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“Anyone who doesn’t take truth seriously in small natters
cannot be trusted in large ones either.”

Atbert Einstein
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1. Introduction

1. Basic features of nanomaterials

The prefix “nano” (Greek: nanos = dwarf) refersn@anometer (nm) which is one
billionth of a meter (18 meter). Nanomaterials (NMs) are either nature-porn
accidentally self-assembled or engineered strustwith at least one dimension that
ranges from 1 — 100 nm (Nel et al., 2006). The tamanomaterials” (NMs) covers
all nanosized materials including engineered nanenas (ENMs) and nano like
objects existing in nature (Table 1., Figure.1l)nbdjaarticles (NPs) are discrete 3D

particles with at least two dimensions in the nngea

Table 1.Classification of nanoparticles by origiNowack and Bucheli, 2007)

Formation Examples
Organic colloids Humic, fulvic acids
Biogenic _ _
Organisms Viruses
Geogenic Soot Fullerenes
Organic Atmospheric | Aerosols Organic acids
carbon nanotubes (CNT)
i Fullerenes
Natural Pyrogenic Soot .
Nanoglobules, onion-shaped nanospheres
Biogenic Oxides Magnetite
Metals Ag, Au
Inorganic | Geogenic Oxides Fe-oxides
Clays Allophane
Atmospheric Aerosols Sea salt
Combustion by-product  carbon nanotubes (CNT)
By-product _
Nanoglobules, onion-shaped nanosphergs
Carbon Black
Organic
_ Soot Fullerenes
Anthropogenic Engineered Functionalized CNT, fullerenes
manufactured, -
( oo, Polymeric NP Polyethyleneglycol (PEG) NP
By-product Combustion by-product  Platinum group metals
Oxides TiQ, SIG
Inorganic Metals Ag, iron
Engineered Salts Metal-phosphates
Aluminosilicates Zeolites, clays, ceramics

10
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natural seffassembly
technological selfassembly
WV lithography

electron-beam lithography

Figure 1.

T Place of nanomaterials in the
world of small objects, and
indicating “top down” and

“bottom up” strategies of their
productions.

Materials with well-known properties and documentexicity values can exhibit
properly different features when moving from thdkbuonaterial to their nano state.
The unique characteristics of NPs are the highasarto-volume ratio, and the size-
dependent optical and magnetic properties1Asn corresponds to a row of 3to 5
metal atoms, many aspects of the altered ,behavafuranomaterials are rooted in
the large number of surface-exposed atoms, wheldifierent from the atoms of the
same element embedded in the bulk matéRalduner, 2006). The surface atoms
(with lower coordination number) have fewer neightsoand thus, less cohesive
energy. The surface atoms are less stable thamtiee ones: they display higher
chemical activity, and the melting point of thefaae layer is lower than that of the
inside material. The relatively large proportion leés coordinated surface atoms
results in a distortion of the electron orbits madl particles (Roduner, 2006). The
energy-states of electrons are relatively easildifrel in these particles, leading to
some characteristic semiconductor, magnetic andadfitehaviour.

In spherical NPs, all surface atoms have an apprataly identical coordination
number. In cubic, triangle or rod-shaped NPs, h@nethe number of bonds of a
surface atom will depend on its surface positionitree corners and edges the
coordination number will be smaller than on thenplasurface areas. As less
cohesive energy makes the atoms more reactivechbmical surface activity of
particles will depend on both, their size and sh&wealler NPs have higher surface
to volume ratio, and accordingly more surface-erdaatoms: the smaller a particle
is the higher its surface chemical activity will. darticles with cornered /edged

shapes will display higher surface activity thahesjcal particles at the same size.

11
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2. Modification of nanopatrticle features by surfaceunctionalization

The high chemical surface activity of NPs resuitsteady adsorption of compounds
from their environment resulting in molecular lagyeon particle surfaces with
composition depending on the particle charactessand on the available molecules
in the actual surroundings. The interactions of MiRB the environment can be — at
least partially — regulated by functionalizing thenth specific moieties. NPs can be
coated with a large variety of molecules includiegrboxylic acids, thiols,
phosphines, amines, chemically inert polymers amidl@biomolecules (Roux et al.,
2005, Woehrle and Hutchison, 2005, Zayats et @D5P using passive adsorption or
covalent coupling. In NPs production, functiondisa has been used to protect NPs
from aggregations/agglomerations (Grancharov ¢2@05).

With chemical functionalization, however, NPs cae Hesigned for specific
applications (Neouze and Schubert, 2008, Schulzbiobet al., 2005).
Functionalized nanoparticles (FNPs) can react wpkcific organic or inorganic
compounds, thus offer transport vehicles to tangetiefined objects, surfaces, living
structures (Panyam and Labhasetwar, 2003). Basedowal results, many NP-
carried medicines have already been accepted faical use and numerous
preparations are under clinical testing (Zhanglet2808). Conjugating NPs with
biologically inert substances, on the other haad, grevent invasion of particles into
living tissues, thus keeping them in the blood waton for longer time for
improved bio-imaging purposes (Nune et al., 2069). “passivating” NP surfaces,
poly-ethylene glycol (PEG) and Polyvinylpyrrolido(feVP) are used abundantly.

21 Poly-ethyleneglycol (PEG) has a general structure of HO-
{(CH2CH20),}CH2CH>-OH encompassing a chemically inert polyether bankb
The -OH groups of PEG can be used for conjugatiaime polymer molecules to a
variety of compounds (Roberts et al.,, 2002) iniclgd\NP surfaces. The polyether
chain can importantly reduce the chemical reagtioftNPs. Therefore PEG coating
is regarded as a chemical tool to prevent absormfd\Ps by living cells and thus
extending the stay of particles in the blood ciatioh (van Vlerken et al., 2007).
PEG is gradually decomposiitgvivo by enzymolysis and hydrolysis (Guiotto et al.,

2004, Kawai, 2002), and in concentrations usech&mo-purposes, it is not toxic.

12
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2.2 Polyvinylpyrrolidone (PVP) (Figure 2) is a non-ionic, inert polymer which, if
adsorbed on NP surfaces, can stabilize monodigpgaeicle suspensions. PVP is
not toxic and depending on the grade of polymeonmatan be used to prepare large

viscosity physiological solutions.
N

n

O

Figure 2. The chemical structure of polyvinylpyrrolidone (PV

PVP solutions act as blood plasm supplements aadr@teutical vehicle material
(Kadajji and Betageri, 2011).

3 Environmental and health risks of nanopatrticle poduction and application
Nanotechnology incorporates nanoscale particulates (i.e.,® 1) into the
development of new products and applications. la isapidly developing, cross-
disciplinary and industrial science. The concept ra@notechnology was first
presented by the physicist Richard Feynman at tiverfkan Physical Society in
1959 (Feynman 1960). The term “nanotechnology” wmsed first by Norio
Taniguchi at a conference titled on Precision Eegimg in 1974, (Taniguchi 1974).
Since 2000, nanotechnology has grown from littleenthan a gleam in the eyes of
researchers to a technology which is estimatedrtolyze products between $1
trillion and $2.6 trillion by 2015 (U.S. GAO, 2010)he successful and sustainable
use of the new technologies should depend on disowy safety prior to wide
application (EEA 2001).

The increased production and industrial use of NPsult in an enhanced
environmental nano-pollution and in an enhancedosue of individuals either
through inhalation or skin contact. The health iotpaf chronic exposure to
nanoparticles and the potential accumulation ofigas in the body need urgent
exploration. Moreover, the increasing applicatioh MPs as food supplement,
cosmetic compounds, drug-delivery vehicles or @sttrmaterials for medical

13
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imaging calls for urgent understanding of heal#tksiof different types of NPs, and
for a deeper understanding of the interactions asfomaterials (NMs) with living
organisms.

