not increase the a
saturation compared to the DMEM control, while 2Q00 H,O, resulted in a highly
significant increase (.00058). The used concentrations eOkand the resulting increase
in air saturation exhibited a very strong correatwith a coefficient of determination of
0.9636 (Figure 3.4 B).
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Figure 3.4: Increase in air saturation due to the applicatibil,O,. (A) H,O, in different concentrations (75-
2000 uM) was added to Caco-2 cells cultured foh®érs. Plotted data were calculated by subtradtivey
starting air saturation from the maximal occurrad saturation. Data represent the mean + SD ofethre
independent experiments. The asterisks depictfgignt differences between the control angDbltreated cells
(p<0.05 *, p<0.001 ***). (B) Correlation between @, concentration and the increase in air saturafidata
represent the mean + SD of three independent ewpats.

As the degradation product of,@ is O, as well, it was necessary to investigate the
behaviour of HO, in a milieu without any cells to exclude a cherhiefiect only. Directly

after the addition of bD,, this cell-free experiment showed a decrease linsaiuration
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(Figure 3.5, black bars). The rising of the oxygemcentration during the experiment was
similar to that of control cells treated with DME&;bne (Figure 3.5, grey bars). These results

confirmed a cellular and therefore biological answe H,O, and excluded a chemical
reaction.

60 7 mmmm direct effect to H,0,
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Figure 3.5: SDR experiments in absence of cells. OxoBiplates were incubated with DMEM under normal
cell culture conditions but in absence of cellgOHin different concentrations (150-1000 pM) was abittethe
DMEM medium. The direct effect (black bars) as veslthe maximum effect during,®, exposure (grey bars)
were determined. Data represent the mean + SDreé thdependent experiments.

3.4.1.1.2 Involvement of the SOD in the H,O»-induced effect

The observed pD,-induced effect of Caco-2 cells was supposed tcaosed by the SOD. To
prove the involvement of the SOD, an enzyme ofahigoxidant defence mechanism, Caco-2
cells were pre-incubated with DMEM or the specBO©D-inhibitor DDC (20-200 puM) for
24 hours. After this pre-incubation cells were tieeawith 2000 uM HO,. Samples which
were not pre-incubated with DDC showed a strongreim®e in molecular oxygen
(+125.99% + 7.81) as could be detected alreadyemipus experiments. The pre-incubation
with 20 uM DDC caused a reduction in air saturatdrv3.57% compared to control cells
incubated with DMEM without DDC. DDC in a conceriiom of 100 uM exhibited a further
reduction of the kD, induced effect (+2.57% £ 0.42) or even resultechidecrease of air
saturation when using 200 uM DDC (-15.98% + 0.33y\re 3.6) which is an indication for
a complete inhibition of the SOD. Previous MTT empents demonstrated no cytotoxic
effect of the used DDC concentrations (data notvsho
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Figure 3.6: Influence of DDC on the }D,-induced effect. Caco-2 cells were cultured foh®@rs. Cells were
pre-incubated for 24 hours with DDC in differentncentrations (20-200 uM) followed by the additioh o
2000 uM HO.. Bars show the alteration in air saturation afle®, application by subtracting the starting air
saturation from the maximal occurred air saturatibata represent the mean + SD of three independent

experiments. The asterisks depict significant dififees between control and DDC treated ce#® @l **).

3.4.1.1.3 Comparison with the DCF-DA assay

The authenticity of experiments with this novelhieicue was confirmed with a conventional
fluoriometric assay for the detection of oxidatiggess using 2’, 7’-dichlorofluorescein
diacetate (DCF-DA). Furthermore, the comparabiiifythe SDR assay with a standardized
method should be clarified. Caco-2 cells were poetbated with DCF-DA followed by a
three-hour-incubation with different concentratiom$ H,O, diluted in DMEM or
HBSS with 1% BSA. The resulting emission valuesdobon the conversion of DCF-DA into
the fluorescent dichlorofluorescein (DCF), were woented every hour over a 3-hour-
incubation (data not shown). The occurred fluoreseeis a parameter for the presence of
ROS. The usage of the standard cell culture medRIWEM) was not possible, because the
medium interfered with the fluorescent measuringteay. DMEM without addition of phenol
red caused problems with the measurements techmigjueell (Figure 3.7 A). Thereupon,
DCF-DA experiments were performed in HBSS supplasemith 1% BSA. Similar to the

results of the SDR measurementsObl caused a concentration-dependent increase in the
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conversion of DCF-DA after three hours indicative the generation of ROS (Figure 3.7 B).
Thereby, the DCF-DA assay had a lower detectioit timan the SDR assay.
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Figure 3.7: Standard DCF-DA assay for the detection of oxidattress(A) Fluorescence measurements of
converted DCF-DA in HBSS, HBSS supplemented with B%A, DMEM and DMEM without phenol red
(DMEM?*) after addition of HO, in different concentrations (0, 300 and 1000 ukB) Caco-2 cells were
cultured for 96 hours and were pre-incubated wi@FEDA in HBSS+1% BSA for 30 minutes. Afterwards®

in different concentrations (75-1000 uM) was addedCaco-2 cells followed by a 3-hour-incubation.t®da

represent the mean * SD of three independent erpats. The asterisks depict significant differenoetsveen
the control and kD, treated cells ({0.001 ***).
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Measurements were also performed directly afteritiadd of H,O, without a 3-hour-
incubation step. No difference between sevep@ttoncentrations and the HBSS + 1% BSA
control could be observed (data not shown) whiachcates that the conversion of DCF-DA

into DCF seems not to be an immediate processeaqdres a longer incubation time.

3.4.1.2 Determination of cytotoxicity via SDR

To prove the correlation between the amount ofscaltd the consumption of molecular
oxygen, Caco-2 cells were seeded with differenitmainbers (6 300 — 78 900 cells perdm

in OxoDistP plates. The variation of the air saturation wasisneed every 30 minutes over
16 hours. Measurements were started with a deldyhafur, because the system needs about
1 hour to equilibrate (temperature and pH) aftexdsey the cells. Already 2 hours after
seeding the cells a concentration-dependent dexneasr saturation was visible (Figure 3.8).
The SDR run clarified that there is a strong catieh between the amount of seeded cells
and the consumption of oxygen. A high cell conatign (79 000 cells per dnshowed a
decrease in air saturation of 12.92% + 4.16 ovehd's, whereas lower concentrated cells
(6 300 cells per cfy caused a reduction in air saturation of 5.11%560Cell-free samples

showed no variation in air saturation during theolelexperiment.
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Figure 3.8: Alteration in air saturation correlates with thell qaumber. Air saturation profiles of several segd
densities of Caco-2 cells. Cells were seeded ferdifit concentrations in OxoDi3Iplates and were cultured for

16 hours under normal cell culture conditions. Meaments were performed every 30 minutes. Datesept
the mean = SD of three wells.
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The cytotoxic potential of an added reagent isem#id by the decrease in cellular
consumption of @ For this purpose, triton-X served as a model tsuice causing
cytotoxicity due to permeabilization of the cell migranes. Therefore, Caco-2 cells were
treated with different concentrations of triton-X{00001%-1%) solved in DMEM. Samples
incubated with the highest triton-X concentratial?e) showed a clear increase in air
saturation directly after addition of triton-X. Agaturation values of samples with lower
triton-X concentrations (0.0001%-0.1%) showed aceoitration-dependent approximation to
the highest triton-X concentration. Howevegntrol cells, cultivated in DMEM during the
whole experimentcaused a decrease in air saturation over time hwhiggests a high
consumption of molecular oxygen by viable cellgg(ffe 3.9 A). These results were proved
with a standardized assay detecting the LDH reldasen damaged cells which is a
commonly used and standardized marker for cell nmen® integrity and cytotoxicity.
Supernatants of all samples were collected simedtasly to the SDR measurements and
analyzed concerning their LDH leakage over 8 hoilNs. clear concentration-dependent
release of LDH could be detected for triton-X dgrthe experiment. For the lower triton-X
concentrations (0.000001%-0.01%) no increased L[@kase could be detected when
compared to the medium control, while the treatmeitih 0.1% and 1% triton-X showed
already after two hours a very strong LDH releadSgure 3.9 B). In contrast to the SDR
assay, where a clear concentration-dependent effmaid be observed, the LDH assay
exhibited either no or the maximal cytotoxic effasthout any intermediate steps.
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Figure 3.9: Air saturation correlates with occurred cytotoyici (A) Determination of triton-X-induced
cytotoxicity via SDR measurements. Increase irsafuration due to the application of triton-X otiene. Cells
were incubated with different concentrations dbtmiX solved in DMEM for 4, 8, 16 and 20 hours,pestively.
(B) Determination of the triton-X-induced effect vidDH assay. Caco-2 cells were incubated with differen
concentrations of triton-X solved in DMEM. Supemrats were collected and analyzed concerning LDKdga
after 2, 4, 6 and 8 hours. Measurements were peefdrwith an absorbance plate reader. Data repréisent

mean * SD of three independent experiments.

After finishing these establishment experimentss thovel assay could apply for the
determination of oxidative stress and cytotoxicity particulate systems such as silica

nanoparticles.
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3.4.3 Oxidative and cytotoxic potential of silica hanopaticles

3.4.3.1 Determination of the oxidative potentiakiliica nanoparticles via SDR in comparison

to DCE-DA measurements

For determination of nanoparticulate-induced ROBegation, Caco-2 cells were plated for
96 hours in OxoDishplates. Nanoparticles (N50-RITC, N50-P-RITC, N94FRland N94-P-
RITC) were diluted in HBSS in different concentoas (10, 100, 200 and 500 pg/ml) and
were added to the cells,8, in a concentration of 1000 uM served again ass#ipe control
for generation of ROS. Measurements were perforreeery minute after addition of
nanoparticles. kD, with a concentration of 1000 uM showed a highease in air saturation
of 32.16% + 5.83 compared to the buffer controljlevimanoparticles caused no significant
increase in air saturation (Figure 3.10 A). Thisute could be also confirmed with a DCF-
DA assay. Caco-2 cells plated in a 96-well platerevéencubated with DCF-DA for
30 minutes, followed by addition of nanoparticles further 180 minutes. #, caused a
conversion of DCF-DA into DCF of 3.05% £ 0.77, whas all tested nanoparticles showed
no increased DCF-DA conversion compared to the epuf€ontrol (0.93% + 0.06)
(Figure 3.10 B).
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Figure 3.10: Determination of the oxidative potential of nanddes via SDR and DCF-DA measurements.
(A) Detection of ROS generation via alteration insaturation by SDR measurements. Different nanapesti
(N50-RITC, N50-P-RITC, N94-RITC and N94-P-RITC) different concentrations (10-500 pg/ml) were added
to Caco-2 cells plated in OxoDi3Iplates. HO, served as a positive contr¢B) Detection of ROS generation
via conversion of DCF-DA into DCF. Caco-2 cells wepre-incubated with DCF-DA for 30 minutes.
Afterwards, different nanoparticles (N50-RITC, NBERITC, N94-RITC and N94-P-RITC) in different
concentrations (10-500 pg/ml) were added to thés dellowed by a 3-hour-incubation. The buffer amht

(HBSS or HBSS + 1% BSA) is displayed by the dadhexl Data represent the mean + SD of three indigen
experiments.
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3.4.3.2 Size-, time-, surface modification- and ammiration-dependent nanoparticulate

cytotoxicity
Long-term determination of nanoparticulate cytotttyi was measured on the basis of the

consumption of oxygen over 24 hours. Caco-2 cebisewplated for 96 hours in OxoDf$h
plates. For the cytotoxic evaluation of a partiteilanodel substance, Caco-2 cells were
incubated with PEI in different concentrations (@XDO0 pg/ml). PEI polymers are widely
used as a transfection reagent in non-viral getigetlg. Used PEI polymers had a size of
12.02 nm £ 0.56 when dispersed in HBSS in a conagoh of 100 pg/ml. After addition of
PEI, cells showed a time- and concentration-dep@ndecrease in oxygen consumption
indicative for a cytotoxic effect of PEI. Concenioas up to 1 pg/ml caused no inhibition in
cellular activity when compared to the buffer cohtin contrast, cells treated with PEI in a
concentration of 10 and 100 pg/ml exhibited a claare- and concentration-dependent
cytotoxic effect similar to that of the triton-X mtvol (Figure 3.11).

30 4

I 001 pg/ml PEI
3 0.1 pg/ml PEI
B | pg/ml PEI

Increase 1n air saturation
related to HBSS control (%)

ﬂl Z=Z3 10 pg/ml PEI
1 100 pg/ml PEI
Z=Z3 Triton-X
’20 T T T T T T
4 g 12 16 20 24

incubation time (h)

Figure 3.11: Cytotoxic potential of polyethylenimine (PEI) agparticulate model substance analysed via SDR.
PEI in different concentrations (0.01-100 pg/ml) swadded to Caco-2 cells cultivated for 96 hours.
Measurements were performed every hour over 24sh@ars exhibit the additional consumption ofr@lated

to the HBSS control after 4, 8, 12, 16, 20 and @drb. Data represent the mean + SD of three indkgrgn
experiments.

For the cytotoxic evaluation of silica nanoparts;learious nanoparticles (N50-RITC, N50-P-
RITC, N94-RITC and N94-P-RITC) were dispersed in 38 in different concentrations
(10, 100, 200 and 500 pg/ml) and were added tocHiks. Triton-X in a concentration of
0.01% served as positive control for cytotoxicMeasurements were performed every hour.
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Already after 4 hours, a clear difference betwdentested nanoparticles was visible. N50-
RITC nanoparticles caused a clear increase in auraion and consequently a reduced
consumption of oxygen. Particularly, at higher cantcations (200-500 pg/ml) N50-
RITC particles provoked a strong effect by adjustio the air saturation values of the triton-
X control indicative for cell death. After a 16-heauncubation, N50 —RITC particles in a
concentration of 500 pg/ml caused a lower cellubxygen consumption as the one
documented for triton-X at this time point (Figldd2 A). N94-RITC particles as well as
PEG-modified nanoparticles (N50-P-RITC and N94-H®)I showed no alteration in air
saturation during the experiment when comparetéduffer control (HBSS) (Figure 3.12 B-
D) and therefore did not generate cytotoxicity iacG-2 cells. For N50-P-RITC and N94-P-
RITC particles a minor cytotoxic effect could beetted after 24 hours.
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Figure 3.12: Determination of the cytotoxic potential of diffateRITC-labelled silica nanoparticles via SDR
measurements. Nanoparticlés different concentrations (100-500 pg/ml) wereded to Caco-2 cells.
Measurements were performed every hour over 24sh@dd) N50-RITC, unmodified nanoparticles, 50 nm,
(B) N50-P-RITC, PEG-modified nanoparticles, 55 n() N94-RITC, unmodified nanoparticles, 94 nm,
(D) N94-P-RITC, PEG-modified nanoparticles, 97 nm.SBaxhibit the additional consumption of €lated to

the HBSS control after 4, 8, 12, 16, 20 and 24 fiolrata represent the mean + SD of three indepénden
experiments.

To evidence the observed cytotoxicity, the LDH aske after incubation with N50-RITC and
N50-P-RITC particles in different concentration®@500 pg/ml) during the first 8 hours of
the experiment were analysed simultaneously to 8R measurements. A clear
concentration- and time-dependent release of LDiHdcbe detected for N50-RITC particles,
whereas N50-P-RITC patrticles showed no increasedl kE€lease compared to the HBSS

control (Figure 3.13).
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Figure 3.13: Determination of the cytotoxicity of silica nanopeles via LDH assay. Caco-2 cells were
incubated with N50-RITC and N50-P-RITC nanoparcl8upernatants were collected and analyzed cdngern

LDH leakage after 2, 4, 6 and 8 houdata represent the mean = SD of three independgetienents.

In addition, an MTT assay was performed to evaltiaemetabolic viability of the cells after

incubation with nanoparticles. This assay was bt 80 detect the cytotoxic effects of N50-
RITC nanoparticles which could be determined viaHLBnd SDR. Nanoparticles caused a
decrease in metabolic viability over 24 hours bbewcompared to the HBSS control they all

showed increased absorbance values indicativenfenhanced metabolic activity of the cells

after nanoparticle incubation (data not shown).