Nanotoxicology a term coined by Donaldson and his co-workersn@éason et al.,
2004), refers to the study of the potential toxigacts of nanoparticles (NPs) on

biological and ecological systems (Figure 3).

nanomaterial synthesis
physico-chemical
characterization contaminants
*opsonization/coating

(in biological media) wsurface charge

=structure

=solubility/
sparticle size sparticle shape dispersibility

ssurface area “funclionalization
historical foundation: routes of exposure;
particle & fibre toxicology relevant portal of entry
biological characterization
in vitro and in vivo

*PM; {rale of small
size & systemic effects)

srespiratory tract

~oxidative stress snecrosis/fapoptosis
ssilica (role of particle sinflammation L
surface reactivity) ~degradation/ *genotoxicity
metabolism *Cellular recognition/
internalization ~parenteral exposure

*gastrointestinal fract

*dermal exposure

+asbestos (role of particie
shape & biopersistence) sgrgan distribution

*clearance/ ¥
excretion “translocation to

simmunogenicity distal sites eg. CNS

srisk = [hazard x exposura]

Figure 3. Overview of the interdisciplinary science nameanotoxicology.
(Fadeel and Garcia-Bennett, 2010)

Nanotoxicology covers many disciplines like matesaience, physics, chemistry,
biology, ecology and medicine. Besides focusingbysicochemical properties and
biological interaction of NPs, research in nanatology focuses on methods to test
the safety of particles. Because of the speciab+mnperties, methods developed for
testing toxicity of bulk materials are not suitabdemonitor the health risks of NMs.
Many important characteristics of NPs includingesighape, surface area, core- and
surface chemical composition, solubility of core bsiances, and
aggregation/agglomeration are relevant featuresdwicity considerations (Nel et
al., 2006)

4 Possible routes of Nanoparticles to entering theuman body
Exposures to natural airborne nano-sized partltde® been experienced by humans
throughout the human history. Nano-sized materals be generated by natural

geological and biological events or from human im@grocesses as NP production,

14
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combustion or even by novel pharmaceutical/medigaventions. Several
nanoparticles appear to accumulate in differenaiosgpenetrate individual cells and
trigger toxic responses. NPs can enter the bodyugir various routes (Figure 4)
including the respiratory system, digestive camabady fluids. NPs if got into the
blood circulation can be transported to variousansgincluding the central nervous
system (CNS).

Brain Newrological diseases:

NANOPARTICLES "~ oy LT
INTERNALIZED v Parkin mul.t :.f{,wu.w
IN CELLS \ # Alzheimer's disease

Mithocondrion Nanoparticle inhalation

* Asthme

TLungs  granenitis
¢ LEmpliysema

Cancer

Nrelens o
Cyvtoplasm «
Membrane +—
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Figure 4. Possible adverse health effects associated with
ingestion, inhalation and contact with NPs.

Accumulating evidences show that NPs can reaciCNi® also from the nasal cavity

through the nasal epithelium (Win-Shwe and FujimaRiL1) (Figure 5).

xl

Figure 5.

Potential routes of nanoparticleg
to the brain and presumed
consequences (Adapted from
Win-Shwe and Fujimaki, 2011)
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In the brain, NPs may induce inflammation, oxidatsiress and apoptosis of various

types of neural tissue cells (Soderstjerna efall4).

5. Interaction of nanopatrticles with the central neiral tissue

The central nervous system is protected from oetsidchanical insults by the solid
scaffold of the skull, and by the flexible pressdigributor cerebro-spinal fluid. The
chemical/biological protection of the highly conted intracerebral environment is
provided by the blood-brain barrier (BBB). The BBBa multicellular assembly of
endothelial cells, astrocytes and pericytes (Zlako2008), which escort the entire

brain / spinal capillary system (Figure 6).

Endothelium

Figure 6. Schematic diagram of the Neurovascular Unit (BBB)
(Zlokovic, 2008).

Endothelial cells lining the brain capillaries repent a large part of brain cellular
mass and display different functional features titfa@ capillary endothel in the
periphery. In the “healthy” brain capillaries, ttransepithelial pynocytotic transport
is highly reduced and the paracellular solute maveexcluded. The material
transport is establisheda specified transcellular pathways, controlled blestve
transport proteins and specific receptor mediatadstytoses (Abbott et al., 2006).
The specific feature of the brain microvessel ehdlaim exists only in coupling of
endothelial cells with astrocytes and perycytes thulticellular assembly can
provide the controlled physical and chemical bordetween the circulating blood
and the intracerebral extracellular space (Granghak, 2011).

Nanoparticles, however, were reported to cros8®BB (Ma et al., 2010). There are

three main ways to penetrate NPs from the bloamltim brain:
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i) small (2-7 nm) metal or metal oxide particles caml fand/or damage the cell
membrane, and passively penetrate the endothadll (Peters et al.,
2006). Using similar mechanisms, they can get e dther side of the
barrier, stochastically.

i) larger (10-70 nm) particles may get through the BBBolecules from the
blood accumulate on NP surfaces and lead them depter-specific
transcytosis paths. This route is considered fadpecing specifically
functionalized NPs as BBB penetrating vehiclesdiag delivery into the
brain (Jones and Shusta, 2007)

iii) Large (>80 nm) particles can get through the barmnly if it is severely
damaged. Transient damages of the BBB can be eviokemsmotic or
local heat shock (Konofagou, 2012, Lindsberg et1#196, Wang et al.,
2007); these routes are also considered for contpalghivery to the

brain.

Another route for invasion NPs into the brain ig tihanslocation from the nasal

epithelium to the olfactory neuronal pathway aldhg axons of the primary odor-

sensing cells (Elder et al., 2006). While NPs candirectly to the forebrain on this

way, the penetration area and therefore the capaicthis gate is much smaller than
that of the BBB.

In early embryonic ages the developing brain hasemarate barrier systems; the
differentiating neural tissue is protected soleptlve placenta, the interface between
the fetal and maternal environments. Multiple lil@®use) or syncytia (human) of

the trophoblast cells provide the main structurad &unctional components which

bring the fetal and maternal blood systems intseloontact. The fetal vascular
compartment of the placenta arises from the allamtesoderm of the embryo, and
the maternal components derive from

the maternal vasculature and uterine decidual {eitgire 7). Nanoparticles injected

into the maternal blood supply, however, may pds®ugh and damage the

trophoblast layers and can enter the embryonicil@tion.
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Despite of extended studies on the maternal-feamister of nano-scale substances
(Alexis et al., 2008) (Peer et al., 2007) and tissoaiated risk of growth and
developmental defects in the fetus (Ema et al.,0R0{Bar-llan et al., 2009),
contradictory data are available on the barriecfiam of placenta against nano-sized

material (Table 2) .

Behind the BBB or placenta, the adult or develogiidS tissue comprises multiple
cell types including neurons, astrocytes, oligodeogtes, microglia, as well as a
number of different neural stem/progenitor cellsa@drsz, 2013). According to the
fairly different physiological characteristics tifetse cells, vulnerability and reactions
to NPs are expected to show high cell-type deperydeieurons, the most
vulnerable cells, do not display high endocytotitivaty, thus will not take up large
amount of medium or large-size (>20 nm ) partiddas might be invaded passively
by small NPs. In contrast, astrocytes and espgamaitroglia cells can phagocytose
larger particles and give cell-specific responsesnternalized foreign bodies. To
understand cell-type specific responses, we cordphee effects of nanoparticles on
in vitro model systems including primary cultureé mmouse forebrain neurons
(Madarasz et al., 1984), astrocytes (Kornyei ef a005), brain microvessel
endothelial cells (Nakagawa et al., 2009) and ngilcaccells (Saura et al., 2003)., as
well as embryonic mouse neural stem cells (SchMtdarasz 1997) and their

neuron-derivatives.
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Table 2. Barrier function of placenta against nano-sizedenia (Buerki-Thurnherr et al.,

2012)

NP type

Gold

Palystyrene
beads (PS)

Silicon
nanovectors

$i0, (nSP)

TiO,

Quantum- dots

Fullerenes

Single-walled
carhon
nanotubes

CoCr

NP size (nm)
Jmodification

5and 30/
radiolabeled

14and 18/
radiolabeled &
TPPTS

10/PEG
15/PEG
10and 15/PEG

20, 100,500/
fluorescent,
carboxvlic;
200 /finorescent,

amine

50,80,240, 500/
fluorescent

519,834 and 1000

70,300 and 1000/
nSP70 v
carboxylic oramine

25 70

21/ modified with
Al Siand Zrand
coated with
polyalcohols

s
Uh

17.26and 32/
pristine or coated
with MPA, PEG and
Sio2

Average size= 10

¥50x 2.3
760 %
1 58/ oxidized;
370x 1.8/ ultra-
oxidized

37/ pristine;

Dose/ route of
administration

002mg /v

Ns./iv

914109 NP/ ml
9.1%109 NP/ ml
361010 NP/ ml

from 0.5%w stock:
0.6ul (PS 20, 100),

gul (PS500),1.25
ul (PS 200)/

injectionvia extra

embryomic lissue.