Furthermore, to exclude a cytotoxic effect of thmfescent dye RITC or other ingredients of
the nanoparticle solution, Caco-2 cells were tekatgh free RITC and the supernatant of
nanoparticle dispersions as well. No alteratiogetiular viability could be demonstrated for

these samples when compared to the buffer corftiaia not shown).
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3.4.3.3 Pl-labelled nanoparticles caused a siz@e-f concentration-dependent and non-

reversible cytotoxic effect in Caco-2 cells

As described before, Caco-2 cells were plated oh®&urs in OxoDish plates. Pl-labelled
nanoparticles (N21-Pl, N34-Pl and N84-PI) wereteédlin HBSS in different concentrations
(20, 100, and 500 pg/ml) and were added to thes.caljain, triton-X in a concentration of
0.01% served as a positive control for cytotoxichheasurements were performed every hour
over 24 hours. Caco-2 cells incubated with diffeigred nanoparticles in a concentration of
20 pg/ml exhibited no increase in air saturationrewltompared to the HBSS control. In
contrast, nanoparticles in a concentration of 1§@nhiand 500 pg/ml caused a clear size- and
time-dependent cytotoxic effect. N84-Pl nanopagidh a concentration of 20 and 100 pg/ml
had no influence on cellular viability at all. Incancentration of 500 pg/ml these particles
already showed a very strong cytotoxic effect aftierincubation of 8 hours (Figure 3.14 C).
N34-PIl nanoparticles in a concentration of 100 (dlglemonstrated a clear effect after a 16-
hour-incubation (Figure 3.14, B). Similar result®uldl be also detected for N21-PlI
nanoparticles. They already caused cytotoxicitgraét 8-hour-incubation (Figure 3.14, A)
when applied in a concentration of 100 pg/ml. Hrgbencentrated (500 pg/ml) N34-P1 and

N21-PI nanopatrticles exhibited a cytotoxic effdotady after an incubation time of 4 hours.
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Figure 3.14: Determination of the cytotoxic potential of unmaelif Pl-labelled silica nanoparticles via SDR
measurements. N21-PI, N34-Pl and N84-PI nanopesiicldifferent concentrations (20, 100 and 500 pg/ml)
were added to Caco-2 cells. Measurements wererpggtbevery hour over 24 houf®\) N21-Pl, (B) N34-PI,
(C) N84-PI. Bars exhibit the additional consumptiorOgfrelated to the HBSS control after 4, 8, 12, 16a84d

24 hours. Data represent the mean + SD of threspenblent experiments.
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3.4.3.4 Nanoparticle-damaged Caco-2 cells do mymnerate

To investigate, if the observed cytotoxic effectnainoparticles is reversible, Caco-2 cells
were cultivated for 48 hours, subsequently cellsewsmcubated with N34-Pl or N84-PI
nanoparticles for 4, 8 and 24 hours. As a contells were cultured in HBSS alone for 4, 8
and 24 hours. Figure 3.15 A shows exemplarily tB& Sun of N34-PI treated cells with the
corresponding HBSS controls, in comparison to aalltured in DMEM (negative control) or
in 0.01% triton-X (positive control). HBSS causedlyoa rather low decrease in cellular
viability when compared to the DMEM control. In d¢mast, nanoparticle-treated cells
exhibited a high increase in air saturation whemgared to the DMEM control indicative for
a decrease in cellular viability. After a 72-hoocuibation in DMEM, HBSS treated cells
demonstrated still a consumption of oxygen indieatfor metabolically active cells. In
contrast, nanoparticle-incubated cells exhibitstza- and time-dependent decrease in oxygen
consumption based on a cytotoxic effect of thesgoparticles. The nanoparticle induced

cytotoxicity was not reversible within 72 hoursdéiie 3.15 B).

As described before for RITC-labelled nanopartickesytotoxic effect of the fluorescent dye
Pl or other ingredients of the nanoparticle sohdiavas excluded by treating cells with free
Pl or the supernatant of nanopatrticle dispersibdlusalteration in cellular viability could be

demonstrated for these samples when compared touffex control. (data not shown).
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Figure 3.15: Reversibility of the nanoparticle induced cytotorffect. N34-Pl and N84-PI nanoparticles in a
concentration of 100pug/ml were added to Caco-Zcafid were incubated for 4, 8 and 24 hours. After t
incubation time, cells were washed with HBSS andeweultivated in DMEM for further 72 hours under
standard cell culture condition@®) SDR run of Caco-2 cells cultivated with N34-PI pdes or HBSS for 4, 8
and 24 hours. Arrows mark the time point, when mpanticle incubation was finished and Caco-2 celexen
cultivated in DMEM again. Data represent the me&Dtof three wells(B) Increase in air saturation related to
the DMEM control after a 72-hour-incubation in DMEMIriton-X in a concentration of 0.01% served as a

positive control for cytotoxicity. Data represehétmean + SD of three independent experiments.
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3.5 DISCUSSION

Silica nanopatrticles have various advantages aathcteristics which are promising tools in
the medical and pharmaceutical field, but theyase known to cause cell damage such as
oxidative stress or inhibition of cellular respicat (Eom & Choi, 2009; Park & Park, 2009;
Tao et al., 2008; Wang et al., 2009). Recent pabbas reported the application of silica
nanoparticles as drug and gene carrier (Bharaili.e2005; Gemeinhart et al., 2005; Manzano
et al., 2009; Simovic et al., 2010; Tan et al.,@QWhich underline the importance to provide
a safe method for the oxidative and cytotoxic eatdun of nanoparticles. Oxidative stress and
cytotoxicity are two parameters which have to balyw#ed, especially as these materials come
into close contact with biological barriers, e.ghe gastrointestinal epithelium when

administered via the oral route.

In case of oxidative stress, free radicals arentiodecules of action. They seem to have a
pathologic role in a variety of diseases such &erasclerosis and cancer (Rice-Evans &
Burdon, 1993; Trush & Kensler, 1991). Free radiaas produced permanently as natural
metabolism products sustaining essential functi@ysthe time there is an imbalance of the
generation and the decomposition of ROS, theseaulgle can impair cells. Typical sources
of damaging ROS are e.g. ultraviolet rays as we)aand ionising radiation. However, also
pharmaceuticals such as diazepam or clofibrate d&ogka et al., 2007; Qu et al., 2001) and
innovative drug delivery tools like nanoparticlemnccause uncontrolled production of free
radicals. Many different nanoparticles were alreaglyorted to induce oxidative stress in
different cell lines. Cerium oxide nanoparticlesised an increase in ROS, which triggered
the activation of cytosolic caspase-3 and a chromaativation which led on the other hand to
cytotoxicity via an apoptotic process (Park et aD08). Such an increase in ROS with a
simultaneous decrease in glutathione could beadserved in human embryonic kidney cells
after incubation with amorphous Si@anopatrticles (Wang et al., 2009). In additiorthe

formation of ROS, silica nanoparticles have alserbshown to induce heme-oxygenase-1,
another antioxidative enzyme (Eom & Choi, 2009)c@&mnparative study demonstrated that
metallic nanoparticles caused oxidative stresstelighes higher if compared to aqueous
solutions of the same metals (Limbach et al., 200RAgse findings suggest for an in-depth

examination of these new materials with regardheoproduction of ROS.
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For the detection of RO vitro various commercially available assays alreadytexssg
different markers for oxidative stress such as supée dismutase, glutathione or catalase. A
well-established standard assay for the deternoinatf ROS is the DCF-DA assay
(Rosenkranz et al.,, 1992), a fluorescent based adetthich detects ROS generation by
determining the conversion of DCF-DA into DCF. Howe the assay exhibits several
disadvantages as its long incubation time of atualdohour and particularly that it is an
invasive and end-point assay. Furthermore, thiayaseows various interactions with assay
media or buffers. Grzelak et al. already demoretratia DCF-DA assay a very high
generation of ROS in many standard cell cultureiensedch as DMEM or RPMI even without
any addition of ROS-inducing substances (Grzelad.eR000; Grzelak et al., 2001). Similar
results were obtained in a DCF-DA experiment withc@2 cells. In this study, it could be
shown that pH indicators such as phenol red coaldse interactions with the measurement
principle. This common medium supplement resulted very high background fluorescence
which interacted with the measuring wavelength @@ FD In contrast, experiments with
DMEM without any addition of phenol red caused &eotdifficulty. In these samples no
difference in DCF-DA conversion between singlgObl concentrations was visible. Because
of its high complexity, cross reactions with vasoingredients could not be excluded.
Therefore, it was necessary to use special buéf@rgng along with an alteration in standard
culture or experimental conditions. This again mesult in stressed cells and consequently in
an interference with experimental results. Howewdrysiological buffers, such as HBSS,
without any protein addition showed already in tiegative control a very high conversion of
DCF-DA into DCF causing a high background. The latkroteins resulted in metabolically
stressed cells. These experiments clarified thé higitation in the choice of buffers or
media. Consequently, the DCF-DA assay is very seadio different cell culture buffers or
media due to various interferences. Furthermore, materials such as nanoparticles often
show interactions with the measurement principieslfi This could already be demonstrated
for standardized assays for the detection of cytotty (Wahl et al., 2008; Worle-Knirsch et
al., 2006). Therefore, it is recommended to evidetata of these techniques with at least two
or more independent test systems (Worle-Knirschalgt 2006). Opinions of different
European institutions support this proposal (EF3#9; SCCP, 2007).

These findings clarify the high demand for the lelisshment of alternatives to already
available assays. Therefore, in the present studyrainvasive assay for the combined
detection of ROS and cytotoxicity using the SDR watablished. Thereby, the intestinal
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adenocarcinoma cell line Caco-2 served agaitro model with regard to the development
of oral nanoparticulate drug delivery systems. Tiheovative method is based on a
fluorescent measuring principle detecting spedificaolved molecular oxygen @ in the
samples (Beckers et al., 2009; Kensy et al., 20D&)ing the establishment for the detection
of oxidative stress, #D, served as model substance for the generation &iR@tro. H,O,
can diffuse freely in and out of cells and tisslige.ability to cross biological membranes
allows targeting a wide range of intracellular agxtracellular structuredn vitro, HyO;
oxidizes cellular ferrous iron into ferric iron, drpxyl radical and hydroxyl anion via Fenton
reaction by the following molecular equation?Fe H,O, > Fe* + OH + OH. This
reaction is a main source of oxidative stress endéll based on the generation of hydroxyl
radical (OH). OH can react with further cellular molecules, wherdébg development of
further ROS such as superoxide anion radical’(©r again HO, is possible. As the ¥D,
induced increase in air saturation could be inbibiia addition of an SOD inhibitor (DDC),
the strong rise of oxygen generation during SDR sueaments after addition of,8; is
related to the activation of the SOD. Thereforg; €eemed to be involved in the occurred
cellular answer to D, and its cellular consequences. The SOD is thé émzyme of the
antioxidant defence mechanism and converts prod@édn the following reaction: 29

+ 2H" + SOD-> H,0, + O, (Maier & Chan, 2002; Marklund, 1980). Thereuporsuténg
H,O, is degraded to molecular oxygen and water by thezyree catalase:
2H0, 2> 2H,0 + O, (Sies, 1986). This reaction explains the increaseoxygen air
saturation after D, exposure. Different studies already describedatbsociation between
H,O, application and the increase in SOD activity (Bds@&igoswami et al., 2005;
Drazkiewicz et al., 2003; Nagy et al., 1995). Tlaation of the SOD is extremely fast,
having a turnover of 2xPM™se¢' (Malstrom et al., 1975). This fast reaction becsme
apparent by the rapid increase in air saturatioer dhe addition of kKD,. However, further

experiments would be necessary to proof the rotat#lase in this reaction.

As no alteration in air saturation could be detatea cell free milieu, a chemical interaction
with medium ingredients or the oxygen sensor catbyeld,O, or its decomposition products
could be excluded. The ,B.-induced effect is completely absent due to thd taat
antioxidative enzymes are not present and therefor@ble to eliminate produced ROS. The
cell concentration-dependent reaction tklis a further indication for a biological process.
An increased amount of cells is associated withnareased @ detection after addition of
H.0..
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Besides oxidative stress, also cytotoxicity is adispensable parameter which should be
evaluatedin vitro. Cytotoxicity can be a result of oxidative streas, ROS can affect cell
membranes and other molecules such as nucleic. daghis reason cytotoxic effects are
often accompanied with oxidative stress. Cellulesponse to silver (Ag) nanoparticles
demonstrated a decrease in mitochondrial functith &an increase in membrane leakage of
LDH. Simultaneously, a significant depletion of tijletathione level and an increase of ROS
levels could be detected. These findings hypotlkeésilaat cytotoxicity of Ag nanoparticles is
likely mediated through oxidative stress (Hussairale 2005). In this context, the SDR
allows the determination of cytotoxiciiy vitro as well. The cytotoxic potential of a test
substance or material can be determined by mongdtie cellular consumption of oxygen
over time. Thereby, oxygen consumption is direethgociated to the metabolic activity of
cells. Consequently, the oxygen concentration idutem was decreased in the
presence of viable cells due to the cellular consion of oxygen. In contrast, stressed or
dying cells caused an increase or a stagnatior ico@centration (Beckers et al., 2009). The
cellular consumption of oxygen is a very sensitarel early state marker for detection of
cytotoxicity. Events such as mitochondrial dysfimct mitochondrial permeability transition
and apoptosis come along with a decrease in cgflirsgion, which is directly related to

cellular viability (Deshpande et al., 2004).

Triton-X permeabilizes cell membranes and served asytotoxic model reagent. Using
different concentrations of triton-X (0.000001%1%%) a clear concentration dependent
increase in air saturation could be observed winempared to the medium control (DMEM)
via SDR measurements. The SDR assay was able éztdenall differences in the,O
consumption of different triton-X concentrations timee standard cell culture medium. The
SDR assay detected a cytotoxic potential for 0.@1f%n-X in DMEM and HBSS. Thereby,
the reduced cytotoxic effect in DMEM medium is khsmn the general improved growth
conditions in a complex cell culture medium compate a physiological buffer without
further supplements such as proteins or amino aéidsomparative LDH assay showed no
differences in LDH release between 0.000001% afd%.triton-X as well as the medium
control. Just 0.1% and 1% triton-X caused a debdethDH leakage. This experiment was
performed in the standard cell culture medium doimg phenol red which led to interactions
with the LDH assay (very high background absorbaroecontrast, 0.01% triton-X diluted in
HBSS showed a clear leakage of LDH compared taHB8S control which demonstrated

again the limitation in the choice of the mediandfy, the novel technique exhibited various
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advantages over the standardized LDH assay. The 88y could be performed in
physiological buffers as well as in highly compldxeell culture media. Furthermore, the
sensitivity of the SDR assay allowed the deternmmatof the concentration-dependent
cytotoxicity of triton-X diluted in DMEM which wasiot possible via LDH. As a further
control, Caco-2 cells were treated with PEI, whigla particulate substance that can mimic
the cytotoxic effect of nanoparticles. Its alre&apwn cytotoxicity is based on its very strong
absorption to the cell membrane. This results polmer layer on the cell surface which
causes a perforation of cell membranes and a plasemabrane dysfunction leading to cell
death via necrosis (Daum et al., 2009; Fischel..e1299).

The SDR assay allows an online sample analysisifegreht time points during the
experiment. Standardized assays for the detecfiagtotoxicity are all end-point and mostly
invasive assays. Furthermore, the measurementiglgnof these assays often shows
interaction with test materials, especially withhamaterials. First of all, the MTT assay is
known to cause a lot of interactions with nanopdeti due to their material properties
(Laaksonen et al., 2007; Ulukaya et al., 2008; &/#mirsch et al., 2006). Single-walled
carbon nanotubes appeared to interact with thegpam salt of MTT. This interference does
not affect the enzymatic reaction but it stabilizee chemical structure of the produced
formazan salts and prevents them from being saheloil(Worle-Knirsch et al., 2006). Also
porous silica microparticles exhibited interactiomsh the MTT assay, through which MTT
was reduced in a spontaneous redox reaction. Thedegs demonstrate that there are
various interactions of nanoparticles with assageats which do therefore not allow the use
of standardized methods. In contrast to all theseventional assays the SDR showed no
interference with fluorescently-labelled nanopdesc Furthermore, the measurement
principle of the SDR caused no interaction with raembntaining supplements such as phenol
red and therefore analysis could be performed iffebas well as in complex cell culture

media.