25 ngrml

1.2*109 NP/ml/ iv

0.8 my (uSP70 also
at0.4mg)/ w

0.lmg /sc

40mg/m3; 1h/ day /

inhalalion

0.8 mg (nSP70also
at 0.4 mg)/ v

20,50,86, 125 pg /
w

0.3mgkg /v

10ngto30pg /
ijeciion inle
retrobulbar plexus
0.1-100 pg/ml

0.12mg /v

0.04mg/ml

NP application
/length of exposure

GD 19/24h

3rdtrimester /24 h

6h perfiision

6, 24 and 481 in
vitro BeWo

GD7.5/12h

6h perfusion

GD20/4h

GD 16and 17/ GD
18

GD3,7.10and 11/
P4and 6 weeks

GD 8-18/P2 and
D23.24

GD 16and 17/ GD
1¥

G 20-22/P0

GD 15/ 24 and 48h

GD55/104
EST (NIH3T3 and
mES)
/104

GDY50rl2s5/7d
In vitro transwell co-
cnltres (BeWao +
fibroblasts)' 24h
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Model system

Rat

Rat

Huran

Kat

Human

Rat

Mouse

Mouse

NMomse

Mousc

Maomse

Rat

Mousc

Maonse

Human

Major outcomes

Transplacental transfer rates of
0.018% for 5 umand 0.005% for 30
nm NP.

Size-dependent uptake in placenta
(0.03% of 1 4 nmand 0.0002%o0f 18
nm NP)and fetus (0.006% of 1.4nm

and 0.00005% of 18 nm NP).

No NP transfer observed, particles
acenmulate in the trophohlastic cell
layer Uptake and retention of NI in
BeWocells
Modification affects trancplacental
transfer: Amine-PS 200 pass
extraembryonic tissue while carboxy
PS5 bigger thun 100 mmn aceuinulale in
the extraembryonic tissue.

Size-dependent transplacental transfer
(35% of PS 50, 30% of PS 80, 9% of
PS 240 and 1% of P8 S00)
Transplacental transfer of the particles
18 si7e dependent (particles > X00nm
do not cross)

70 nm Si0O2 causc pregnancy
complications, and it presents in the
placenta, fetal liver and fetal brain
NP cross the placenta and can damage
the genital and eranial nervous system.

Offspring displays neurobehavioral
alleralions bul unclearifeTecl is
direct or indirect; transplacental
transfer of NPs not investigated.

Ti02 cause pregnancy complications,

TiOZ2 present in the placenta, fetal

liver and fetal brain

Size-dependent fransfer of particles
across the placenta; coating of
particles reduced the transfer

Particles cross the placenta and are
transmitted to the offspring

Low doses of particles affect
embryonic development; effects more
pronounced fur oxidized parlicles EST

predict in vivo data, identifying
oxidized particles as the more foxic
compound

DNA damage of CoCr NPs across
hilayered but not monolayered
barriers. Indirect DNA damage to
fihrohlasts withont passage of NP3 is
dependent on thickness of the BeWo
harrier
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As the characteristics of NPs including size, shajme- and surface chemical
composition, solubility of core substances, andregation/agglomeration influence
their biological interactions, each sort of padgineed separate nanotoxicological /
nanosafety considerations. The extension of thaegltmes not allow listing the huge
amount of data published on reactions of neurds$ ¢elvarious NPs fairly differing

in size, surface charge, functionalization and auegerial. In this project, we used
nanoparticles with equal size-range (45-70 nm), Oifterent core materials:
polystyrene (PS) silica (Si) and silver (Ag). Theerview of the cellular responses to

NPs has been restricted to these patrticles.

6.1. Polystyrene (PS) nanoparticles

PS is a commonly used and well characterised palymith many applications in
the everyday life. It is an inexpensive hydrophobatymer which allows physical
adsorption of proteins, and can be functionalizath weactive molecule groups
which enables covalent binding of various substangéyrene (Figure 8) oligo- and
polymers are present naturally in vegetables, rhgserages, and meats (ATSDR
2007) and are widely used in a number of produsthiding fibreglass, automobile
parts, plastic pipes, drinking cups, food contanevound dressings, implantable
medical devices (Ahmad and Bajahlan, 2007). It lmarused also as a hydrophobic
encapsulation material in biomedical applicatid®snger et al., 1987).

- Aromatic C—C bonds
v

e

Phenyl Group <|: J»
[ | ]
cC—¢C
|| e
Figure 8. The styrene monomer: the structural unit of pgheste

The bulk form of PS is non-toxic, not carcinogemec humans (Snyder 2009).
Clinical laboratory reports revealed that the sraatbunt of styrene leaching to food
from styrene-based packaging material has low amxieity, while its uptake is

rapid and the elimintion is slow (t¥2 2-4 days) (€polet al., 2002). Styrene can be
bio-transformed into styrene-7,8-oxide in the liveand 90% of an oral dose is
excreted as catabolites. The excretion rate, howewvas shown to be species
dependentWhile polystyrene and even styrene, in their bolkaf may be non-toxic,

it is imperative for a full toxicological characization of its nano form before it can
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be considered for biological applications. Our ckoiof nanopolystyrene was
influenced by the explicit requirement for investigg the health and environmental
risks of PS NPs (OECD 2008).

Polystyrene nanoparticles are commercially avaslabldifferent sizes, with various

surface modifications and fluorescent labels. Suyghrticles are used as
immunofluorescent reagents, microinjectable cedicers as well as calibration
standards for microscopy and flow cytometry.

Despite of the non-toxic nature of PS bulk materracent data indicated mild

toxicity of PS NPs. Mahler and co-workers reportigit 50 nm polystyrene

nanoparticles could interfere with iron adsorptlpgnthe gut epithelium (Mahler et

al.,, 2012). Lunov and co-workers showed that PS NRsdulated human

macrophage inflammosomes (Lunov et al., 2011). R®%ration by macrophages
was detected upon exposure to PS NPs (Xia et@6)2with an indication of NP-

induced mitochondrial injury leading to oxidativeress. Bexiga and co-workers
(Bexiga et al., 2011) demonstrated morphologicanges of the mitochondria in a
human brain astrocyte cell line resulting in inseh ROS production and
consequent apoptotic cell death. Size-dependerakepfvarela et al., 2012) and
lysosome-damaging actions of carboxylated polysgreanoparticles (Frohlich et
al., 2012) were also detected and showed that gmiil PS NPs (20 nm) induced
apoptosis and necrosis in human endothelial ce#sli Frohlich and co-workers
(Frohlich et al., 2010) found that while NPs aré¢tdeking” at the first place the

endosomes, lysosomes and mitochondria, the drugholking cytochrome P450

(CYP) enzyme activity is also influenced by sma#éium (< 60 nm) PS NPs. Clift

and co-workers demonstrated (Clift et al., 201@t tbarboxylated PS NPs could
cause hemolysis, thrombocyte and granulocyte diivaipon in vitro exposure of

blood samples to small (< 50 nm) particles. Dethtudies (McGuinnes et al.,

2011), however, indicated that platelet aggregati@s induced by aminated or
carboxylated PS NPs; therefore the cytotoxicitynsee to depend on the surface
composition (and not on the PS core material) efghrticles. Negatively charged
PS NPs induced an up-regulation of adhesion rergptchile positively charged

particles caused perturbation of the cell membr@me et al., 2011). In general,

cationic (amine group functionalized, positivelyacgged) NPs seem to exert higher
cytotoxicity. High cytotoxicity of 60 nm amine-futicnalised PS NPs was shown on

macrophages and also on epithelial cells (Xia.e2aD8).
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In vivo studies revealed large variations in the bodyitistion of PS NPs depending
on the size of the particles and on the route alyljgenetration (Sarlo et al., 2009)
While about 90 % of particles were settled in tnegl after minutes of inhalation, the
clearance from the lung and the accumulation irerotbrgans were completely
different for 20nm, 100 nm and 1000 nm size PS NR8all particles were rapidly
cleared from the lung and also from the circulatids particles larger than 10 nm
are not excreted by the kidney (Soo Choi et alQ720they are cleared from the
circulation by penetration into various tissuescémaulation of PS NPs in the liver
had been known for a long time (Moghimi et al., 1PR is thought that particles can
be partially cleared from the body by bile excret{&€ho et al., 2009) The potential
penetration of PS-NPs through the bovine nasahelmt (Sundaram et al., 2009)
highlights the importance for studies on their ptitd toxic effect on neural tissue

cells.