Aim of the described evaluation was to apply thisvel method for the combined
determination of the oxidative and cytotoxic potaindf silica nanoparticles. Therefore, silica
nanoparticles with different sizes (21-94 nm) andhwdifferent surface modifications
(unmodified and PEG-modified) were investigatedhwihe SDR assay concerning their
oxidative and cytotoxic capability. For the deteamation of the oxidative potential, these

nanoparticles were analyzed via SDR and were coedpara DCF-DA assay. Particles in all



3 Oxidative and cytotoxic potential ofca nanoparticles 61

concentrations showed no increased air saturatidependent of their surface modification.
These results could be confirmed by the DCF-DA ysshaere nanoparticles did not cause an
increased conversion of DCF-DA into DCF, whereg®©Hdemonstrated a high rate of
converted DCF after 3 hours. Thus, the testedasilianoparticles did not generate ROS in
Caco-2 cells. An increased generation of 'M@s already described for crystalline silica
nanoparticles. It was suggested, that Fenton mrectccurred on the particles surface which
results in an increased ROS production. HowevenQ amorphous silica nanoparticles were
reported to cause oxidative stress in differentggtems such as human bronchial epithelial
cells, macrophages and embryonic kidney cells (Bor@hoi, 2009; Park & Park, 2009;
Wang et al., 2009). As amorphous silica hanopaxicised in this study caused no generation
of ROS, it is suggested that the mentioned cellesys are more sensitive against oxidative
stress than Caco-2 cells. Furthermore, the shape, somposition and incubation time of

nanoparticles play an essential role in these tigagsons.

Despite the missing oxidative effect, used siliaatiples showed strong differences in
cytotoxicity. In contrast to particles with a sipé 94 nm (N94-RITC) and PEG-modified
nanoparticles (N50-P-RITC and N94-P-RITC), smafiarticles with sizes between 21 and
84 nm (N50-RITC, N21-PI, N34-Pl and N84-PI) exhghita clear size-, concentration- and
time-dependent cytotoxic reaction compared to thféeb control. These evidences suggested
that N94-RITC particles and PEG-modified partialies not affect the cells in their viability.
In contrast, all other particles showed a verymgjroeduction in the consumption of oxygen
indicative for a decrease in cellular activity. hoccurred cytotoxic effect could be also
confirmed by an LDH assay, where N50-RITC or NSBIFC particles were added to the
cells. Again, N50-RITC particles demonstrated ahHifpH leakage over 8 hours comparable
with the triton-X control. PEG-modified nanoparésl (N50-P-RITC) did not affect the cells
and caused no increased LDH release when compartéak tHBSS control. Comparison of
the data with an MTT assay demonstrated that tlauation of cytotoxicity via oxygen
consumption is much more sensitive than the detetion via these standard assays, because
it was not possible to detect the cytotoxic potdndf the used nanoparticles via MTT assay.
Long-term toxicity studies demonstrated that theuoed cytotoxic effect of N34-Pl and
N84-PI nanoparticles was not reversible. Caco-2s oghich were incubated for 4, 8 or
24 hours exhibited still after an incubation in DMEor further 72 hours a decreased oxygen

consumption if compared to the HBSS controls. AppHly, nanopatrticles caused invasive
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cellular damages, so that cells could not regeeeanasuch a short recovery phase. Which cell

structures were affected by nanoparticles, shoelshestigated in further experiments.

Hitherto, the molecular mechanism of nanopartieulatduced cytotoxicity is not fully
understood and has to be investigated more detdilesdassumed that cytotoxicity is caused
by cellular injuries through a variety of mechanisuch as membrane peroxidation,
glutathione depletion, mitochondrial dysfunctiordddNA damage (Tao et al., 2009). As it
has been reported that nanoparticles were ablenter ¢he cell nucleus as well, it is of
particular importance, that also genotoxicity sklolbecome a stronger research field. Silver
nanoparticles up-regulated DNA damage repair pnstand induced cell death. Furthermore,
these genotoxic effects were again strong assdciai¢gh the cellular uptake rate and
intracellular localization of these particles (Ahzgnet al., 2008). DNA damage was also
caused by carbon nanotubes which were able to npa@ento the cell nucleus through
nucleopores and caused a destruction of DNA stradRdsitarotto et al.,, 2004). Silica
nanoparticles were described to enter the nucledglaus influenced the gene expression of
the cells as well (Chen & Mikecz von, 2005). Makely, the size-, time-, concentration- and
also surface modification-dependent cytotoxic gffetdich could be observed in this study is
based on the internalization of nanopatrticles thicell. It had been already suggested that
acute cytotoxicity is primarily originated from trellular internalization of nanoparticles
rather than from physical damage of the cell memdgi¥’'ang et al., 2009).

The observed cytotoxicity correlates with the resof conducted cell association and uptake
studies (compare to chapter 4 and 5) showing thaller particles had a very strong
association with Caco-2 cells or even were takemtgpthe cells. N94-RITC patrticles as well
as PEG-modified nanoparticles, which did not attex cell growth behaviour, showed no
association with Caco-2 cells. The absence of atayic effect of PEG-modified
nanoparticles can be explained via the charadt=istf PEG. A surface modification of
nanoparticles with PEG caused a reduction in thesidn of opsonin proteins in the blood
serumin vivo, which resulted in a higher biologic resistanced atability of such modified
nanoparticles (Peracchia et al., 1999; Peraccha.,e1999).In vitro, a similar mechanism
could play a role in the decreased cellular astoaciaof PEG-modified nanoparticles.
Proteins, which are involved in the docking of et to the outer cell surface, could not
adhere to particles modified with PEG. As a resudfjoparticles, which are not able to come

into close contact with cells, do not influencdwear viability.
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3.6 CONCLUSION

The SDR represents a sensitive, rapid, convenigstfiest of all a non-invasive method for

the simultaneous detection of ROS generation ardtaxicity in cell culture systems.

Furthermore, it allows long-term measurements antin® documentation of the cell

behaviour. Another advantage of this method is tleaddditional reagents are required. This
is very important when evaluating the oxidativecgtotoxic effect of nanoparticles, because
they often show interactions with these assay m#agd-urthermore, its very short assay
duration permits the evaluation of a great numblesamples in a reasonable time and
therefore can be used in high throughput screeniimgsonclusion, the SDR represents a
potential alternative to well-known standard assayshe detection of oxidative stress and
cytotoxicity. So far, no non-invasive assay for heg-term evaluation of oxidative stress or
cytotoxicity exists, which make the SDR to a higimigovative and promising method in this

research field.

Used silica nanoparticles caused no generationQf It Caco-2 cells but exhibited a size-,
time-, concentration- and surface modification-awjent cytotoxic effect. These findings

were closely associated with conducted cell assoniaand uptake studies (compare to
chapter 4 and 5). Nanoparticles which were asstiaith cells or were even taken up into
cells caused cytotoxicity as well. Therefore, itswaupposed, that the cellular internalization

of nanoparticles influences the cell viability.
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Silica nanoparticles are promising tools in thédfief oral drug delivery. The main obstacle
of this application route is the overcoming of theestinal barrier and the insistence against
cells of the immune system. In the present studgamine B-isothiocyanate (RITC)-labelled
silica nanoparticles with different sizes (25-94)nand surface modifications (+/- poly
ethylene glycol, PEG) were investigated concerrimgir cellular association and uptake
properties in Caco-2 cells. In flow cytometry seglia clear size-and time-dependent cell
association could be detected for unmodified Rl&kelled nanoparticles with a size of
50 and 77 nm, whereas large particles (94 nm) d&@-modified nanoparticles showed no
interaction with Caco-2 cells. These findings walgo confirmed via confocal microscopy.
Different cell preparation protocols gave furthaiormation about the cellular localization of
these particles. Conducted transport experimemtglated with the association studies. Small
and unmodified nanoparticles showed the highestspart across Caoc-2 monolayers,

whereas PEG-modified nanoparticles were not oerdtdw transported.
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4.1 INTRODUCTION

Oral delivery is the most attractive route for dragplication due to the high patient
compliance. However, oral bioavailability of new enamolecular drug candidates such as
peptides or oligonucleotides is very low becauseiatered drugs have to overcome several
biological obstacles. Besides degradation by paticreand gastric enzymes, primarily they
have to resist the high acidity of the stomach.tlf@armore, the intestinal epithelial barrier
exhibits a metabolic as well as a physical bar@ed thus prevents the uptake of
microorganisms and other particles (Hamman ef@D5; Mustata & Dinh, 2006; Soltero &
Ekwuribe, 2005). The intestinal epithelium consstsa cell monolayer mostly composed of
enterocytes which build a tight interface. Molesul¢hich are absorbed in the intestine can be
delivered to the hepatic portal vein and finalltegnthe systemic circulation (Soltero &
Ekwuribe, 2005). In this study, the enterocyte-lka&co-2 cell line served as arnvitro model

of the small intestine. These cells form a polatimeonolayer with an apical brush border
morphologically comparable to that of the humarondHidalgo et al., 1989; Hilgers et al.,
1990). In addition to the overcoming of biologitarriers, the opsonization and clearance by
macrophages is another major obstacle in drug elgliwhich reduces oral bioavailability
remarkably (Gref et al., 2003; Gref et al., 199qeDs & Peppas, 2006).

An overcoming or circumvention of these barrieraulddead to an enhancement in the oral
bioavailability of new drug candidates such as ijegt proteins, plasmids, antibodies and
nucleic acids. One delivery strategy could be basethe encapsulation into or adsorption of
drugs and molecules to nanoparticles. Nanopartiglerface modification with
poly ethylene glycol (PEG) extend the residencetohnanoparticles in the blood. The effect
of PEG is based on the defilade of nanoparticles surface chemistry, hence avoiding the
phagocytic system (Owens & Peppas, 2006). PEG gatipn can reduce reticuloendothelial
clearance, the uptake by macrophages, the recognity the immune system and the
degradation by proteolytic enzymes (Roberts et 2002). Furthermore, PEG shows
stabilizing properties on the nanoparticle surfdoe to a steric barrier formed by the PEG
chains (Behrens et al., 2002; Tobio et al., 2000).

Hitherto, various studies demonstrate an uptalstlioh nanopatrticles in cells or nuclei (Chen
& Mikecz von, 2005; Peng et al., 2006; Vallhov &t 2007) using confocal microscopy
(CLSM) as a qualitative visualization technique. wdwer, there is a lack of studies
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guantifying the amount of particles associated witklls. The quantification of
nanoparticulate uptake is very important, espgcialien different materials or studies should

be compared.

4.2 AIM OF THE STUDY

The aim of this study was to evaluate the cellakssociation of rhodamine B-isothiocyanate
(RITC)-labelled silica nanoparticles with differestzes and surface modifications in a
guantitative way using flow cytometry. As flow cytetry measurements can not distinguish
between adsorbed and internalized nanoparticléiereht buffers were tested to remove

particles from the outer cell membranes.

Furthermore, the transport properties of RITC-lklsilica nanoparticles across Caco-2

monolayers were investigated.

4.3 MATERIALS AND METHODS

4.3.1 Materials

Dulbecco’s modified eagle medium (DMEM) with highugose (4.5 g/l) and L-glutamine
was obtained from Gibco (Karlsruhe, Germany), fdtavine serum was purchased from
PAN-Biotech (Aidenbach, Germany), non-essentialnamacids were obtained from PAA
(Colbe, Germany). Composition of Hank’s balancel salution (HBSS) was as follows:
136.9 mM NacCl, 5.4 mM KCl, 4.26 mM NaHGO 0.34 mM NaHPOy*7H0,
0.35 mM KHPO,, 5.5 mM glucose, 10 mM HEPES, 1.26 mM Ca®L5 mM MgC}*6H -0,
and 0.4 mM MgS@7H,0. HBSS was adjusted to pH 7.4 by means of NaOlésptate
buffered saline (PBS) was as follows: 129 mM NaZ§ mM KCI, 7 mM NaHPO,*7H,0
and 1.3 mM KHPQO,. PBS was adjusted to pH 7.4 by means of NaOH, els iwhe pH 5
buffer was as follows: 28 mM#EsNaO,, 117 mM NaCl and 2 mM EGTA. The pH 5 buffer
was adjusted to pH 5 by means of HCI. Citric atieen 20 and bovine serum albumin were
obtained from Sigma (Munich, Germany). FITC-labeéleheat germ agglutinin (WGA) was
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purchased from Vector Laboratories (Burlingame, G2lture slides were obtained from BD
Falcon (Franklin Lakes, NJ).

4.3.2 Caco-2 cell culture

The human colon adenocarcinoma cell line, Cacokdjec C2Bbel, was purchased from
American Tissue Culture Collection (ATCC, Manassd8) and used at passages 60-80.
Cells were cultured in Dulbecco’s modified eagledimen (DMEM) with high glucose
(4.5g/l) and L-glutamine, supplemented with 10%lfecalf serum (FCS) and 1% non-
essential amino acids and were maintained undedatd culture conditions at a temperature
of 37°C and in a humidified atmosphere of 5%,CThe culture medium was changed three
times a week. For flow cytometry studies, Caco-Bscsere cultured in 6-well plates at a
seeding density of 5x2@ells per well in 2 ml culture medium and wereaid to attach and
proliferate for 48 hours. For confocal laser scagmicroscopy (CLSM) experiments, Caco-
2 cells were plated on 4 chamber glass cultureslat a seeding density of 1X1@ll per
well in 1 ml medium and allowed to attach and peoéte for 8 to 10 days until reaching a

confluence of 60-70%.

4.3.3 Visualization of cellular association by confocal dser scanning microscopy
(CLSM)

Caco-2 cells (1xI0per well) were cultured on 4 chamber glass culslices for 8 to 10 days
under standard cell culture conditions. Afterwasm@$herent cells were incubated with RITC-
labelled nanoparticles (N50-RITC, N50-P-RITC, N7, N77-P-RITC, N94-RITC and
N94-P-RITC) for 4 hours under standard cell cultooaditions. After incubation with these
nanoparticles, cell membranes were stained withCH&abelled wheat germ agglutinin
(WGA) and cells were fixed with 4% formalin in PBBrequired, nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI). After the sting procedure fixed cells were imaged
via CLSM using LSM510 (Zeiss, Jena, Germany). Téedwobjective was a water immersion

objective 63x. Measurements were performed witlsZeES5M510 Software.
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4.3.4 Quantification of cellular or nuclear association ly flow cytometry (FACS)
Quantification of the cellular or nuclear assocatiof RITC-labelled nanoparticles was
investigated via flow cytometry using a FACSCalib{Beckon Dickinson, Heidelberg,
Germany). Data were analysed with the BD CellQuest software and FlowJo flow
cytometry analysis software. Control cells or nuckhich were not incubated with
nanoparticles emitted always a weak backgrounddioence (Figure 4.1 A, grey peak). In
contrast, cells which were associated with fluceetlg-labelled nanoparticles showed a shift
to higher fluorescence intensities (Figure 4.1lack line). Emitted light resulting from
RITC-labelled nanoparticles was detected by the #t2ctor. The measurement of the green
fluorescence (e.g. FITC wavelength) served as ativegcontrol because used cells should
exhibit no alteration in the emission of this warejth. To calculate the background
fluorescence of unlabelled cells, cells without augition of nanoparticles (HBSS treated
cells) were carried along as a buffer control irrgumeasurement. Quantitative analysis was
performed by means of quadrant statistics placiggadrant marker which divides a 2D plot
into four quadrants. Thus, the percentage of ¢elisach quadrant could be calculated. The
unlabelled cell population was placed in the lovedr quadrant of the dot plot and exhibited
cells without associated nanoparticles. In contrasinoparticle associated and therefore
fluorescently-labelled cells were placed in thedowght quadrant (Figure 4.1 B-D).

counts

FITC fluorescence

A RITC fluorescence B RITC fluorescence

FITC fluorescence

FITC fluorescence

98.9% 0.41% 4.76% 94.6%

c RITC fluorescence RITC fluorescence

O

Figure 4.1: Analysis of the quantification of the cellular asistion of nanoparticlegA) Histogram of Caco-2
cells incubated in HBSS (grey peak) and assocmattddRITC-labelled nanoparticles (black lin€B) Division
of a 2D dot plot in quadrants. Unlabelled cells evgilaced in the lower left quadrant. Cells whichrave
associated with RITC-labelled nanoparticles werated in the lower right quadrarfC) Dot plot inclusive

guadrant statistics of unlabelled Caco-2 cells@jdcells associated with RITC-labelled nanoparticles.
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4.3.5 Cell preparation protocols

Caco-2 cells in a concentration of 5Xp@r well were plated in 6-well plates and cultufed

48 hours under standard cell culture conditionserards, adherent cells were incubated for
different times (1, 2, 4 or 8 hours) under standeetl culture conditions with unmodified
(N50-RITC, N77-RITC, N94-RITC) or PEG-modified s# nanoparticles (N50-P-RITC,
N77-P-RITC and N94-P-RITC). For the following flomytometry analysis, cells were
prepared in three different ways: (i) whole celkeparation, (ii) nucleus preparation and
(i) nucleus isolation. For whole cell and nucfaeparation analysis 10 000 cells or nuclei
were counted, for nuclei isolation analysis 5 O@@lei were counted. Size was determined

via the forward scatter (FSC) and granularity wetednined via the sideward scatter (SSC).