6.2. Silica nanoparticles

Silicas are some of the most abundant compoundslfoaturally in the earth’s crust
and can be divided into crystalline or non-crygtall(amorphous) silicas, all having
the same basic molecular formula (almost 100%)S{@rts et al., 2007). SiQis
widely used in many industrial fields including pretion and application of glass,
microelectronics, insulation material etc. Desmfethe large body of studies, the
role of SiQ as a chemical compound in the mammalian body ardrém clear.
While SiQ is regarded generally as a non-toxic chemicaigasitiust (containing
micron and nano-sized silica particles) is knownctmse silicosis, inflammatory
reactions and respiratory system cancers.

In stable cristalline form of silica, 4 oxygen at®rsurround a central Si atom
providing a tetrahedral coordination and givingimaff molecular ratio of Si©
Engineered amorphous silica nanoparticles {SWP's) are built up by a random
packing of [SiQ]n units with the same general molecular formul@.3Bergna and
Roberts, 2006). The molecular structure at theased, however, May consists of
siloxane groups=Si-O-SiE) or silanol groups<Si-OH). Different forms of silanols

and siloxane are presented in Figure 9.
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Figure 9. Silica particle with various silanol groups

The surface-exposed oxygen or OH groups resuliniet megative charge of the SiO
particles and provide reactive sites for spontaseow intentional chemical
modification of particle surfaces.

Silica NPs (Si@ NPs) are produced in industrial scale. They aesl @s additives to
cosmetics, drugs, foods and have wide applicatiomsbiotechnology and
biomedicine as drug delivery systems (Venkatesaal.e2005), vehicles for anti-
cancer therapeutics (Hirsch et al., 2003) or DNsfasfecting agents (Bharali et al.,
2005). SiQ has also found extensive usage as additive intpand varnishes,
anticaking agents in various powders including ealspices, as coating material in
confectionery products and in improved packagingenns, serving as gas barrier
to prolong the product shelf life (Chaudhry et 2008).

The safety or toxicity of Si® NPs has been studied extensively. Arts et al
demonstrated that SINP induced respiratory fibrogenesis in Wistar (atds et al.
2007), while other tudies indicated that Sidated cerium (CeQ) NPs induced
only minimal lung injury and inflammation (Demolait et al., 2013). Toxic effects
of SiI0O2 NPs with diameters of 10-15 nm were repbite various mouse tissues
(Hassankhani et al., 2014).Some in vivo studie®nted that silica nanoparticles
induced autophagy in endothelial cells and infleggh@ngiogenesis (Duan et al.,
2014). Intravenously administrated amorphous sil@moparticles (SNPs) were
found mainly in the macrophages of the liver angep in mice (Yu et al., 2013).
Silica particles evoked systemic Th2 response aadezbations of Atopic dermatitis
(AD)-like skin lesions by enhanced IL-18 and thyrsicomal lymphopoietin (TSLP)
production (Hirai et al., 2012).
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In vitro studies reported that SIONPs evoked pro-inflammatory reactions in rat
endothelial cells (Peters et al., 2004), showedc-dlependent cytotoxicity on human
bronchoalveolar cells (A549), embryonic kidney €£efHEK293) and mouse
macrophages (RAW264.7), and could induce oxidatstess and glutathione
depletion (Park and Park, 2009, Wang et al., 208@pierska et al. demonstrated
size-dependent cytotoxic effects of amorphousasiticvitro and concluded that the
surface area of amorphous silica is an importarterdenant of cytotoxicity
(Napierska et al., 2009). The exposure of Calui&s ¢de 10nm SiQ-NPs showed
time- and concentration-dependent cell death armmleased the expression of
interleukin (IL)-6, IL-8 and matrix metalloproteis&9 coding genes, while 150 or
500 nm SiQ-NP did not exert toxic effect (McCarthy et al.,12). Studies on 58m
and 174m SiO2-NPs showed clear increase in microtubuld)(klynamics and
reduced cell motility in A549 human lung carcinoogdls (Gonzalez et al., 2014).
50nm silica-coated magnetic nanoparticles were shimapenetrate the blood brain
barrier (BBB) (Kim et al., 2006). Wu and co-workestsowed that Si®NPs could
enter the brain also upon intranasal loading (Wal.et2011). Inside the brain, SiO
particles were found in the striatum, where thegluoced oxidative damage and
evoked inflammatory responses. (Wu et al.,, 201hes€é data together with the
intended medical use of SIMIPs raise important questions concerning the piaten
neurotoxicity of SiG-NPs.

6.3. Silver NPs

Since the earliest times, silver has been usedily tife as well as in medicine. In
ancient Italy and Greece silver was used for swnagssels to keep water fresh.
Silver has been used in consumer’s products fotudes, particularly as jewellery,
silverware and photographic material (Wijnhovenaét 2009). The antibacterial
effect of silver, however, was not scientificallgstribed until the late 19th century
(Russell and Hugo, 1994). Subsequently, silver been used in a wide range of
medical devices and surgical textiles (Lansdowr®620Silver salts have been used
to treat a variety of diseases even today to ptewdactions (Lansdown, 2006).
Silver can be absorbed orally, by inhalation andugh damaged skin (Drake and
Hazelwood, 2005). Soluble silver compounds are mmaadily absorbed than
metallic or insoluble silver and are thus more lijki® cause adverse health effects

(Drake and Hazelwood, 2005). The most common advieeslth effect associated
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with prolonged exposure to silver compounds isdéeelopment of a characteristic,
irreversible pigmentation of the skin (argyria) fordthe eyes (argyrosis) (ATSDR
(1990)) in the ophthalmic mucosal membranes (Jehak, 2007).

Silver nanopatrticles (Ag NPs) are synthesized usarpus techniques resulting in
different shapes and sizes for use in numerousicappins. The most common
technique involves the dissolution of silver saitoi a solvent and the subsequent
addition of a reducing agent supplemented with iltaly agents to prevent
agglomeration of NPs. Some of the most commonlyd ustabilizing agents are
sodium citrate and polyvinylpyrrolidone (PVP) whigield particles with a negative
surface charge at physiological pH. The solvent$ @ducing agents used in the
synthesis process affect the physical and morphmbgcharacteristics of the
resulting Ag NPs.

In contact with living material and/or physiologicsolutions, Ag+ ions dissolve
from Ag NPs. Moreover, the particles serve as aestor Ag+ ions resulting in a
prolonged, long-term Ag+ release. Therefore, aeggasily develops in response to
direct oral or skin exposure to suspensions of A KKim et al., 2009), or through
inhalation of AQNP from room disinfectant spray.gaedless of whether exposure is
dermal, oral or respiratory, rodent studies shoat filver ions (Ag) released from
AgNPs enter the systemic circulation and accumulatea number of tissues,
including the brain (Johnston et al., 2010). Silmanoparticles invade the rat brain
after subcutaneous injection (Tang et al., 2008y maternal exposure to Ag NPs
induce oxidative stress and apoptosis in the deugjobrain (Fatemi et al., 2013).
(Lee et al., 2013) reported that silver contenbiain and testes were not cleared
even after 4 months.

A study on global gene expression analysis (KyotwyElopedia of Genes and
Genomes (KEGG) demonstrated that a total of 279sm@enes were up-regulated
and 389 genes were down-regulated in responsévar-8lP suspension, while only
3 genes were up-regulated and 41 genes were dawmiated due to silver ion
exposure. A pathway analysis on different cells @& showed that 23 signal
transduction pathway-elements were affected aftposure to Ag NP suspension,
not silver ion (Ag+) alone.

Severalin vitro studies have been focused on revealing the cellaéchanisms of
Ag+ / AgNP toxicity. On primary rat brain microvetsendothelial cells Ag NPs

were shown to increase the membrane permeabilitynlynaby activating
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proinflammatory mediators (Trickler et al., 2018y inducing interleukin-6 (IL-6)
MRNA expression, 20 nm Ag NPs were found to aativat lung epithelial (RLE)
and rat aortic endothelial (RAEC) cells (Shannabaml., 2014). Most significant
report indicates that the inflammatory signal patisvwere induced by exposure to
Ag NPs but not to solutions of Ag+ ions (Xu et 20,14).

Clathrin mediated endocytotic uptake and cytoplasamd nuclear accumulation of
Ag NPs were revealed in human glioblastoma cel®5Q) (Asharani et al., 2009).
Also, a concentration-dependent accumulation of M@s was demonstrated in
primary astrocytes (Luther et al., 2011). SilversN#® 20 and 80 nm sizes affected
the growth of human embryonic neural precursorscéfoderstjerna et al., 2013).
Recent studies on the same 20 and 80 nm Ag NPseshthat all neuronal layers of
the retina took up particles and displayed neusalie damages (Soderstjerna et al.,
2014). Ag NPs of 20nm size were shown to affect rikarite outgrowth and to
reduce the viability of premature neurons and giils (Xu et al., 2013)

Despite of the large body of literature data, taaaisize caused effects of silver are

far from clear.
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7. Objectives

The main objective of the studies was to exploee rdactions of different neural

tissue cells to defined types of nanopatrticles. Sthdy focused on

the roles of chemical surface composition of othesw identical
nanoparticles To avoid variations by size and dissolution oblbgically
active compounds, particles with uniform size amah-toxic, (polystyrene,
silica) core material but with different surfacegps were probed in vitro on
neural stem cells, stem cell-derived and primaryroms, astrocytes,
microglia and brain microvessel endothelial cells.

the barrier function of the placenta against thevasion of differently
functionalized NPs The distribution of negatively charged and PEG-
passivated PS NPs in the placenta and embryonin tmas investigated 5
minutes and 4 days after a single intravenous iojeof particles.

the roles of aging of nanoparticles in biologicaltaractions The cellular
uptake and viability effects of fresh and aged Ifdife > 6 months) NPs
were compared and were related to the physico-adanchanges of NPs
during ageing.

the roles of shape of Ag NPs in neurotoxioltg.NPs with different (sperical,
cubic triangle, rod) shapesere synthezised, characterized and probed on

neural stem cells.
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2. Materials and Methods

1. Synthesis of nanopatrticles
In the studies, 40-70nm PS NPs, 50 nm silica NR$ slver nanopatrticles of

different geometries with at least one dimensioouab0 nm were used.

1.1. PS NPsof 45-70 nm diameter, core-labelled with NileR&@llow or FITC
fluorochrome, and with carboxylated or PEGylatedasies were purchased from
Spherotech, Inc. (Lake Forest, IL, USA, IL) andnfrdisker Biotechnology Gmbh
(Steinfurt, Germany). The PEG chains on the NPased were 600 Da or 2 kDa.

COOH COOH

NileRed
Core-lzbel

PEG PEG

Figure 10. PS NPs with different surfaces and fluorochrdafelling

1.2. Preparation of silica hanoparticles

The silica particles were synthesized, functioraizand characterized by Emilia
Izak-Nau at Bayer (Izak-Nau et all, 2014). Techgaial services, GmBH, Germany.
Spherical core-shell 50 nm SiO2 NPs encapsulatingrdscein-isothiocyanate
(FITC, >90%, Fluka) were synthesized with modified Stobethad (Stober et al.,
1968) The NPs surface was either coated with polyvinggidone (PVP K-15,
Sigma) or modified to generate amino and mercaationalities by addition of 3-
aminopropyltriethoxysilane (APTES, 98 %, Alfa Agsand 3-mercapto-propyl-
trimethoxysilane (MPTMS, Sigma-Aldrich) organosisn respectively (Cassidy and
Yager, 1971).

3 NH: SH PVP
2 $ !
’\f*@«ﬁ,ﬁ NH{‘"-“@\.W NH: SH ’“""’@\«w SH PVP“‘““'@*\.«V PVP
¢ ) ) 9
( {
. NH: SH PyVP

Figure 11 Differently functionalized FITC labelled silicanoparticles
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1.3. Preparation of Silver (Ag) NPs

1.3.1. 50nm bare and PVP-coated AgNPswere synthesizedby Murali
Kumarasamy, at ICN Barcelona according to Bastigs amworkers (Bastus et al.,
2014).

1ml of 0.5M sodium citrate and 1ml of 25mM tannwdawere mixed with 97mL
H20 in a three-neck round bottom flask. The mixtu@svheated to boiling under
vigorous stirring followed by a fast injection ol 50mM AgNGs. The growth of
nanoparticles was achieved by consecutive additednSOmM AgNQ (1 ml per
addition). After 1ml of 50mM AgN® each injection, the solution was kept under
reflux to complete the reaction for 30 mins. 50rphegical Ag NPs were obtained at
the 10 injection. The as-prepared nanoparticles wereridfegéd at 8000g for
15mins prior to conjugation with PVP

50mM AgNO, @) . ®
LY P
@

\
25mM tannic acid

Figure 12.Preparation of spherical Ag NPs

Conjugation of Silver Nanoparticles with Polyvinylpyrrolidone.

Synthesized Ag NPs~60 nm, 7.5 x 1011 NPs/mL) was redispersed in ahfres
solution of 5 mM polyvinylpyrrolidone (PVP, MW = 80 kDa) and left during 72
h under vigorous stirring. Then, the Ag NPs weralveal again in order to eliminate

the excess of PVP.

1.3.2. Synthesis of Ag nanocubgghang et al., 2010)

Ethylene glycol (5 ml; EG) was heated with magnsticring in a 100 ml round
bottom flask in oil bath preset to 15C. Sodium hydrosulfide (NaSH; 0.06 ml; 3
mM in EG) was quickly injected into the solutiorteafits temperature reached 250
C. After 2 min incubation, 0.5 ml aliquot of 3 mMdHin EG, then 1.25 ml PVP (20
mg/ml in EG, MW 360,000) were injected into theatdan solution. After another 2
min incubation, silver trifluoroacetate (§FOOAg; 0.4 ml, 282 mM in EG) was
added into the mixture. During the entire procdlss,flask was capped with a glass
stopper except the addition of reagents. Aftertamtdiof CRCOOAg, the transparent
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solution took a whitish color and became slightgllgw in 1 min, indicating the

formation of the Ag seeds and then nanocubes.

* &
Sodium hydrosulfide (] . .
Ethylene g\yco\ .. .. . .
A 150°C, 3 mm HCI .. ® ‘
PVP, CF3CO0Ag Ag seeds .

Figure 13.Preparation of silver cubic nanoparticles

1.3.3. Synthesis of PVP coated Ag nanotriangléghang et al., 2011)

A 24.04 mL aqueous solution containing AgN@.05 M, 5@L), trisodium citrate
(75 mM, 0.5 mL), PVP (40K, 17.5mM, 0.1mL) and hygea peroxide (kD2) 30 wt

%, 6QuL) was vigorously stirred at room temperature in &odium borohydride
(NaBH;, 100 mM, 25QL) was rapidly injected into this mixture to init#a the

reduction. The solution gradually turned from ligjdllow to dark blue in color

within 60 mins.

AA

Figure 14. Preparation of silver nanotriangles

1.3.4. Synthesis of Ag Nanorods

0.5 ml of Fed solution (0.6 mM, in EG) was added to 6 ml EG iroand-bottom
flask and was heated to 150+4 °C, then 6 ml EGtiswlicontaining 0.052 M AgN©
and 0.067 M PVP (average molecular weight 360 kwa3} added. The reaction
mixture was kept at 1502 °C with stirring at 2%0n; until AQNQ was completely

reduced (about 70-90 minutes).

N
15014 °C for 5-10 min ~ /

-
PVP, AgNO, / N
stirring at 250 rpm /

Ethy\ene g\yco\

FeCl, /

Figure 15. Preparation of silver nanorods
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In order to examine the yield and morphology of weporods, 1 ml of the resulted
suspension was diluted with 8 ml acetone and 8 frdtloanol, and centrifuged at
2000 rpm for 10 min for two times. At every stagi@e supernatant solution was
measured with a UV-spectrometer to confirm the tneda amount of silver
nanoparticles.

All the synthesized Ag NPs were washed severalgiwi¢h water and then Stored at
2-8°C and protected from light. In the specifiech@tions the colloidal silver is
stable for at least one year.

. Physico-chemical characterization of nanoparties

PS and Ag NPs were fully characterised by diffeteshniques including Dynamic
Light Scattering (DLS), Zeta Potential (Z-Poterntiddanoparticle Tracking Analysis
(NTA), Transmission Electron Microscopy (TEM), difential centrifugal

sedimentation (DCS) and UV-Visible spectrophotognetr

Si NPs were thoroughly characterized by Emilia ix&u, using also X-ray
photoelectron spectroscopy (XPS) and time-of-flighecondary ion mass
spectrometry (TOF-SIMS, ION-TOF) (Izak-Nau et aD,14).