(i) Whole cell preparation

Caco-2 cells were harvested with trypsin and wagheee times with PBS. Whole cells

exhibited a very low granularity due to an intaell cmnembrane (Figure 4.2 A).

(ii) Nucleus preparation

Cells were harvested with trypsin as well, washeith WBS and fixed in 70% ethanol for
24 hours. After this procedure fixed cells were uimated with a triton-X containing

permeability buffer (PBS + 0.5% triton-X) and wadhagain with PBS supplemented with
1% BSA. Prepared nuclei were still associated wittoplasm, various cell organelles and

parts of the permeabilized cell membrane whichltedun a high granularity (Figure 4.2 B).

(iii) Nucleus isolation

Adherent cells were incubated with a citric aci&én20 buffer (KO + 2.1% citric acid and

0.5% tween20). Nuclei were collected and were fixe@0% ethanol for 24 hours. After this
fixation nuclei were washed several times in PBSt@ioing 1% tween20 and were collected
finally in PBS. A dot plot of these isolated nuckkiowed small structures with a very low

granularity (Figure 4.2 C).
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Figure 4.2 Cell or nucleus preparation and nucleus isolat{@) Analysis of whole Caco-2 cells. Cells were
trypsinized and washed three times with PES.Analysis of prepared cell nuclei. Cells were tipp=ed, fixed

in ethanol for 24 hours and permeabilized withitnrX containing buffer(C) Analysis of isolated nuclei.
Adherent cells were incubated in a citric acid/ta2@ buffer, nuclei were collected, fixed in ethafayl24 hours
and washed several times with PBS containing tw&&erDot plots are the result of 10 000 measurel$ cel

prepared nuclei or 5 000 isolated nuclei, respebtivAnalysed cell populations are marked with tega

4.3.6 Cell washing procedures

Caco-2 cells in a concentration of 5%Ifer well were plated in 6-well plates and were
cultured for 48 hours as described before. Aftedsamdherent cells were incubated for
1 minute with N25-RITC nanoparticles. This shodubation time excluded a real uptake into
the cell. Afterwards cells were washed with différéuffers for several times (Table 4.1).

Whole cells were analysed via flow cytometry ascdbgsd in chapter 4.3.4.
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Table 4.1:Washing buffers to remove nanoparticles from tikeiocell surface

Buffer Ingredients Concentrations
pH 5 buffer Sodium acetate 28 mM
Sodium chloride 117 mM
EGTA 2 mM
Trypsin 50 Trypsin 50%
PBS
Trypsin 10 Trypsin 10%
PBS
Triton-X 0.0001 Triton-X 0.0001%
PBS
Triton-X 0.001 Triton-X 0.001%
PBS
Pronase 0.5 Pronase 0.5 mg/ml
PBS
Pronase 1 Pronase 1 mg/ml
PBS

4.3.7 Transport studies

Caco-2 cells in a concentration of 6%3@r well were plated in 12-well Transwelplates
using polycarbonate membranes with a pore size.®futh. The assembling of such a
Transwell system is presented in figure 4.3. Gsbse cultured on these membranes for 21 -
28 days under standard cell culture conditionsiuthis cultivation, the development of the
transepithelial electrical resistance (TEER) wastemheined at regular intervals to ensure
membrane integrity of the monolayers. The TEER wesmsured via chopstick electrodes
connected to an epithelial voltohmmeter (EVOM, W dprecision Instruments, Sarasota, FL).
The long-term development of the TEER of a CacelPmonolayer was determined with the
CellZscop& (nanoAnalytics, Miinster, Germany) as well. ThelZzlopé is an instrument
measuring the transepithelial impedance of celédsyunder physiological conditions. It is

computer-controlled and allows automated and a-teng monitoring of cell cultures.
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Before starting the experiment, Caco-2 cell monalaywere pre-incubated with the transport
buffer (HBSS) for 30 minutes. Transport of nanojpfes was investigated in absorptive
direction (apical to basolateral compartment). Bgithe experiments, Transw&plates were

agitated using an orbital shaker at 150 rpm. Sasnpkre taken after 4, 8 and 24 hours from
the receiver compartment. After each sample catlecian equal volume of fresh transport
buffer (pre-warmed to 37°C) was added to the recetompartment. TEER was measured

after pre-incubation and at the end of the expartme

Transport of RITC-labelled nanoparticles were qifiat via a fluorescence plate reader
(Infinite M200, Tecan, Crailsheim, Germany) usingexcitation wavelength of 560 nm and
an emission wavelength of 600 nm. Fluorescenceb€Rvas linear in a range between 0.05
and 100 pg/ml (R=0.9992). As a result, the amount of substanckeratceptor compartment
as well as the apparent permeability,,(P were calculated. The apparent permeability
describes the permeability of a cell monolayerdmubstance and the estimated membrane
permeability (cm/sec). It was calculated according Pspp= (AQ/At)*(1/A)*(1/co), where
AQIAt is the permeability rate (g/min), A (&ris the surface area of the monolayer and c
(ng/ml) is the nanoparticle concentration in theatccompartment at time (t)=0.

Caco-2 monolayer
Microvilli

Apical compartment (receiver)

T = | Tight junctions
@ -°. o
o a Polycarbonate membrane (pore size: 0.4 pm)
| Basolateral compartment (acceptor) 12.00 ym
A B

Figure 4.3: Assembling of a Transwéll system.(A) Caco-2 cells were cultivated on the polycarbonate
membrane of an insert. Thus, the monolayer segardte chamber into an upper (apical) and a lower
(basolateral) compartmerfB) Caco-2 monolayer grown on a polycarbonate membi@eks were stained with

FITC-labelled wheat germ agglutinin. Bar=12.00 pm.
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4.4 RESULTS

4.4.1 Size-, time- and surface modification-dependent agsiation of RITC-labelled
silica nanoparticles

Unmodified RITC-labelled silica nanoparticles (NROFC, N77-RITC, N94-RITC) with
different sizes (50, 77 and 94 nm) were disperseHBSS to a concentration of 100 pg/ml
and were incubated with Caco-2 cells for 4 hourdenrstandard cell culture conditions. Flow
cytometry (FACS) analysis of whole cells presergedear cell association for N50-RITC
(85.9% = 6.05) and N77-RITC (84.9% +4.07) parSclewhereas N94-RITC particles
exhibited no or a rather low cell association o#%.t 0.42 (Figure 4.4 A, black bars).
Prepared nuclei which were still associated witth fragments showed a decreased cellular
particle association with a size-dependency: N5DERIparticles demonstrated a cell
association of 84.9% + 1.90, whereas N77-RITC glasiexhibited only a cell association of
76.1% + 4.77 (Figure 4.4 A, white bars). Isolatattlai demonstrated a highly significant
reduction (p0.001) in particle association when compared topgmed cell nuclei.
30.7% £ 5.97 of N50-RITC particles and 16.9% = 7.68 N77-RITC particles were
associated with nuclei of Caco-2 cells (FigureA,.4rey bars). The same nanoparticles but
with an additional PEG modification (N50-P-RITC, NP-RITC and N94-P-RITC) showed

no association with cells or nuclei at all (Figdré B).
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Figure 4.4: Size- and surface modification-dependent associabf RITC-labelled silica nanoparticles.
Different nanoparticles were added to Caco-2 della concentration of 100 pg/ml and were incubdtad
4 hours under standard cell culture conditions. HB®rved as a negative control. Whole cells as all
prepared and isolated nuclei were analyzed via ftgtemetry.(A) Size-dependent association of unmodified
nanoparticles (N50-RITC, N77-RITC and N94-RIT(B) Association of PEG-modified nanoparticles (N50-P-
RITC, N77-P-RITC and N94-P-RITC). Data represem thean + SD of three independent experiments. The

asterisks depict significant differences betweappred and isolated nucleg(n001 ***).

The size- and surface-dependent association of Fdib&lled nanoparticles with Caco-2 cells
was confirmed via CLSM. It could be demonstrateat tiNSO-RITC and N77-RITC

nanoparticles were adsorbed to the cell membrah€aco-2 cells after a 4-hour-incubation
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(Figure 4.5 A-B, arrows), whereas all other pagscivere not detectable (Figure 4.5 C-F). A
series of images at different points along the iz-éX-stack) exhibited no or a rather low
uptake of N50-RITC and N77-RITC particles into tiedls (Figure 4.6).

14.00 pm 14.00 pm

14.00 pm 14.00 pm 14.00 pm

Figure 4.5: Size- and surface modification-dependent associatioRITC-labelled silica nanoparticles with
Caco-2 cells. Cells were plated on glass cultudesl Different RITC-labelled nanoparticles (redrevadded to
the cells and were incubated in a concentratiohO6f pg/ml for 4 hours under standard cell cultweditions.
Membranes were stained with FITC-labelled WGA (gjedfter fixation with 4% formalin, nuclei wereashed
with DAPI (blue). Analysis was performed via CLSNA) Unmodified nanoparticles N50-RITC, 50 nm.
(B) Unmodified nanoparticles N77-RITC, 77 nf€) Unmodified nanoparticles N94-RITC, 94 n{D) PEG-
modified nanoparticles N50-P-RITC, 55 niiit) PEG-modified nanoparticles N77-P-RITC, 87 nfR) PEG-
modified nanoparticles N94-P-RITC, 97 nm. Bars=04u0n.
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14.00 pm Can 14.00 pm

A B

Figure 4.6: Size-dependent association of RITC-labelled silizaoparticles with Caco-2 cells. Cells were
cultured on glass culture slides. Nanoparticled)(revere added to the cells and were incubated in a
concentration of 100 pg/ml for 4 hours under stathdzell culture conditions. Membranes were staingith
FITC-labelled WGA (green). After fixation with 4%imalin, nuclei were stained with DAPI (blue). Aysib
was performed via CLSM(A) Unmodified nanoparticles N50-RITC, 50 nifB) Unmodified nanoparticles
N77-RITC, 77 nm. Besides an XY image, XZ- and YAss sections through an image stack were perfoased

well. Bars=14.00 pm.

Furthermore, N50-RITC and N77-RITC particles dentiated a time-dependent cell
association over 8 hours. Cellular association ®IRITC and N77-RITC particles differed
mainly in the early stage of the experiment. Aftell-hour-incubation 78.4% + 0.62 of the
cells were associated with N50-RITC particles, wehsronly 45.4% + 6.81 of the cells were
in contact with N77-RITC particles (Figure 4.7, dkabars). After a 4-hour-incubation, the
association rate of these two particles differedualB8.8% (Figure 4.7, white bars). After
4 hours the cellular association reached a plat€nerefore, a significant difference in the
cellular association rate of nanoparticles was atlyerved after an incubation of 1 hour and

after a 4-hour-incubation.
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Figure 4.7: Time-dependent association of RITC-labelled sili@noparticles with Caco-2 cells. Different
nanoparticles (N50-RITC and N77-RITC) were adde@#&uo-2 cells in a concentration of 100 pg/ml amden
incubated for 1, 4 or 8 hours. Whole cells werelyaeal via flow cytometry. Data represent the me&Dtof
three independent experiments. The asterisks degpietificant differences between cells incubatedhwi

nanoparticles for 1 hour and cells incubated wéahaparticles for 4 hours£p.05 *).

4.4.2 Removal of nanoparticles adsorbed to the outer cethembrane

FACS measurements do not allow a differentiatiotwben nanoparticles adsorbed to the
outer cell surface and nanoparticles internalizeéd a cell. Thus, a measured fluorescence
signal of a cell comprises nanoparticles which rmatehe cell as well as nanoparticles, which
are only adsorbed to the outer cell membrane (Eigu8). Therefore, in this study, different
buffers were used to remove particles from therocg# membrane to consequently measure

only cellular internalized nanopatrticles.
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Figure 4.8: Flow cytometry fluorescence signals of Caco-2sceicubated with RITC-labelled nanoparticles.
The generated signal is independent of the cellatalization of nanopatrticles.
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Caco-2 cells showed already after a 1-minute-intobavith RITC-labelled nanoparticles a
very high fluorescence signal. As this short indidra time excludes an uptake of the
particles into the cell, the signal resulted fromnoparticles adsorbed to the outer cell
membrane. Cells with adsorbed nanoparticles weshadwith different buffers for several
times. Afterwards, cells were analysed via flowocyetry. Figure 4.9 summarizes the
removal potential of the different buffers.
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Figure 4.9: Washing experiments for the removal of nanopasiétem the outer cell membrane. Caco-2 cells
were incubated for 1 minute with unmodified RIT®d#led nanoparticles (N25-RITC). Subsequently,scell
were washed three times or were incubated for aktienes with different buffers. Unwashed cellsveer as
control (dashed line). (A) pH 5 buffer. (B) trypsin. (C) 0.0001% triton-X. (D) 0.001% triton-X.
(E) 0.5 mg/ml pronas€F) 1 mg/ml pronase.
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Trypsin and pronase buffers could not remove antigkes from the cells. Triton-X could

eliminate some particles but resulted in massié damage due to its permeabilization
characteristics. The pH5 buffer caused an incabattime-dependent removal of
nanoparticles from the outer cell surface. Howewalter 90 minutes the amount of
nanoparticle associated cells was reduced to od¥. 7A longer incubation with the pH 5
buffer to delete more particles was not possibleabse of its unphysiological pH causing

deleterious effects on cells.

4.4.3 Transport properties of RITC-labelled silica nanopaticles

As HBSS was used as transport buffer during tramspaedies, the barrier function of Caco-2
cells in HBSS had to be documented. Therefore, -teng measurements with the
CellZscop€ instrument were performed. The TEER of a Caco-hatayer incubated in
HBSS was sustained for 40 hours. Afterwards the R'iEEclined rapidly (data not shown).
This experiment demonstrated that Caco-2 monolayaisa tight barrier in HBSS up to an
incubation time of 40 hours, which allows an exaation of the nanoparticulate transport

during this period.

The passage of different RITC-labelled nanopariqi25-RITC, N37-RITC, N62-RITC,
N50-RITC, N50-P-RITC, N94-RITC and N94-P-RITC) assca Caco-2 cell monolayer was
investigated using Transw8lplates with a polycarbonate membrane with poressiaf
0.4 um. Samples were collected from the acceptmpentment after 4, 8 and 24 hours. In a
first experiment, the transport behaviour of unrfiedi RITC-labelled nanoparticles with
different sizes (N25-RITC, N37-RITC and N62-RITC)ithout influence of cells was
investigated over 8 hours. The transport acrosbldek filter was time- and size-dependent.
After 8 hours, 6.26% + 0.31 of N25-RITC particlesivaed in the acceptor, the amount of
N37-RITC particles in the acceptor was 1.69% = Ol@Xontrast, N62-RITC showed no or a
rather low transport rate of 0.66% + 1.36. Furthenem it could be demonstrated, that the
passage across the filter started not before aut-houbation (Figure 4.10 A).

With the influence of Caco-2 cells, the transpaterof the used nanoparticles was reduced
due to the additional cellular barrier. Compareth®cell-free experiment after 8 hours, N25-

RITC particles showed a decrease in transport gf84 (actual transport rate 0.34% + 0.59),
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N37-RITC of 97.63% (actual transport rate 0.59%@4) and the transport of N62-RITC
particles was reduced of 94.39% (actual transpig ©.03% * 0.06), whereby all transport
rates were below the detection limit of 0.5%. Af& hours, the transport experiment
demonstrated a clear size-dependent transporttagceamount of N25-RITC nanopatrticles in
the acceptor was 7.29% + 1.75 of the initial p&taoncentration. The transport rate of N37-
RITC patrticles was 0.94% + 0.08 and the one of R6PE nanoparticles was 0.04% + 0.06
which was below the detection limit (Figure 4.10 BEER values were stable during the

whole experiment (data not shown).
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Figure 4.10: Transport of RITC-labelled silica nanoparticlescssr a(A) polycarbonate membrane with pore
sizes of 0.4 um over 8 hours afB) an additional Caco-2 cell monolayer over 24 ho@aco-2 cells were
cultured for 21 days under standard cell cultuned@mns. Red dashed lines indicate the deteciiit bf the
used nanoparticles. Data represent the mean + Sves wells.

Another transport experiment with unmodified RIT&b¢lled nanoparticles (N50-RITC and
N94-RITC) and PEG-modified nanoparticles (N50-P-&ldnd N94-P-RITC) showed again a
size-dependent transport as well as a surface-moatiiin-dependent effect. N50-RITC

particles showed after 24 hours a transport rate@§% + 0.19 and N94-RITC nanopatrticles
exhibited a transport of 1.11% + 0.13. In contr&&EG-modified nanoparticles demonstrated
no or a very low transport across the Caco-2 celhatayer. After 24 hours, 0.48% + 0.09 of
N50-P-RITC and 0.61% + 0.06 of N94-P-RITC particlgere transported across the cells
(Figure 4.11). These transport profiles were rédiddn the B, values as well (Table 4.2).

TEER values were stable during the whole experiraate not shown).
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Figure 4.11: Transport of unmodified and PEG-modified RITC-laéélsilica nanoparticles across a Caco-2 cell

monolayer cultured for 21 days on polycarbonate brames with pore sizes of 0.4 urmd) (Unmodified
nanoparticles N50-RITC, 50 nm{B) PEG-modified nanoparticles N50-P-RITC, 55 n(€) Unmodified
nanoparticles N94-RITC, 94 nn{D) PEG-modified nanoparticles N94-P-RITC, 97 nm. Riabhed lines

indicate the detection limit of the used nanoplesicData represent the mean £ SD of two wells.

Table 4.2: Py, values of unmodified and PEG-modified RITC-labellica nanoparticles across a Caco-2 cell

monolayer.

Nanopatrticle

Papp (CmM/sec)

N50-RITC
N50-P-RITC
N94-RITC
N94-P-RITC

4.26x10°
2.12x10°
3.94x10°
2.06x10°
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4.5 DISCUSSION

Nanoparticles exhibit a broad promising spectrum patential applications in the
pharmaceutical and medical field. Typical challengé drug delivery such as solubility,
diffusivity, blood circulation half-life and drugelease characteristics could be influenced
with materials in the nanoscale range. Hithertoumber of nanoparticulate therapeutics and
diagnostic agents have been developed, e.qg. fdrehment of cancer or diabetes (Brannon-
Peppas & Blanchette, 2004; Hirsch et al., 2003; afiral., 2007). The advantages of these
“nanodrugs” are their higher bioavailability anaithlower therapeutic toxicity resulting in a
reduction of side effects. Furthermore, nanopddteudelivery systems allow a targeted
delivery and a controlled release. Because of tifgavements of all these parameters, it is
possible to administer these drugs also via momvement routes, e.g., the oral route.
However, for the application in this field, the lo&r binding, association, the uptake
properties and the localization of nanoparticleshimi the cell have to be investigated in
detail. Especially, the quantification of cellulgptake is a sparely explored topic but is very
important for the comparison of different studiewever, most publications dealing with
particle uptake utilize microscopic methods suchcasfocal laser scanning microscopy
(CLSM) or transmission electron microscopy (TEM)efBens et al., 2002; Beisner et al.,
2009; Chen & Mikecz von, 2005; Taetz et al., 2009)herto, there are a few studies using
flow cytometry (FACS) as quantitative method (Galtral., 2008; Taetz et al., 2009). A
study of Gabor et al. managed this challenge byysimg the changes in granularity via
analysing the sideward scatter signal in flow cy@étmyp measurements. As a result, the mean
granularity of Caco-2 cells was increased due ® dhllular association of nanoparticles
(Gabor et al., 2008). However, this measuremerdrpater was not applicable for the silica
nanoparticles used in the present study. Thesécleartdid not cause any alteration in the
sideward scatter signal (data not shown), althabhgly showed a clear increase in the FL2

fluorescence signal.

RITC-labelled silica nanoparticles exhibited a siaed time-dependent cellular and nuclear
association to Caco-2 cells. Such a size dependeocyd be already observed for
fluorescently-labelled silica nanoparticles sizedtween 40 nm and 5 um in Hep-2 cells or
nuclei which could be determined via CLSM (Chen &ké&tz von, 2005). Small unmodified
nanoparticles (N50-RITC and N77-RITC) seemed toirb@ strong association with cell
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membranes, whereas larger and PEG-modified namdpartdid not show these cellular
interactions. These results represent one impoctaatacteristic of PEGn vivo, PEGylation

of nanopatrticles results in a blocking of the adie®f opsonin proteins present in the blood
serum (Peracchia et al., 1999; Peracchia et 89)1% similar mechanism could play a role
in the decreased cellular association of PEG-medlifnanoparticlesn vitro. Obviously
proteins, which are involved in the docking of pdes to the cell membrane, could not
adhere to particles due to PEGylation of the plartsurface. In this context, similar results
could be observed in recent publications. PEG-nexdlifpoly lactic acid nanoparticles
exhibited no interaction with Caco-2 cells in castrto unmodified hydrophobic polystyrene
nanoparticles which showed a very strong cellusoaiation (Behrens et al.,, 2002). The
coating of polystyrene nanoparticles with a pologgneading to an increased hydrophilicity,
caused a reduction in intestinal uptake as welllélyi & Florence, 1996). These findings
confirm the hypothesis which suggested that theaason between nanoparticles and cell
membranes are based on hydrophobic interactionér (le¢ al., 1991). Thus, surface
modifications with hydrophilic molecules avoid tbellular association and consequently the
uptake into the cells. This reaction is useful dirgg the elimination by macrophages but
could be an obstruction when the uptake into atkértypes is requested e.g. in the treatment
of tumour cells. Therefore, nanoparticles neechirhighly specific surface modifications to

target their cell-specific transport.

Results of these cell association studies correlatte performed cytotoxicity studies. N50-
RITC particles caused a clear decrease in cellviability over time. In contrast,
nanoparticles which showed no association with €acells (N50-P-RITC, N94-RITC and
N94-P-RITC) exhibited no cytotoxic potential. Theengration of a cytotoxic effect
necessitates a close contact between nanopawdittethe biological system. Thereby, mainly
size, time and surface modification but also theigda concentration influenced the extent of
the cytotoxic effect (compare to chapter 3) (Galet2009; Napierska et al., 2009; Pan et al.,
2007; Win & Feng, 2005).

Most research groups, which investigate cellulaakg of nanopatrticles, present their data in
a qualitative way such as CLSM. The advantage isfritethod is the possibility to visualize
particle uptake using Z-stack tools. Thus, adsorpedicles can be distinguished from

internalized particles. This distinction is not pitde with flow cytometry measurements
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using conventional fluorescence dyes such as RITCFIOC. However, for a better
comparison between different studies it is of gietdrest to quantify nanoparticulate uptake
as well. Besides the ability to quantify cellulataractions of nanoparticles, flow cytometry
measurements show another advantage over confocabstopy analysis regarding the
detection limit. CLSM images of Caco-2 cells inctdah with N50-RITC particles in a
concentration of 100 pug/ml, resulted in a low numiitedetectable nanoparticles. N50-RITC
particles in a concentration of 50 ug/ml could het visualized anymore via CLSM. In
contrast, flow cytometry studies showed no alteratn the emitted fluorescence (indication
for cellular association), when incubating cellsthwiN50-RITC particles in various
concentrations (20-100 pg/ml). N50-RITC particles a concentration of 10 pug/ml still
exhibited a clearly detectable fluorescence signlow cytometry studies. As a result, flow
cytometry measurements allow a more sensitive whtetion of the nanoparticulate

association as CLSM.

As mentioned before, most fluorescently-labellechaparticles, such as RITC-labelled
nanoparticles, have the disadvantage that it ipassible to distinguish between internalized
and adsorbed particles in a quantitative way (e&.flow cytometry). Whole cells which
exhibit a fluorescence signal via flow cytometryndae associated with nanoparticles in two
different ways: Either particles are adsorbed ®dhter cell surface or are taken up into the
cells. RITC-labelled nanoparticles showed alreaftgraa very short incubation time of
1 minute a high fluorescence signal due to pagielssociated with the outer cell membrane.
Thereby, the short incubation time excluded an keptato the cell which could also be
confirmed via CLSM. Hitherto, there are a few paoations dealing with this question. In
recent studies, the resulting fluorescence of dsbrFITC-labelled nanoparticles was
guenched with trypan blue which has been demoaesttat quench the fluorescence of FITC-
labelled compounds (Huang et al., 2004; Ma & LifQ2; Sahlin et al., 1983). However, this
method requires an addition of a supplemental rgaghich can again result in interactions
with nanoparticles. Due to their chemical propertieanoparticles often show strong
interactions with a lot of standardized chemicdleerefore, it is suggested to avoid the
application of additional reagents (Wahl et al.,020 Worle-Knirsch et al.,, 2006).
Furthermore, these methods give no information abmilocalization of the particles within
the cell. The performed washing experiments forréreoval of nanoparticles from the outer

cell membrane failed. Contents of the used buffexse very aggressive and caused fatal cell
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damages which resulted in the loss of the bardaction. However, a promising approach
allowing a distinction between internalized andaatded nanoparticles will be discussed in
chapter 5.

Transport experiments correlated with conductetl asdociation studies since the transport
rate of silica nanoparticles was related to theituéar association. The transport rate is as
well size- and time-dependent, whereupon the tamsg PEG-modified nanoparticles was
very low. These results were conceivable, as pastshowing no or a very low association to
the outer cell membrane, could not be internalaed consequently could not be transported
across a cell monolayer. The transport speed dfpsaticles was very low. Compared to the
compound Y*C]mannitol, which is a drug belonging to class di@s$ with low solubility and
low permeability) of the Biopharmaceutic Classifioa System (BCS), a guidance for
predicting the intestinal drug absorption, the usadoparticles were transported even slower.
Mannitol demonstrated a,§3 of 1.77x10" cm/sec (Hidalgo et al., 1989), silica nanoparicle

were in the range of 2.06x%@o 4.26x13 cm/sec.

Various studies suggested that the uptake anddltmving transport across the intestinal
epithelial barrier may not occur in enterocytes inuthe intestinal M cells. M cells are parts
of the follicle associated epithelium which covtrs Peyer’'s patches. They consist of a small
amount of microvilli which can result in a reducetearance of adsorbed patrticles.
Furthermore, M cells are able to internalize amtggemacromolecules such as bacteria or
viruses and also nanoparticles from the apical sidan endocytotic process (Clark et al.,
2001; Frey & Neutra, 1997). Therefore, M cells prasthe potential portal for oral delivery
of nanoparticles and should be investigated inildatal should be attracted more notice in
further studies (des Rieux et al., 2005; KraehehBuNeutra, 2000). Des Rieux et al. dealt
with this topic and developed an vitro model for the human intestinal follicle associated
epithelium which could be a promising starting pdor research in this area (des Rieux et
al., 2005).
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4.6 CONCLUSION

The identification of potential drug candidates dhe treatment of diseases like cancer by
new methods such as antisense therapy assign nsks tior the pharmaceutical
nanotechnology. Thereby, cellular binding, assamatuptake, transport and localization of
nanoparticles are important parameters in the fiéldanoparticulate drug or gene delivery.
For a better comparison of different materials apglications it is of great interest to
guantify the uptake and the localization of thesmaparticulate carriers. The size of the
particles as well as their surface modificationd ha essential function in the association and
transport of these novel materials. However, thiemdintiation between adsorbed and
internalized nanoparticles is still a problem. Eifere, the next step in this research field was
the finding of new approaches for a clear distorctbetween nanoparticles associated with
the outer cell surface and particles, which areertalip into the cell. As the removal of
nanoparticles by the means of different washinddosiffailed, the answer to this problem was

found in the labelling of the particles in prin@pl (see chapter5).
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Cellular uptake and localization of propidium

lodide-labelled silica nanopatrticles.

Parts of this chapter have been submitted or are in preparation for publication as journal
articles:

1. A. Neumeyer, M. Bukowski, M. Veith, C.-M. Lehr & N. Daum. Pl-labelling of nanoparticles
as novel tool for the quantification of cellular binding and uptake. Submitted to

Nanomedicine: Nanotechnology, Biology and Medicine

2. A. Neumeyer, M. Bukowski, M. Veith, C.-M. Lehr & N. Daum. Identification of the
endocytotic mechanisms involved in the cellular uptake of silica nanoparticles. In

preparation.

For a closer investigation of the cellular uptakd &calization of nanopatrticles within Caco-
2 cells, particles with adsorbed propidium iodied) (vere prepared. These particles only give
a fluorescence signal when associated with DNA MARConsequently, particles adsorbed
to the outer cell surface are not detected, whenetsnalized particles exhibit a clear
fluorescence signal. Flow cytometry measurementsnodstrated that Pl-labelled
nanoparticles with a size of 21 nm showed a ciea-tdependent uptake into the cell. Further
experiments exhibited that a PI signal could beeated in the cytoplasm and less in the
nucleus, what could be confirmed via confocal nscapy. Furthermore, this approach
allowed the identification of cellular endocytosisechanisms involved in the uptake of
nanoparticles in a quantitative way. In additidme tarrier function of silica nanoparticles
could be demonstrated by comparing the cellulaakgbdf free Pl and nanoparticle-bound PI.
Free Pl was not able to enter Caco-2 cells, whdPéa®und to nanoparticles showed a clear

internalization. In summary, the Pl-labelling ofnogarticles in combination with flow
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cytometry measurements are an innovative and pnogniol for the quantification of

nanoparticulate uptake.

5.1INTRODUCTION

Nanoparticles provide innovative characteristicsltagy carrier. Nanoparticle-encapsulated or
-adsorbed drug molecules show a remarkably incde@seavailability by improving the
overcoming of several biological barriers. In th@ntext, silica nanoparticles show various
advantages. They are non-toxic, can be easily srfanodified, are insensitive to
microorganisms and show high pH stability. Recéundies already demonstrated an uptake of
silica nanopatrticles in cells and nuclei using ocoaf microscopy (Chen & Mikecz von, 2005;
Peng et al., 2006; Vallhov et al., 2007). Howeteere is a lack of studies which determine
the nanoparticulate uptake in a quantitative wane quantification in this field of application

is essential, especially, when different matemalstudies should be compared.