2.1. Transmission electron microscopy (TEM)

TEM images were obtained with a (TEM; JEOL JEM 103EOL Ltd., Tokyo,
Japan and Phillips CM20; Philips, Amsterdam, Neé#mels) at 200 keV and by using
carbon grids (S162, Plano GmbH, Wetzlar, Germa@g@rbon grids were dried at
Room temperature (RT) and the areas of the gridewsserved at different
magnifications. TEM pictures were computer-analysed spot, and the size

distribution and average size of particles werermheined.

2.2. Dynamic light scattering (DLS) and Z-Potentiameasurement

Nanoparticles suspended in water, phosphate bdffeméne (PBS), 10% fetal calf
serum in PBS and culture media were characterigedybamic light scattering
(DLS) and by zeta potential determination (Malv&etasizer Nano ZS90; Malvern,
UK). Particles were sonicated for approximatelys2@onds before being dispersed
in the appropriate dispersants. All DLS measuremevdre done with a Malvern
Zetasizer Nano ZS90 (Malvern, UK) operating atghtlisource wavelength of 532

nm and a fixed scattering angle of $,7@ 1 ml aliquots of the NP suspensions. Zeta
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potential and DLS assays were performed at 25°C3&i@ and are presented as

averages and standard deviations of data obtained3 to 5 assays in each solution.

2.3. UV-visible spectrophotometry of Ag NPs

UV-Visible spectra of 1ml aliquots of the NP susgiens were assayed with a
Shimadzu UV-2400 spectrophotometer, in the 300+800wavelength range. This
technique provides characteristic absorbance maxzifion metallic NPs (due to their
surface plasmon resonance), which changes witlsitee morphology and surface
alterations of the NPs.

UV-vis extinction spectra were taken at room terapee using a 1cm optical path

guartz cuvette by diluting 0.1mL of sample solusamto 1mL.

2.4. Nanoparticle tracking analyses (NTA)

Nanoparticle tracking analyses (NTA) were performethg a Nanosight instrument
model LM10 (NanoSight Ltd., Salisbury, UK) equippsdh red laser (630 nm) and
a CCD camera. The samples were dispersed in miMiafer and the experiments
were performed at 22. The brownian motion of the particles were asediyon 60-

second records by NTA software.

2.5. Differential Centrifugal Sedimentation (DCS)

Differential centrifugal sedimentation experiment®re performed with a disc
centrifuge (Model DC 24000; CPS Instruments Europg2osterhout, The
Netherlands). A gradient of 2%—-8% sucrose equildaravith spinning at 22000 rpm
for 30 minutes was established and calibrated hging standard polystyrene beads.
After establishment of the gradient, 100ul aliquotsparticles dispersed in water
were injected. Samples were spinned for approxima&eours in case of PS NPs
and 5-10 minutes for Ag spherical NPs. The positbparticles in the gradient was
analysed with CPS Instrumental software. The talesk (the most frequent size
value) was regarded as the ‘base’ peak (100%) khdhar particle size peaks were

normalized against this base peak (relative siggiblution).
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Figure 16.Schematic diagram of DCS Instrument

3. Studies on material adsorption of NPs
3.1. Assays on protein adsorption at NP surfaces

3.1.1. Electrophoretic studies on protein adsorptio onto PS NPs
PS NPs were dispersed in MEM supplemented with 1&& calf serum (FCS).
After 1 h incubation at 37°C, the NPs were cengefdl for 45 min at 20000 x g.
Sedimented NPs were washed with PBS to remove oanebproteins. Washed NPs
were resuspended in Laemmli buffer containing 1%v)wodium dodecyl sulfate
(SDS), and loaded onto 10% polyacrylamide gel. ph&ein components of the
corona complexes were separated from the NPs anel dematured by boiling at
10C°C for 5 minutes in the loading buffer (62.5 mM THEI (pH 6.8), 2% (w/v)
SDS, 10% glycerol, 0.01% (w/v) bromophenol blue,®l DTT). The denatured
corona proteins coated with SDS surfactant (whigbggthem a negative net charge)
were separated by size on 10% polyacrylamide geDS(BAGE). The
electrophoresis was run under constant voltag&0f\Lfor about 45 minutes using a
Mini-Protean Tetra electrophoresis system (Bio-Radl)gels were run in duplicates
— one subjected for commassie blue (50% metha®8h &cetic acid, 2.5% (w/v)
brilliant blue) staining for 3 hours and de-stair@cernight in 50% methanol, and
10% acetic acid. The other gel was stained witvesistaining (Ohsawa and Ebata,
1983) kit (Cosmobio Ltd., Tokyo, Japan ) (see bélow

3.1.2. Human blood proteins on spherical Ag PVP NPs

In situ protein coronas on spherical Ag PVP NPsewgepared by incubating 0.1
mg/ml NPs in 10%, 80% and 100% human plasma sol(taal protein content 34—
47 mg/ml) at room temperature for 1 hour.
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The human plasma was obtained from Centre for BimoNbnteractions (CBNI),
School of Chemistry and Chemical Biology, Universitollege Dublin, Dublin,
Ireland. The blood donation procedure was apprdyethe Human Research Ethics
committee at University College Dublin. The bloddgma was prepared following
the HUPO BBB SOP guidelines (Rai et al., 2005)rief, after the blood collection,
the blood was mixed with the 2 mM EDTA and cengéd for ten minutes at 1300 g
at £C. Plasma from each donor were collected into anb@alcon tube and then
centrifuged at 2400 g for 15 minutes &C4 Supernatant was collected, aliquoted
into 1 ml cryo vials and stored at 8D until use. Following this procedure, the
plasma protein concentration was estimated to bg/l88efore the experiments, the
plasma sample was thawed at RT and centrifuge8 foin at 16200 RCF.

After incubation with human plasma, the NP-samplege directly injected into the

DCS instrument without spinning down and washing.

3.2. Assays on endotoxin adsorption at NP surfaces

3.2.1. LAL assay

The endotoxin contamination of different NWas tested bghromogenic Limulus
amoebocyte lysate (LAL) ass@dyndsay et al., 1989) (Associates of Cape Cod,, In
East Falmouth, MA, USA) according to the manufaatsrinstructions. Two-fold
dilution series were prepared with endotoxin-fresgew (LAL Reagent Water; LRW)
from each NP preparation in duplicates, and freslo®xin standard was prepared
for each test using 0.1, 0.25, 0.5, 1.0 and 2.0nBEWPS. Interference of NPs with

the assay readout was investigated.

3.2.2. SDS PAGE

For SDS_PAGE assays on endotoxin adsorptidR®s were dispersed in LRW
containing 1 mg/ml endotoxin (LPS frork.coli 055:B5; Sigma-Aldrich) and

incubated for 1 h at 37°C. After incubation, thertigles were collected by
centrifugation (12000 g, 45 min ) and washed 3*WiRW. Washed patrticles in
LRW and consecutive washing solutions were tre&ed min at 100°C in Tris-

hydrochloride buffer (pH 6.9), 10% w/v SDS, 0.01%rho phenol blue, and loaded
onto SDS-polyacrylamide gel (10 cm by 10 cm by 1)neontaining 5% and 15%
acrylamide in the stacking and separating gelg)eas/ely. Electrophoresis was
done at 130 V until the tracking dye had run alddutm.
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LPS components were visualised by staining the geth a silver staining kit
(Cosmobio Ltd. Tokyo, Japan) according to the methio(Tsai and Frasch, 1982)
Briefly, gels were fixed in a 40% ethanol 5% acetwd solution overnight, then
oxidized with 0.7% periodic acid for 20 min. Thelgevere then washed 3x for 30
min in deionised water, and stained for 15 min wité staining solution of the Kkit,
containing AgNQ, NHsOH and NaOH. The gels were washed again 3x for B0 m
in deionised water, and placed in a developing temiucontaining citric acid,
formaldehyde and sodium thiosulphate until optisiaining had taken place. The

gels were rinsed with water and subjected to gahising.