Most fluorescent labellings (such as Rhodamined&iiscyanate, RITC) (compare to
chapter 4) lack the possibility to distinguish beémn particles internalized into the cell and
particles adsorbed to the outer cell surface ventjtative analysis (e.g. flow cytometry). To
allow a distinction between internalized and adedriparticles as well as to obtain
information about the cellular localization, projpich iodide (Pl)-labelled nanoparticles were
prepared. These nanoparticles only emit fluoressemten associated with DNA or RNA.
Consequently, ingested nanoparticles generate raalsigghereas particles adsorbed to the

outer cell membranes are not detected.

By means of this novel staining, it is possibleekplore the uptake of nanoparticles in more
detail, receive information about the cellular lacation and clarify in a quantitative way the
cellular endocytosis mechanisms which are involiredhe nanoparticulate internalization.
For an efficient optimization of nanoparticulatareas it is very important to profile their
cellular uptake, because this determines theiacedtular transport and fate. For the uptake of
nanocarriers two main internalization pathways described: either the phagocytosis or

endocytosis pathways such as clathrin- and cavweonkated endocytosis. Thereby,
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phagocytosis occurs primarily in specialized cBde macrophages, monocytes, neutrophils
or dendritic cells. But also epithelial and endtifiieells have been described to show some
phagocytic activity. In contrast to phagocytosisj@cytic pathways occur in all cells and can
be divided into three groups: clathrin-mediatedaaytbsis, caveolae-mediated endocytosis,
and other clathrin- and caveolae-independent path@onner & Schmid, 2003; Hillaireau
& Couvreur, 2009; Rabinovitch, 1995). With means emhdocytosis inhibitors, the
mechanisms involved in the uptake of nanoparticladd be identified. Cytochalasin D is a
cell permeable and potent inhibitor of actin polyin&tion of the class of mycotoxins (May et
al., 1998). As phagocytosis is an actin-based mmeshm cytochalasin D can inhibit the
uptake of particles via this pathway (Lamaze & Sikhnl995; Parton et al.,, 1994). The
clathrin-dependent endocytosis can be preventedelialar incubation with chlorpromazine.
Chlorpromazine is a lipophilic phenothiazine detiva which easily binds with membranes
and proteins. As a result it inhibits the clathcmated pit formation by reversible
translocation of clathrin and its adapter protémsn the outer cell membrane to intracellular
vesicles (Diaz-Moscoso et al., 2010; Wang et &93). The caveolae-dependent pathway is
obstructed via nystatin, a polyene antifungal dwigch sequesters cholesterol and thus,
causes a depletion of cholesterol. As cholesteraieieded for the maintaining of caveolae
development, the mentioned pathway is inhibitedr{ize & Schmid, 1995; Rothberg et al.,
1990). Monensin, a polyether ionophore antibiatitilbits caveolae- and clathrin-independent
mechanisms by preventing the transition of mid e endosomes to lysosomes and
avoiding an endosome acidification (Basu et al§11Mollenhauer et al., 1990). Figure 5.1

gives an overview of all mentioned endocytosis pat}s.
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Figure 5.1: Summary of endocytotic pathways. Large particles loa taken up by phagocytosis, which is a
process dependent on actin-mediated remodellinghefcell membrane. Particles can be endocytosed by
different mechanisms that are independent of tla¢irog protein clathrin and dynamin as well (nontmiga/non-
caveolin endocytosis). Most internalized molecaesdelivered to the early endosome via clathnircaveolin-

coated vesicles that are derived from the cell mant (clathrin- or caveolin-dependent endocytosis).

5.2 AIM OF THE STUDY

The aim of this study was to allow the differentatbetween particles adsorbed to the outer
cell membrane and particles taken up into the aelthe nucleus. Afterwards, the uptake
properties and the involved uptake mechanisms eflftlled silica nanoparticles with
different sizes and surface modifications shoulébauated in a quantitative way using flow

cytometry.
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5.3 MATERIALS AND METHODS

5.3.1 Materials

Dulbecco’s modified eagle medium (DMEM) with highugose (4.5 g/l) and L-glutamine
was obtained from Gibco (Karlsruhe, Germany), fdétavine serum was purchased from
PAN-Biotech (Aidenbach, Germany), non-essentialnamacids were obtained from PAA
(Colbe, Germany). Composition of Hank’s balancell salution (HBSS) was as follows:
136.9 mM NacCl, 5.4 mM KCl, 4.26 mM NaHGO 0.34 mM NaHPOy*7H-0,
0.35 mM KHPQ,, 5.5 mM glucose, 10 mM HEPES, 1.26 mM Ga®L5 mM MgC}*6H,0,
and 0.4 mM MgS@7H,0. HBSS was adjusted to pH 7.4 by means of NaOtéstmate
buffered saline (PBS) was as follows: 129 mM N&Z§ mM KCI, 7 mM NaHPO,*7H,0
and 1.3 mM KHPQ,. PBS was adjusted to pH 7.4 by means of NaOH, ek @itric acid,
tween 20, thiazolyl blue tetrazolium bromide, ba&viserum albumin and propidium iodide
(P1) were obtained from Sigma (Munich, Germany).aR&l A was obtained from Qiagen
(Hilden, Germany) and FITC-labelled wheat germ atygin (WGA) was purchased from
Vector Laboratories (Burlingame, CA). Culture sHdevere obtained from BD Falcon
(Franklin Lakes, NJ). Centris&rtcentrifugation vials were purchased from Sartorius

(Goettingen, Germany).

5.3.2 Caco-2 cell culture

The human colon adenocarcinoma cell line, Cacokihe C2Bbel, was purchased from
American Tissue Culture Collection (ATCC, Manass#8) and used at passages 60-80.
Cells were cultured in Dulbecco’s modified eagledmen (DMEM) with high glucose
(4.5g/l) and L-glutamine, supplemented with 10%lfecalf serum (FCS) and 1% non-
essential amino acids and were maintained undedatd culture conditions at a temperature
of 37°C and in a humidified atmosphere of 5%,CThe culture medium was changed three

times a week.

5.3.3 Stability of the binding between Pl and silica nanpatrticles
The stability of the binding between the fluoresmedye Pl and the silica nanoparticles were
analysed dispersing Pl-labelled silica nanopagiatea concentration of 100 pug/ml in HBSS



5 Uptake and localization of silica nantigkes 92

with different pH values (5.0, 5.5, 6.0, 6.5, 7r@l&.4). Nanoparticle dispersions were
incubated for 4 hours under standard cell cultuoaddions. Afterwards, they were
centrifuged using Centris&rcentrifugation vials with a molecular weight cut of 5 000

Dalton. Supernatants of the different dispersiongrew analysed via fluorescence

measurements with an emission filter of 617 nmamexcitation filter of 536 nm.

5.3.4 Determination of the cellular uptake of Pl-labelled nanoparticles via flow
cytometry

Quantification of the cellular or nuclear uptakeRiflabelled nanoparticles was determined
via flow cytometry as described before in chaptéca@mpare 4.3.4) with the introduced cell
preparation protocols (compare 4.3.5). Emittedtligdsulting from internalized Pl-labelled
nanoparticles was detected by the FL3 detectoraFdistinction between active and passive

uptake mechanisms, uptake experiments were pertbata temperature of 4°C as well.

5.3.5 PIl-labelled nanopatrticles as carriers for Pl

One characteristic of Pl is that it is excludednfreiable cells and is not capable to cross
intact cell membranes. Therefore, it could be ws®d model substance for drugs with a low
bioavailability and it could be tested if silicanmgpoarticles could improve the transport of a
membrane impermeable compound like PIl. For thipgae, Caco-2 cells were incubated
with nanoparticle-bound PI as well as with freerP$solution. The concentration of the used
unbound Pl was equivalent to the amount of Pl aasat with N21-Pl nanoparticles in

respective concentrations (Table 5.1).

Table 5.1: Concentrations of Pl-labelled nanoparticles (N2L{Rb/ml) and the corresponding concentrations

of free Pl (ng/ml).

N21-PIl concentration Free PI concentration
(ug/ml) (ng/ml)
1 0.00727
10 0.0727
50 0.364
100 0.727
200 1.45

500 3.64
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5.3.6 Determination of the cellular localization of Pl-labelled silica nanoparticles via
RNase

The binding characteristics of Pl allow a distinatibetween nanoparticles localized in the
nucleus and nanoparticles localized in the cytoplaBor this purpose, cells were pre-
incubated with RNase A to enzymatically degrade ribese backbone of the RNA and
thereby eliminating RNA molecules. In contrast, DN®lecules were not influenced by this
RNase treatment. As a result Pl-labelled nanopestiwere not able to bind to RNA anymore
but had the continuing ability to intercalate imdIA. DNA is predominantly located in the
nuclei, whereas RNA is found in the form of mRNAdaiiRNA and furthermore in small
guantities as pre-mRNA and snRNA in the cytoplaBar¢iszewski & Clark, 1999). Thus, a
fluorescence signal (e.g. via flow cytometry) gewed after pre-incubation with RNase was
due to an association of Pl-labelled nanopartiaiits DNA indicative for an uptake into the

nucleus (Table 5.2).

Table 5.2: Dependency between Pl fluorescence and localizatbnPI-labelled silica nanoparticles

(with/without RNase pre-incubation).

without RNase with RNase
cellular
localization
ONq Oyq
DNA S WY o o
BNS R 00 ©
fluorescence signal no signal
nuclear
localization
Py PNy
DN& Jor¥ DN o
BNA QA o o©
fluorescence signal fluorescence signal

5.3.7 Determination of the cellular uptake mechanisms o$ilica nanopatrticles

For the clarification of the endocytosis mechanisnw®lved in the cellular uptake of silica

nanoparticles, different endocytosis inhibitorst¢chalasin D, chlorpromazine, nystatin and
monensin) were used. Stock solutions of these itaingowere diluted to a final concentration

of 5mg/ml in DMSO (cytochalasin D and chlorpronme), water (nystatin) or ethanol



5 Uptake and localization of silica nantigkes 94

(monensin). Table 5.3 summarizes the used endasyiolibitors and the corresponding
inhibited pathways. To investigate the involvedalget mechanisms, Caco-2 cells were pre-
incubated with the mentioned endocytosis inhibitorglifferent concentrations (Table 5.3)
for 2 hours. Subsequently, Pl-labelled nanopadickéth different sizes (21-84 nm) were
added to the cells. Afterwards, cells were prepa®described before (compare 4.3.5) and

were analysed via flow cytometry.

Table 5.3:Endocytosis inhibitors and their corresponding fiteid endocytosis pathways.

Endocytosis inhibitors Inhibited endocytosis pathwg Used concentrations

Cytochalasin D Phagocytosis 1,5and 10 pg/ml

Chlorpromazine Clathrin-dependent pathway 5, 102hpdg/ml

Nystatin Caveolae-dependent pathway 1, 10 and 20 pg/ml

Monensin Caveolae- and clathrin-independen 5, 15 and 30 pg/ml
pathways

5.4 RESULTS

5.4.1 Pl-labelling allows a clear distinction between adsbed and internalized silica
nanoparticles

As mentioned before, most fluorescently-labellechaparticles, such as RITC-labelled
nanoparticles, have the disadvantage that it ipassible to distinguish between internalized
and adsorbed particles in a quantitative way (e&.flow cytometry). Whole cells which
exhibited a fluorescence signal via flow cytometay be associated with nanoparticles in two
different ways: either particles are adsorbed t® dhiter cell surface or cells contain of
internalized particles. The main advantage of Rh# its basic fluorescence is increased by
20 to 30 fold if it is integrated between basesDMA or RNA strands. As a result,
nanoparticles which are located at the outer cefhse and which are not in any contact with
DNA or RNA generate no fluorescence signal. In mstt nanoparticles which have entered
the cells and have the possibility to intercalastwleen DNA or RNA bases emit a

fluorescence signal. To proof this concept, PlHladenanoparticles as well as RITC-labelled
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nanoparticles with similar sizes (21 and 25 nm) evercubated with Caco-2 cells for
1 minute. This short incubation time excluded atak@ of nanoparticles into the cells which
could also be confirmed by CLSM (data not shown)l Rlabelled nanoparticles showed
already after this short 1-minute-incubation a hilgiorescence signal (Figure 5.2 A) due to
particles associated with the outer cell membrdnecontrast, Pl-labelled nanoparticles
incubated for 1 minute showed no signal at all tlueheir localization at the outer cell

surface, where DNA or RNA was absent (Figure 5.2 B)

250 250

[, ----HBSScontrel| | HBSS control
200 | 1——RITC-NPs 200 - —PI-NPs
= 150 »n 150
= =
=) =
z S
o oo - O 100
|
I
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10 10! 10° 10° 10° 10" 10° 10°
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Figure 5.2: Fluorescence signal of RITC- and Pl-labelled sili@oparticles. Nanoparticles were added to
Caco-2 cells for 1 minute. Afterwards, cells werashed three times with PBS and were analyzed wia fl
cytometry. Histograms are the result of 10 000ys®al cells. HBSS treated cells served as a negedinol
(dashed line).(A) RITC-labelled nanoparticles (RITC-NPs) were detdctwith FL2 and(B) Pl-labelled

nanoparticles (PI-NPs) were detected with FL3.

As the cellular uptake of nanoparticles is strongbsociated with an alteration in pH, a
further experiment investigated the stability o thinding between Pl molecules and silica
nanoparticles at different pH values. The bindirgween the fluorescence dye Pl and the
nanoparticles was stable for 4 hours in all pH @alteaching from 5.0 to 7.4. After a 4-hour-
incubation at 37°C, 0.35% to 1.20% of the Pl dyes weleased from the particles. Due to
these results, it could be suggested, that theciekeluorescence signals were based on

nanoparticle-bound PI rather than free PI, reledsed nanoparticles (Figure 5.3).
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Figure 5.3: Pl release from Pl-labelled silica nanoparticldslaBelled nanoparticles were incubated for 4 hours
in HBSS with different pH values (5.0-7.4). Aftemala, particle dispersions were centrifuged in Gsatf®
centrifugation vials. Supernatants were analysédguan emission filter of 617 nm and an excitatfiter of

536 nm. The dashed line indicates the maximal atofuirl bound to the used silica nanoparticles.

5.4.2 Silica nanoparticles serve as drug carriers for fre Pl

A further advantage of Pl is that it is excludednirviable cells and is not capable to cross
intact cell membranes. Therefore, it was testedilita nanoparticles could improve the
transport of a membrane impermeable compound lik&d? this purpose Caco-2 cells were
incubated with nanoparticle-bound PI as well asiree Pl in solution. The concentration of
the used unbound PI was equivalent to the amouRt agsociated with N21-PI nanoparticles
in respective concentrations (Table 5.1). Flow oty analysis demonstrated that free Pl
(0.727 ng/ml) is excluded from viable cells ovenei when compared to N21-PI particles in a
concentration of 100 pg/ml (100 pg/ml N21-PI pdesccontain 0.727 ng/ml adsorbed PI)
(Figure 5.4, grey bars). In contrast, N21-PI p&eticshowed a time-dependent uptake over
4 hours. After an incubation of 1 hour no or a eatlow cellular uptake (0.33% + 0.14) could
be detected. After a 2-hour-incubation 2.85% + Gbthe cells contained ingested particles
12.7% + 3.75 of the cells were positive for a Pairgihg after a 4-hour-incubation
(Figure 5.4, black bars).
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Figure 5.4: Cellular uptake of Pl-labelled silica nanoparticidN21-Pl) and free PI in solution. Caco-2 cells
were incubated with HBSS, N21-PI nanoparticles (1@0ml) or the corresponding concentration of fRde
(0.727 ng/ml) for 1, 2 and 4 hours. Whole cells avemalysed via flow cytometry. Results are the mean
mean * SD of three independent experiments.

These fluorescence characteristics of Pl couldelsbacked via fluorescence measurements.
Free Pl as well as nanoparticle bound Pl (N21-Rligl@s) was incubated for 30 minutes
without cells or with intact or permeabilized Cazaeells. In comparison to the cell-free
experiment, samples with intact cells showed noremse in fluorescence, whereas
permeabilized cells demonstrated an increase ireithission. Permeabilized cells allowed a
contact to DNA and RNA and consequently an altematin the fluorescence signal
(Table 5.4).