3.2.3. Spiking with LPS

“Spiking” controls, were made to identify the wther the samples to
inhibit/enhance the detection of the endotoxinhi@ assay, consisted of NP dilutions
to which a known amount (0.5 EU/ml) of standardaogin was included. Two-fold
dilution series were prepared with endotoxin-fresgew (LAL Reagent Water; LRW)
from each NP preparation in duplicates, and fresto®xin standard was prepared
for each test. NP samples were serially dilutechftbe stock suspensions with LRW
and distributed 50uL/well in endotoxin-free micrajgs for the endotoxin assay. The
traditional chromogenic LAL assay is based on tl¢ection of the endotoxin-
stimulated LAL end-product 4-nitroaniline (pNA) a05 nm but the new
chromogenic assay was used in new version, wittogashifted from 405 to 540
nm. Briefly, after sample incubation with enzymed asubstrate, the diazo reagents
(provided by the kit) were added sequentially: 6rabtlium nitrite in 0.48N HCI
(reagent 1), 26.3mM ammonium sulfamate in wateadeat 2) and 3.76mM N-(1-
naphthyl)ethylenediamine dihydrochloride in wateragent 3). The reagents modify
pNA to turn from yellow to deep purple, thus allogidetection of the azo dye

product at a wavelength of 540 nm.

3.2.4. Studies on interference of NPs with the agseeadout

Twofold dilutions of p-nitroaniline (pNA, Sigma-Aldrich) were distributad flat-
bottomed 96-well plates in a volume of 50 ml/ wElbr each pNA dilution, different
concentrations of NPs and corresponding solvente wdded in 50 ml aliquots in
triplicate wells and mixed. For measuring interfere at 405 nm, another 100 pl of

water (in place of the substrate) and 100 ul gb stolution (sodium dodecylsulfate
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solution) were added to bring the final volume @9 3ul, i.e. the same volume as in
the QCL-1000 LAL assay. Optical density was measwigh a microplate reader at
405 nm. For measuring interference at 540 nm, draagents were added rapidly
into the wells containing pNA and NPs and the @btidensity was immediately

measured with a microplate reader at 540 nm.

3.2.5. Silver staining method

After gel electrophoreses, proteins and LPS compisneere visualised by staining
the gels with a silver staining (Ohsawa and Eba&83) kit (Cosmobio Ltd.)
according to the method of Tsai and Frasch. Briafgls were fixed in 40% ethanol
and 5% acetic acid solution, overnight, and thedia&d with 0.7% periodic acid for
20 min. The gels were then washed 3-times for 30 mideionised water, and
stained for 15 min with the staining solution oé tkit, containing AgNO3, NFDOH
and NaOH. The gels were washed again 3-times faniB0in deionised water, and
placed in a developing solution containing citricida formaldehyde and sodium
thiosulphate until optimal staining occured. Thdsgeere rinsed with water and

subjected to gel scanning.

. Cell cultures

4.1. NE-4C neuroectodermal stem cells

NE-4C neuroectodermal stem cel(TTC CRL-2925; (Schlett and Madarasz,
1997)) cells were cloned from primary brain cellteres prepared from the fore- and
midbrain vesicles of 9-day-old transgenic mouse rgo® lacking functional p53
tumor suppressor protein. NE-4C neuroectodermah stells were maintained in
poly-L-lysine coated culture dishes, in minimumesggl medium (MEM; Sigma-
Aldrich, Hungary) supplemented with 4 mM glutamiaed 10% fetal calf serum
(FCS; Sigma-Aldrich) (MEM-FCS).

NE-4C cells were differentiateiito neurons and astrocytes by addindg M all-
transretinoic acid (RA; Sigma-Aldrich, Hungary) to comdint cultures for 48 hours
((Schlett and Madarasz, 1997); Varga et al. 200&garasz 2013). After 48-hour
treatment with RA, the culture medium was changed serum-free neural
differentiation medium (MEM-ITS: MEM:F12= 1:1 sugphented with 1 % N2
neuronal supplement (Sigma-Aldrich)) containinguiimg transferrin and selenite. In

MEM-ITS medium, RA-primed NE-4C cells differentiatento neurons and
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astrocytes in a highly reproducible, progressivecess, through well-defined stages
(Figure 17).
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Figure 17. The schematic representation of neural differéintieof neural stem cells using
Retinoic acid (RA) (Varga et al., 2009)

4.2. Primary brain cell cultures

Cultures enriched in neuronswere prepared from forebrains of 14.5-15 day-old
mouse embryos (Madarasz et al., 1984). The meninggs removed from the
aseptically dissected forebrains and the braimeisgas mechanically dissociated in
MEM-FCS. The cells were plated in MEM-FCS onto pbHysine (PLL) coated
dishes (2.5x1D cells/cn?). After 3 to 4 days growth at 37°C in humidifie@5
CO/95% air, the media of embryonic neuronal cultwese changed to serum-free
medium (MEM/F-12: 1/1 supplemented with 1% (v/vkutin-transferrin-selenite
(ITS; Sigma-Aldrich) neuronal supplement and wereestigated on the 7th to 9th
days after plating.

4.3. Astroglial cultureswere prepared from late fetal or newborn mousebi@ins.
Single cell suspensions were obrained by mechaxisabciation. The cells were
plated into PLL coated dishes and were maintaimedMEM-FCS at 37°C in
humidified 5% CQ/95% air. Culture media were changed on every seday. The
cultures were investigated on the 3rd week aftating (Kornyei et al., 2005).
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4.4. Microglial cultures

Microglial cultures were prepared according to (&aet al., 2003). Briefly, Mixed
glial cultures were prepared from forebrains of hem (1-2 days old) mice. The
meninges were carefully removed and the braindisgas was incubated with 0.05%
(w/v) trypsin solution supplemented with 1 mM EDTAter 5 to 10 min incubation,
the tissue was mechanicallyssociated. Suspensions of single cells were seiede
DMEM-F12 with 10% FCS and cultured at 37°C in huifired 5% CQ/95% air.
Medium was replaced every 3—4 days. After 10-1Zdaytivation, the confluent
mixed glial cultures were trypsinized with 0.05%\@mrypsin in the presence of 0.2
mM EDTA and 0.5 mM C#. After detachment of astrocytes, the firmly attth
microglial cells were further propagated in DMEMZ{1:1) supplemented with
10% FCS.

4.5. Mouse brain vascular endothelial cell cultures

Brain vascular endothelial cell cultures were pregafrom 8 weeks-old mice
according to (Nakagawa et al., 2009). Briefly, aalisnvere deeply anaesthetized and
the brains were dissected. The meninges were tigrefmoved from the forebrains
and the brain tissue was minced into approximélteiyr pieces in ice-cold DMEM.
The tissue blocks were suspended in DMEM contaidimgg/ml collagenase type 2
(Worthington Biochemical Corp., LakeWood NJ, USBDO pl DNase (15 pg/ml)
(Sigma-Aldrich), gentamycin (50 pg/ml) (Sanofi-Chim, Budapest, Hungary) and
digested in a shaker for 90 min at 37°C. The cdllep was separated by
centrifugation in 20% bovine serum albumin in DME{O00g, 20 min). The
microvessels obtained in the pellet were furthgeslied with collagenase-dispase (1
mg/ml; Roche Applied Sciences, Basel, Switzerlaad)) DNase (0.1 mg/ml) in
DMEM for 1 h at 37°C. Microvessel-derived endothElcells were collected by
centrifugation, washed twice in DMEM and plated 35hmm plastic dishes coated
with collagen type IV and fibronectin. The culturegre maintained in DMEM
supplemented with 10% FCS, 1.5 ng/ml basic fibrstblgrowth factor (bFGF;
Roche, Applied Sciences), 100 pg/ml heparin and/ipuromycin, at 37°C in a
humidified atmosphere of 5% G@nd 95% air, for 2 days. On the third day, the
medium was changed and cells were grown in puramiyee medium. When
cultures reached 80% confluency, the purified emelctl cells were split by a brief
treatment with trypsin (0.05%, w/v) EDTA (1 mM) angre used for experiments.
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5. Cellular assays

5.1. Exposing the cells to nanopatrticles

For viability and toxicity assays, the cells wereown in 96-well plates (10
cells/well) and were exposed to different dosedBs (from 7.8 to 25@ig/ml; see
Table 8) in serum-free MEM-F12-ITS medium, for 23uks.

For uptake experiments, the cells were grown irw#-plates (1bcells/well) and
were exposed to 50pug NPs t408IPs/ ml) in MEM-F12-ITS medium for 1 h.