Table 5.4: Fluorescence characteristics of Pl. Free Pl as allPl-labelled nanoparticles (N21-Pl) were
incubated for 30 minutes with intact and triton-Ermeabilized cells. Samples were analyzed usingnaiasion

filter of 617 nm and an excitation filter of 536 nm

Sample Without Intact Permeabilized
Cells Cells Cells
Free PI 86 99 1072

Pl-labelled nanoparticles (N21-PI) 83 72 434




5 Uptake and localization of silica nantigkes 98

5.4.3 Cellular uptake and localization of Pl-labelled siica nanoparticles

The cellular uptake and also the localization ohaparticles within the cell are of great
interest. Within 4 hours, Pl-labelled nanoparticleere able to enter Caco-2 cells. Flow
cytometry analysis demonstrated that 12.7% + 3fahecells and 3.6% £ 1.89 of the nuclei
exhibited a PI signal. Triton-X permeabilized cedesved as a positive control. The triton-X-
caused cell membrane damage allowed N21-PI paticde access to DNA or RNA within
the cells. Therefore, the resulted fluorescenceasigemonstrated the maximal fluorescence

caused by Pl-labelled nanoparticles (Figure 5.5).

To specify if internalized nanoparticles were Iaoadl in the cytoplasm or the cell nucleus,
cells were pre-incubated with RNase A to enzymHlyiakegrade the ribose backbone of the
RNA and thereby eliminating RNA molecules. In castr DNA molecules were not
influenced by this RNase treatment. As a resulaBélled nanoparticles were not able to bind
to the RNA anymore, but had the continuing ability intercalate into DNA. DNA is
predominantly located in the nucleus, whereas RNAound in the cytoplasm. Thus, a
fluorescence signal (e.g. via flow cytometry) gaed after pre-incubation with RNase must
be due to an association of PI molecules with DNédative for an uptake into the nucleus.
After a 1-hour-pre-incubation with RNase and a sgbent 4-hour-incubation with N21-PlI
nanoparticles, 5.7% + 2.92 of Caco-2 cells werellad with PI. In contrast, 12.7% + 3.75 of
the cells were positive for a Pl staining withoutyaaddition of RNase. These results
demonstrated that about 6% of the analysed cetitaowed Pl molecules which showed an
association with DNA indicative for a nuclear upald subsequent isolation of the nuclei
evidenced these findings. Isolated nuclei did maiws a significant difference to RNase pre-
incubated whole cells. In RNase pre-incubated c&®NA was eliminated enzymatically,
whereas in isolated nuclei, the cytoplasm and staining RNA-bound Pl-labelled
nanoparticles were removed mechanically. As a tresaly DNA-associated and therefore

nucleus-localized PI molecules could be detectegl(E 5.5).
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Figure 5.5: Cellular and nuclear uptake and localization ofld®lelled silica nanoparticles (N21-PI). Caco-2
cells were incubated with N21-PI nanopatrticles toacentration of 100 ug/ml for 4 hours withoutwth pre-
incubation of RNase. Whole cells as well as isolateclei were analysed via flow cytometry. As aifpos
control cells had been permeabilized with tritorpXor to nanoparticle incubation. HBSS served agatiee
control. Results are the mean = SD of three inddpenexperiments. The asterisks depict significifferences

between the different samples<(p05 *).

The significant decrease in the emitted PI sigpad(02) for whole cells after pre-incubation
with RNase could be also detected via CLSM in ditgiive way (Figure 5.6). As a positive
control permeabilized cells were stained with fieden solution (0.727 ng/ml) (Figure 5.6 A)
which resulted in a clear red staining of the inoelfs. As a negative control Caco-2 cells
were incubated for 1 minute with N21-PI nanopagsclin this experiment no red staining
could be detected (Figure 5.6 B), because nancfetilid not enter the cell during this short
incubation time. Furthermore, N21-Pl nanoparticlesre incubated for 4 hours without
(Figure 5.6 C) or with a previous cellular incubatiwith RNase for 1 hour (Figure 5.6 D).
Figure 5.6 C clearly shows a red staining inside dheen-labelled cell membranes. The red
signal inside the cells is an indication for Pldded nanoparticles taken up into the cells.
This fluorescence signal was absent in cells pcabated with RNase, because PI could not
bind to RNA anymore. Obviously, after 4 hours omylow amount of particles or PI
molecules were able to enter the nucleus, insefiicto cause a detectable fluorescence

signal.
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Figure 5.6: Cellular uptake and localization of Pl-labelledcsilnanoparticles. Caco-2 cells were plated orsglas
culture slides. Cells were incubated wi#) free PI (after fixation)(B) N21-PI particles for 1 minutéC) N21-

Pl particles for 4 hours (D) N21-PI particles for 4 hours with a pre-incubatmnhRNase. Membranes were
stained with FITC-labelled WGA (green) followed axcell fixation with 4% formalin. Analysis was permed
via CLSM. Bars=14.00 pm.

5.4.4 Identification of the internalization mechanisms irvolved in the uptake of silica
nanoparticles

To proof if nanoparticles were internalized in actide or a passive process, uptake
experiments were conducted at a temperature of antCa temperature of 4°C as well. For
this purpose, Caco-2 cells were incubated with REIN34-Pl or N84-PI nanoparticles for
4 hours under standard cell culture conditions toa é&emperature of 4°C. For N21-Pl and
N34-PI particles no uptake inhibition at 4°C in quamison to the uptake rate at 37°C could be
demonstrated. In contrast, N84-PI particles shoas@ynificantly reduced cellular uptake of
49.49% * 16.6 when incubated at a temperature ©f(BEfgure 5.7).
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Figure 5.7: Temperature-dependent uptake of silica nanopasti€aco-2 cells were incubated for 4 hours with
different silica nanoparticles (N21-Pl, N34-PI ex84-Pl) at a temperature of 37°C or 4°C. Cells vaalysed
via FACS. Data show the alteration in the uptake @mpared to control cells incubated at 37°C BSS.

Results are the mean mean + SD of three indepemrd@etriments. The asterisks depict significantedéhces
between cells incubated at 4°C and cells incubatt&°C (g£0.01 **).

For the clarification of the uptake mechanisms Imed in the cellular uptake of
nanoparticles, Caco-2 cells were incubated withfedtht endocytosis inhibitors.
Chlorpromazine (clathrin-dependent endocytosis) angstatin (caveolae-dependent
endocytosis) showed no inhibition in the uptake sahen compared to cells pre-incubated in
HBSS instead of an inhibitor (Figure 5.8 A and B)contrast, cytochalasin D (phagocytosis)
and monensin (clathrin- and caveolae-independethiyags) demonstrated a concentration-

dependent inhibition in the uptake of nanopartiaiks Caco-2 cells (Figure 5.8 C and D).
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Figure 5.8: Identification of the internalization mechanismsalved in the uptake of silica nanoparticles. Gaco
2 cells were pre-incubated for 2 hours with différ@ndocytosis inhibitors(A) Chlorpromazine, clathrin-
dependent endocytosiéB) Nystatin, caveolae-dependent endocytogiS) Cytochalasin D, phagocytosis.
(D) Monensin, caveolae- and clathrin-independent eytdeis. Afterwards, cells were incubated with N21-P
(only C and D), N34-Pl and N84-PI nanoparticles 4dnours. Cells were analysed via FACS. Data shww t
alteration in the uptake rate compared to contisdncubated in HBSS instead of an endocytosigitor. The
asterisks depict significant differences betweehibitor-incubated and control cells {@.05 *, p<0.01 **).
Results are the mean mean + SD of three or twoigtdmazine) independent experiments.

The inhibition of the nanoparticulate uptake byocytalasin D and monensin was dependent
on the used nanoparticle sizes. Nanoparticles withize of 21 nm (N21-Pl) were not
influenced by these endocytosis inhibitors and lEd no decreased uptake

(Figure 5.8 C and D, white bars). In contrast, ipka$ with a size of 34 nm (N34-PI) showed
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a significantly reduced internalization after cilupre-incubation with 5 pg/ml monensin
(Figure 5.8 C and D, black bars). The largest usadoparticles with a size of 84 nm
demonstrated the strongest influence by cytochal@asor monensin. For cytochalasin D as
well as for monensin a concentration-dependentedser in the cellular uptake of these

nanoparticles was documented (Figure 5.8 C anddy, loprs).

5.5 DISCUSSION

In this study, silica nanoparticles with adsorbéddtved as novel tools for the quantification
of the cellular uptake. These particles promiselearcdifferentiation between particles
associated with the outer cell membrane and pestitdken up into the cell. Therefore, this
nanoparticulate staining in combination with thewnestablished flow cytometry assay,
demonstrates a promising tool for the quantitatineestigation of cellular uptake and
localization. Especially, the cellular localizati@md the involved uptake mechanisms are

essential parameters with regard to toxicity armdftiiure application spectrum.

Silica nanopatrticles present potential drug casrier molecules with a low bioavailability or
stability. In this study the membrane-impermeabierescent dye Pl served as a model
substance. It could be demonstrated that free Réaules could not overcome intact cell
membranes due to its chemical composition. In eshtrits binding to silica nanoparticles
allowed a time-dependent internalization into te#ésc This ability of nanoparticles could be
very helpful in the oral application of cytostatioscancer therapy. Most anticancer drugs are
orally not or minimal bioavailable, e.g., the biadability of the cytostatic paclitaxel is less
than 1%. Lipid based nanoparticles already impra¥edpaclitaxel transport across Caco-2
cells (Roger et al., 2009). In addition, am vivo study demonstrated an enhanced oral

bioavailability of paclitaxel via paclitaxel-loaddigid nanocapsules (Peltier et al., 2006).

As the cellular uptake of nanoparticles is strongbsociated with an alteration in pH, a
further experiment investigated the stability o thinding between Pl molecules and silica

nanoparticles in HBSS with different pH values. Héito, various uptake mechanisms had
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been described as potential cell capture pathwarysdnoparticles (Hillaireau & Couvreur,
2009). All these mechanisms are associated witterakvspecific organelles such as
endosomes or lysosomes. These organelles are @w/aivthe sequential cellular passage of
particles. ATP-dependent proton pumps are resplensds the generation of an internal
acidic environment of these organelles. Therebs,pH can reach from 5.0 to 6.5 (Mellman
et al., 1986; Pantarotto et al., 2004; YamashirdM&xfield, 1984). Conducted experiments
investigated the strength of the binding betweennflecules and silica nanoparticles,
demonstrated a strong association between dye andparticles at different pH values.
Therefore, it could be suggested that the generfitemtescence signal was based on
nanoparticle bound PI. In addition, it should bentrened that e.g., lysosomes possess a
specific enzymatic content including esterases @attiepsins (Mellman et al., 1986). The
impact of these enzymes to the stability of thedinig between fluorescence dyes and
particles should clearly be kept in mind. Furthemepadue to mechanic forces during the
internalization process, there could be a rele&$d during nanoparticulate transport through
the cell as well. Visualization techniques sucls@anning electron microscopy could be used

to clarify this question.

Besides the cellular uptake, also the localizabbmanoparticles within the cell is of great
interest. Especially, drug delivery to the nuclésisan increasing field as the nucleus is a
promising target, because the cell and transcripti@chinery is localized there (Breunig et
al., 2008; Tkachenko et al., 2003). Silica nanoglas sized between 40 and 70 nm had
already been reported to penetrate the nuclei giZHepithelial cells (Chen & Mikecz von,
2005). Furthermore, gold nanopatrticles functiorlizvith a TAT protein-derived peptide
sequence could be localized in the nucleus, whanefasctionalized nanoparticles were just
present in the cytoplasm and showed no translatatio the nucleus (de la Fuente & Berry,
2005). The usage of RNase in combination with théalbelling of nanoparticles allowed
more detailed insights in the cellular localizatioh these particles. RNase enzymatically
eliminates RNA molecules, DNA molecules were néiuenced by this RNase treatment. As
a result, Pl-labelled nanoparticles were not ablebind to RNA anymore but had the
continuing ability to intercalate into DNA. DNA ipredominantly located in the nuclei,
whereas RNA is found in the form of mMRNA and tRNAthe cytoplasm and furthermore in
small quantities as pre-mRNA and snRNA in the nusléBarciszewski & Clark, 1999).

Thus, a fluorescence signal (e.g. via flow cytoyjetzenerated after pre-incubation with
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RNase was due to an association of Pl-moleculds BNA indicative for an uptake into the

nucleus. Results demonstrated that about 6% oftladysed cells contained Pl molecules
which showed an association with DNA indicative farnuclear uptake. A subsequent
isolation of the nuclei evidenced these findingewdver, the main amount of these particles
was localized in the cytoplasm. A functionalizatiohthese particles with ligands such as
nucleus localization signals could increase thaiget delivery and entry into the nucleus.

Nevertheless, as used silica nanopatrticles apparemire able to enter the cell nucleus,
genotoxicity should be mentioned as well. Recentliss already demonstrated a strong
association between genotoxic effects, the celluiptake rate und the intracellular
localization of silver nanoparticles (Ahamed et &008). Carbon nanotubes showed the
possibility to cause DNA damage due to their pextietn into the cell nucleus (Tkachenko et
al., 2003). Silica nanoparticles were describeavel to enter the nucleus and influence the
gene expression (Chen & Mikecz von, 2005). Siliaaaparticles with a size of 21 nm caused
a decrease in cellular viability (compare to chapje Hitherto, the reason of that cytotoxic
effect could not be clarified. Thereby, a genotogifect due to the nuclear localization of

these patrticles could not be excluded.

Hitherto, various uptake mechanisms have been ibesicas potential cell capture pathways
for nanoparticles (Hillaireau & Couvreur, 2009; lnénn et al., 2008). In general,
nanoparticles must cross one or more biological brarmes before they diffuse across the
plasma membrane to finally enter the target ordanBlepending on the drug characteristics,
the chosen uptake pathway as well as the intrdaelfate of the drug carrier is essential for
the efficacy of the drug. Thereby, the releasehefdrug into the enzymatic environment of
the lysosomes or the direct release in the celbbptgsm will dramatically influence the
pharmacological activity of a drug (Hillaireau & @aeur, 2009). Mostly, the internalization
of nanoparticles into macrophages via phagocyt@sidocumented. Phagocytosis as the
involved mechanism is described for particles sibetiveen 250 and 3000 nm (Conner &
Schmid, 2003; Khalil et al., 2006; Mayor & Paga@607). Whereas, nanoparticles smaller
than 250 nm were less efficiently internalized plzagocytosis (Korn & Weisman, 1967).
Phagocytosis is a process which occurs only inlhigpecialized cells such as macrophages.

However, also for other cell types a phagocytagis-mechanism could be demonstrated
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during the uptake of large cationic-lipid-DNA corapés and PEI polyplexes (Kopatz et al.,
2004; Matsui et al., 1997). Such a phagocytosis-tilechanism could also play a role in the
conducted uptake experiments in this study. Sii@aoparticles with a size of 84 nm showed
a significant concentration-dependent uptake reoictafter pre-incubation with
cytochalasin D, an inhibitor for phagocytosis. Eviérthe size of the particles is not in the
optimal range of phagocytosis, the inhibition oagbcytosis caused a clear reduction in the
uptake of silica nanoparticles with a size of 84 nbhis uptake process starts with the
interaction of particles with specific receptorisias opsonic receptors on the phagocyte.
This causes an actin assembly and the formatiocelbfsurface extensions that cover the
particle to engulf it. Subsequently, the partideriternalized and the actin is shed from the
phagosomes. The resulting phagosome transportspéngcle through the cytoplasm.
Afterwards, a series of fusion and fission everggifp, which result in the formation of
mature phagolysosomes where internalized partiakes degraded (Khalil et al., 2006).
Phagocytosis has been traditionally referred t6call eating” whereas the non-phagocytic
endocytosis pathways characterized as “cell drgikipased on their involvement in the
uptake of fluids and solutes. However, this terrtdgy is not relevant anymore when
working with nanopatrticles. Based on their smaksisolid nanoparticles can be internalized
via these non-phagocytotic pathways which are glatltependent, caveolae-dependent and
clathrin-/caveolae-independent endocytosis (Hedair & Couvreur, 2009). In general, the
uptake of nanoparticles and the intracellular palysivare dependent on the analyzed cell type
as well as on the particular size, shape, chardechamistry of the particles. The uptake of
poly-L-lysine-PEG-DNA nanocapsules (80-90 nm) in &Y transformed kidney cells was
inhibited by wortmannin (inhibitor for macropinoogis), genistein and methyl-3-
cyclodextrin (inhibitor of caveolae-mediated endosys). Chlorpromazine (inhibitor of
clathrin-dependent endocytosis) caused no reductiorthe uptake of these particles
(Luhmann et al., 2008). Thereby, various pathwagsysto be involved in the uptake of one
nanoparticle type and take place simultaneouslhya YHe use of different endocytosis
inhibitors, it could be shown that, not only a $engptake pathway is involved, but various
endocytosis processes interact. The uptake ofasihanoparticles was mediated via
phagocytosis as well as a clathrin-/ caveolae-iaddpnt pathway as the internalization of
nanoparticles with sizes of 34 and 84 nm were arfied by monensin, an inhibitor for this
mechanism. A further study demonstrated stronggfices in the uptake rate of polystyrene

particles sized between 20 and 1010 nm in diffecefitlines. Polystyrene nanoparticles with
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a size of 20 nm were internalized in a high amduynall used cell types. A murine squamous
cell line took up particles with sizes of 93, 22kd 560 nm but not with a size of 1010 nm.
Similar results could be demonstrated for humaratoeyte carcinoma cells and a mouse
hepatoma cell line. These cells internalized thelenparticles but not the 590- and 1010-nm
particles. In contrast, human bladder carcinomds caehd primary human umbilical vein
endothelial cells took up all used particles (Zawsteal., 2001). However, the understanding
of the role of endocytosis pathways in the intemadion of drug delivery nanopatrticles is a
rising research field. The enzymatic content oséhendocytotic organelles is a key issue for
polymeric nanoparticles. Polymeric nanoparticleshsas PLGA nanoparticles were degraded
via a hydrolytic mechanism facilitated by low pHlwes (Shive & Anderson, 1997). This
ensures a drug release and avoids a cellular adatiamuof these particles which could lead
to further toxicities (Hillaireau & Couvreur, 2009 contrast, silica nanoparticles would
resist such an acidic milieu, which would be impattin oral drug delivery. Here, particles
have to penetrate the intestinal barrier withounage or degradation to enter the blood

circulation and reach their target tissues.

Endocytosis can be strongly inhibited by lowerihg temperature from standard cell culture
conditions of 37°C to 4°C. At a temperature of 37pGly-L-lysine-PEG-DNA nanocapsules
were found in the cytoplasm, whereas they weretéacat the outer cell membrane when the
experiment were performed at 4°C (Luhmann et &Q82. Caco-2 cells as well as a rat
gastrointestinal tissue demonstrated a highernateation of PLGA particles with a size of
100 nm than for particles sized between 500 nmlfhgm (Desai et al., 1996; Desai et al.,
1997). Furthermore, the uptake of polystyrene plagiwith a size of 20 nm was not reduced
in murine squamous carcinoma cells when incubat&d@. In contrast, larger particles (93-
560 nm) showed a size-dependent reduction in tHalareuptake at 4°C. The uptake of
560 nm polystyrene particles was strongly reduded@. In contrast, the internalization of
particles with a size of 93 nm was less reducediifgaet al., 2001). These results correlate
with findings in this study, where a size-dependexuction in the uptake of nanoparticles at
a temperature of 4°C could be observed as well. itexnalization of Pl-labelled silica
nanoparticles with a size of 21 and 34 nm was matther low influenced by endocytosis
inhibitors. Furthermore, the uptake of these plasievas not reduced when experiments were

performed at a temperature of 4°C in contrast tpeerents at 37°C. Silica nanoparticle
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with a size of 84 nm exhibited a strong reductidbmalmout 50% in their transport rate at 4°C.
The cellular pre-incubation with inhibitors for gjaeytosis (cytochalasin D) and clathrin- and
caveolae-independent endocytosis (monensin) caaisgzhcentration-dependent increase in
the uptake of these nanopatrticles. Therefore, suggested, that the uptake of nanoparticles
with small sizes (~20-40 nm) is carried out viagdas pathways. Larger particles seem to use

active internalization processes to enter a cell.

5.6 CONCLUSION

In conclusion, the Pl-labelling of nanoparticlescombination with flow cytometry studies is
a promising tool for the quantification of cellulaptake and localization of nanoparticles
vitro. It allows a clear distinction between particlegernalized into cells and particles
adsorbed to the outer cell membrane. Quantitatata dllow an easy comparison between
different studies and facilitate the experimentairaach.

Pl-labelled nanoparticles with a size of 21 nm sbdwan uptake into the cell and were even
able to generate a PI signal in the nucleus indigad nuclear localization. This allows
various pharmaceutical applications but should besidered critically as well, as silica
nanoparticles localized in the nucleus could caledeterious cellular damage. Further control
experiments using high resolution visualization hteques such as scanning electron

microscopy could provide further evidences for alear localization of these particles.

Furthermore, it could be demonstrated that pagiaie¢h such a small size were internalized
via passive pathways rather than by endocytoticgeees. Active uptake mechanisms such as
phagocytosis and clathrin- and caveolae-indepengpiatimwvays seemed to play a role in the

uptake of larger silica nanoparticles (84 nm).
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Summary

Nanomaterials are innovative tools in the fieldbddl drug delivery. The main obstacle of this
application route is the overcoming of the intedtibarrier and the insistence against cells of
the immune system. An overcoming or circumventidrth@se barriers would lead to an
enhancement in the oral bioavailability. One delw&rategy is based on the encapsulation or
adsorption of drugs and molecules in nanopartidiéereby, inorganic nanoparticles such as
silica nanoparticles provide promising charactmssas novel drug carriers. The modification
of the nanoparticle surface with poly ethylene glyPEG) could avoid a clearance via
phagocytes and other immune cells. For the apmicain this field, cellular binding,
association, uptake properties and localizatiomarfioparticles within the cell have to be
investigated in detail. Especially, the quantificatof cellular uptake is a sparely explored
topic, but is very important for the comparisondifferent studies and materials. Therefore,
the aim of this study was to evaluate the cellaksociation, uptake and transport properties
of fluorescently-labelled silica nanoparticles witififerent sizes and surface modifications in
a quantitative way using flow cytometry. Furthermyahese particles had to be evaluated for

their oxidative and cytotoxic potential.

Flow cytometry analysis demonstrated that rhodarBumothiocyanate (RITC)-labelled
silica nanoparticles sized between 50 and 77 nnibg&tl a clear association with Caco-2
cells. Thereby, nanoparticles with a size of 50wene associated with 86% of Caco-2 cells
and with 31% of isolated nuclei. Nanoparticles watlsize of 77 nm showed an association
rate of 85% with whole cells and 17% with isolategtlei. In contrast, larger particles with a
size of 94 nm and PEG-modified nanoparticles withilar sizes showed no or a rather very
low cellular interaction. Transport experimentsretated with these association studies, as a

size- and time-dependent transport across a Caed-onolayer could be observed. Small
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and unmodified nanoparticles (50 nm) showed thédsgtransport, whereas PEG-modified
and larger unmodified nanoparticles (94 nm) wereonoather low transported.

However, the fluorescent labelling with RITC lacke possibility to distinguish between
particles internalized into the cell and partickgsorbed to the outer cell surface via flow
cytometry. To allow a distinction between intermatl and adsorbed particles as well as to
obtain further information about the cellular lazation, particles with adsorbed propidium
iodide (PI) were prepared. These particles onle givfluorescence signal when associated
with DNA or RNA. Consequently, particles adsorbedthe outer cell surface were not
detected, whereas internalized particles exhilatettar fluorescence signal. Flow cytometry
measurements showed a time-dependent uptake ab@lldd silica nanopatrticles with a size
of 21 nm. Further experiments with the additionshge of RNase exhibited that Pl signals
could be detected in the cytoplasm and less imtlaéeus. RNase enzymatically eliminates
RNA molecules which are predominantly located ia dytoplasm. As a result, Pl-labelled
nanoparticles were not able to bind to the RNA aongrbut had the continuing ability to
intercalate into DNA, predominantly located in theclei. Thus, a fluorescence signal
generated after pre-incubation with RNase was duant association of Pl molecules with
DNA indicative for an uptake into the nucleus. dutd be shown that after a pre-incubation
with RNase and a subsequent 4-hour-incubation Ritlabelled nanoparticles with a size of
21 nm, 6% of Caco-2 cells were labelled in PI iatliee for a nuclear uptake. In contrast,

13% of the cells were positive for a PI staininghwut any addition of RNase.

The carrier function of silica nanoparticles coblel demonstrated by comparing the cellular
uptake of free Pl and nanoparticle-bound PIl. Freev&s not able to enter Caco-2 cells,

whereas PI bound to silica nanoparticles showddaa ime-dependent internalization.

The nanoparticle labelling with PI further allowetie identification of the cellular
endocytosis mechanisms involved in the uptake afoparticles in a quantitative way.
Therefore, Caco-2 cells were incubated with difiérendocytosis inhibitors. Chlorpromazine
(clathrin-dependent endocytosis) and nystatin (cleedependent endocytosis) showed no
inhibition in the uptake rate of nanoparticles witempared to cells pre-incubated without an
inhibitor. Cytochalasin D (phagocytosis) and momerislathrin- and caveolae-independent

pathways) demonstrated a concentration-dependbiftition in the uptake of nanoparticles.
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Furthermore, this inhibition was dependent on thedunanoparticle size. The uptake of silica
nanoparticles with a size of 21 nm were not infeexh by these endocytosis inhibitors,
whereas nanoparticles with a size of 34 and 84 mmowed a strong influence by
cytochalasin D or monensin. Uptake experiments attemperature of 4°C further
demonstrated, that smaller particles were intezadlvia passive processes, whereas particles
with a size of 84 nm used active pathways to gheecells.

As pharmaceutical or medical used silica nanopgagicome into a close contact with
biological systems, it is essential to evaluateirtlexidative and cytotoxic potential.
Therefore, a novel method for the combined deteatfooxidative stress and cytotoxicity was
established. This assay is based on the automatednwasive online monitoring of the
oxygen concentration in solution (SensorBisReader). Cellular respiration is associated
with a consumption of oxygen and therefore sergesmaindicator for cytotoxicity and can be
determined measuring the long-term cellular congionpof oxygen during cell incubation.
An increase in air saturation caused by decreaskdlar consumption of oxygen is a very
early indication for cytotoxicity. The generatiohreactive oxygen species could be analysed
via the increase in molecular oxygen due to thelrement of antioxidant defence enzymes.
Silica nanopatrticles with different sizes and scefanodifications were investigated with this
novel method concerning their oxidative and cytatopotential. Thereby, size, time,
concentration as well as surface modification afaparticles affected the cellular viability
but not oxidative stress levels. Results of thi®wxicity studies correlate with performed
cell association and uptake experiments. RITC-labesilica nanoparticles with a size of
50 nm caused a clear decrease in cellular vialohigr time and had been also described to
enter Caco-2 cells time-dependently. In contraahoparticles which showed no association
with cells exhibited no cytotoxic potential. Sinmileesults could be demonstrated for PI-
labelled nanoparticles, where the uptake rate slaavéigh correlation with the observed
cytotoxic effect of these particles. Furthermore,could be shown that the occurred

cytotoxicity was not reversible within 72 hours.
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Outlook

Results of this thesis show that silica nanopasidiave a potential as oral drug carriers.
Dependent on their size and surface modificatialgas nanoparticles exhibit a strong
association with epithelial cells and can be iraéped and finally transported across a cell
monolayer. Especially, the transport across a leellbarrier is essential in the oral
administration of these carriers. Nanoparticleseh@vcross the intestinal epithelium to reach
their target site somewhere else in the body. Taenar of the nanoparticulate overcoming of
such a barrier is therefore an important reseapit.tHitherto, it is known, that the transport
across the intestinal epithelial barrier is not mhaioccurring in enterocytes but in the
intestinal M cell and the follicle associated eplthm. A recent study already introduced a
novelin vitro model for the human intestinal follicle associaggithelium which could help
investigating the passage of nanoparticles acrossirttestinal barrier more detailed (des
Rieux et al., 2005). The uptake of nanoparticlesobees important once particles have
reached the target tissue or cells of e.g. a tumthereby, it could be shown that a surface
modification with PEG is not the best solution hesm nanoparticles could not bind to cells
anymore and therefore could not be internalized.cémtrast, once reaching the blood
circulation, the characteristics of PEG are esakrfi surface modification with PEG avoids a
clearance by macrophages and other cells of theumansystem and therefore, prolongs the
retention time of nanoparticles in the blood. Thilie improvement of the nanoparticulate
surface modification is a necessary task. An irtddoacould be the functionalization of the
particle surface with markers or antibodies adegjtatspecialized cells. M-cells of the gut
e.g. produce GP2 proteins as receptors on thdacgithat bind E. coli or salmonella bacteria
(Terahara et al., 2008). Tumour genes are widelyloeed and collected in data bases.
Prominent examples are the human epidermal groadtorf receptor 2 (HER-2) in breast

cancer and the Wilms’ tumour gene 1 (WT-1) whictoverexpressed in 70-90 % of acute
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leukaemias (Olayioye, 2001; Boublikova et al., 200®e intelligent combination of all these
surface modifications would allow a targeted arfetieht transport of nanoparticles.

The loading of nanoparticles with drugs would be tiext step in research. This thesis
investigates silica nanoparticles as a carrieresydbaded with fluorescence dyes. Thereby,
these labellings were core-loaded (RITC) or adsbrize the particle surface (Pl). Drug
molecules would be bound to nanoparticles in alammanner. Experiments with Pl-labelled
nanoparticles already showed that silica nanopestiserved as carriers to facilitate the

cellular uptake of the membrane-impermeable dye PI.

Spherical silica nanoparticles had been alreadgiddavith the poorly, water soluble drug
telmisartan (Zhang et al., 2010). A further studgsatibed an oral delivery system for
indomethicin engineered from cationic lipid emutsoand silica nanoparticles (Simovic et
al., 2010). Mesoporous silica nanoparticles (MSldyen been demonstrated to be able to
deliver kinds of model substances such as fluonesdexas Red and rhodamine B. The
loading was in the order of hundred milligrams geam of nanoparticles (Slowing et al.,
2008). A MSN-based system was also used to dejjgaes in cells. Therefore, the delivery
system was complexed with a plasmid DNA that ensddean enhanced green fluorescence
protein (GFP). Furthermore, this material allowswbeane-impermeable molecules, such as
pharmaceutical drugs and fluorescent dyes, to lmapsulated inside the MSN channels
(Radu et al., 2004). Other studies showed a relebdaugs such as ibuprofen, erythromycin
and alendronate from MSN as well using differemategies to modify the control of drug
release (Balas et al., 2006; Lu et al., 2004; ¥d&legi et al., 2006). A silica-lipid hybrid
microcapsule system was used for the encapsulafi@elecoxib classified as a BCS Class
Il drug (poor solubility, high permeability) thag practically insoluble at gastrointestinal pH
(Tan et al., 2009). More complex delivery systefimaae.g. a glucose-responsive controlled
release of insulin and cyclic AMP (Zhao et al., 200

The important question concerning all these apidioa is still, where silica nanopatrticles
remain after administration. Hitherto, there isaakl of publications dealing with the fate of
silica nanopatrticles. A study of Wu et al. desdaliltke biodegradation of amorphous silica
shells merged with superparamagnetic iron oxideoparticles. After injection into mice,

nanoparticles were cleared from the kidney withimofrs followed by an accumulation in the
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liver and spleen (Wu et al., 2008). However, tinelifngs about fate and behaviour in the body
are essential and require intensive research ifuthee.
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