During the exposure to NPs, the cells were ke@@7atC in 5% C®@ and 95% air
atmosphere. incubator. The NP dispersions wereapgdpimmediately before use
and vortexed before distribution in the culturelazel

5.2. Assays on cell viability (MTT-reduction) and a cell membrane integrity
(LDH release)

For assessing MTT reduction, an index of celluletivity, and LDH release, an
index of cell membrane damage, we used the redmotiom of the same compound,
the 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltez@dium bromide (MTT). MTT can
be reduced to a purple-colored formazan (Mosmarg83) and the formazan
production can be determined, by photometrical meguhe absorption of 550-570
nm wavelength light.
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Figure 18. MTT reduction reactions

The metabolic activity of cells was measured by ME&duction assay on living cells
(Mosmann, 1983). The activity of LDH released byndged cells were determined
from the culture supernatants of the viability-geshcultures according to Alet

al.; 19xx); thus, the metabolic and toxic reactionshef same cell preparations were
assayed.

5.2.1. Assays on cell viability (MTT)

Cells grown in 96-well plates (t@ells/well) were exposed to NP suspensions (from
7.8 to 250ug/ml see Table 1.) in 100 pl of MEM-F12-ITS. Thélsavere incubated
for 24 h at 37°C in 95% air and 5% e@tmosphere. Fiftyl aliquots of culture
medium were removed from each well for LDH assagse(below), then 10
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microliters of MTT stock solution (2.5 mg/ml) weredded to the cells into the
remaining medium (5@l) and the cells were incubated for 90 min at 37 Cthe
CQO; incubator. The reaction was stopped by addingd3Qop solution containing
50% dimethylformamide and 20% sodium dodecyl selfatdistilled water (DMF-
SDS, pH 4.7). After dissolving the cell materialdatihhe formazan product in the
stop-solution, the formazan amount was determinech&asuring light absorption at
dual — 550-570 nm (measuring) and 630-650 nm @efs) — wavelengths using a
Bio-Rad 450 (BioRad Hungary Ltd., Budapest, Hunyjaoy Dynatech MR5000;
(Dynatech Industries Inc., McLean, VA, USA). Forttgey comparable data on
different cells and culture-plates, optical dengigta measured in each well were
related to values obtained on control (non-exposet$ on the same plate (100 %).
The data were presented as relative percentageeofcontrol. Averages and
standard deviations were calculated from 8-12 idaly treated -cultures.
Significance was calculated by student t testdfe@hces were regarded statistically
significant if p<0,05, and biologically significant dose-dependent responses were
detected.

5.2.2. Assays on cell death (LDH leakage)

[
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Release of lactate dehydrogenase (LDH) enzyme thaded cells was assessed by
measuring LDH activity in the cell culture mediecading to Abeet al. (Abe and
Matsuki, 2000). Briefly, 5Qul culture supernatants were transferred to an e@@ty
well plate and 5@l aliquots of the LDH assay mixture (2.5 mg/ml Ictiate (Sigma-
Aldrich), 2.5 mg/ml nicotinamide adenine dinucleletiNAD; Sigma-Aldrich), 0.25
mg/ml MTT and 0.1 mM 1-methoxy-5-methylphenaziniunethylsulfate (MPMS;
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Sigma-Aldrich) in 0.2 M Tris—HCI buffer (pH 8.2) we added. The reaction
mixtures were incubated for 5 min at 37°C. For lraliion, culture supernatants
werereplaced with 5Qul MEM-ITS containing known concentrations of LDH
enzyme (from 9.3 to 30@g/ml; corresponding to 0.03 - 1 unit/ml enzyme\aty).
The LDH reaction was stopped by adding 100stop solution containing 50%
dimethylformamide and 20% sodium dodecyl sulfatalistilled water (DMF-SDS,
pH 4.7). The absorbance of the formazan product m@asured by a BioRad 450
(BioRad Hungary Ltd., Budapest, Hungary) or DynhtddR5000; (Dynatech
Industries Inc., McLean, VA, USA) at 550 nm testdaB50 nm reference
wavelengths.

6. Immunocytochemical and uptake studies

For microscopic analyses, cells were grown on elysine coated glass coverslips,
in 24 well plates (1®ells/well). The cells were incubated with 5000f 50ug (18°
NPs ml-1) dispersed in MEM-F12-ITS medium for 1tI82 °C in a C@incubator.
Control cells were incubated with MEM-F12-ITS mediwithout NPs. The treated
cells were washed three times with phosphate hedfesaline (PBS, pH 7.4) to
remove free-floating NPs and fixed for 20 min wphraformaldehyde (4% wit/v,
PFA) at room temperature (RT). The cells were dooadly stained with CellMask
(Molecular Probes, Invitrogen) according to the ofanturer’s instruction or were
identified by immunocytochemical staining.

For immunocytochemical identification, fixed cellere permeabilized with 0.1%
Triton-X for 10 min at RT. Non-specific antibodyniing was blocked by treating
with 2% bovine serum albumin (BSA) in PBS for 60nmiPrimary antibodies were
diluted with 2% BSA, and fixed cells were incubateith the antibodies overnight at
4 °C. Neurons differentiating from NE-4C stem cedls developing in primary
neuronal cultures were stained with mouse monotlangf-IIl tubulin antibodies
(1:1000, Sigma, Hungary). Astrocytes were stainétl vabbit polyclonal anti-glial
fibrillary acidic protein (GFAP) antibodies (1:100Dako). Microglial cells were
stained with Iba-1 goat polyclonal antibodies (Am¢and brain derived endothelial
cells were stained with anti-claudin-5 rabbit pédyal antibodies (Abcam). After
overnight incubation, the cells were washed thieedg with PBS and incubated for
1 h with alexa-594 or alexa-488 conjugated anti-seguanti-rabbit or anti-goat

immunglobulin antibodies (1:1000, Molecular probéssitrogen). After washing,
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the stained preparations were mounted with mov@alll§iochem, EMD Chemicals)
containing 10ug/ml bisbenzimide (Hoechst 32558;DAPI; Sigma) aretevleft to
dry in dark for 24 h (Table 3).

Table 3. Primary antibodies used for cell identification

Antibody Dilution Identified cell
B-111 tubulin Mouse monoclonal (Sigma] 1/1000 Neurons
Glial Fibrillary Acidic Rabbit polyclonal (Dako) 1/1000 Astrocytes
Protein (GFAP)
Iba Goat polyclonal 1/500 Microglia
(Abcam)
Claudin-5 Rabbit polyclonal (Abcam)| 1/1000 Brain endothelial cells

7. Microscopic evaluation

Cell morphology and uptake of NPs were examinetguzeiss Axiovert 200M
microscope (Carl Zeiss Jena, Germany) and Olympu$060 (Tokyo, Japan)
confocal microscope. For fluorescence spectrumyaizalHeider et al., 2010) a
Nikon A1R confocal laser scanning microscope (Nikostruments Europe B.V.,
Vienna, Austria) equipped with an enhanced spedgtdction unit (SD) was used.
7.1. Fluorescence spectrum analysis

For spectral evaluation a 457 nm argon ion lasexr wged as excitation source, and
the emitted light was detected by the spectralai@taunit from 468 nm to 548 nm,
with a spectral resolution of 2.5 nm. In ordere&gard continuous spectrum, a 20/80
beam splitter (BS20/80) with continuous transmissias used instead of a paired
dichroic mirror arrangement. Regions of interestO[& were delineated and
analysed on corresponding fields of NP-treated ama-treated cell preparations.
The photocurrent intensities detected at diffen@atvelengths (emission spectra)
were plotted and were compared to the autofluorescepectra of non-treated cells
(negative control) and to the spectrum of NPs {pascontrol).

7.2. TEM analysis of the cellular uptake of Ag NPsvith different shape

Neural stem cells were grown on poly-L-lysine cdatgass coverslips, in 24 well
plates (10 cells/well). The cells were incubated with 500u$gension of 50ug/mi
(2x10* NPs/ml) NPs dispersed in MEM-F12-ITS, for 1h at°®3Z in a CQ
incubator. Control cells were incubated without NIPe cells were washed three
times with phosphate buffered saline (PBS, pH #4emove free-floating NPs and
fixed for 20 min with freshly prepared glutaraldeleyl% and, 4% PFA solution then
post fixed in 2% osmium tetroxide (OsO4) in 0.1M3BH 7.4 at AC for 2 hours
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After washing, the preparations were dehydrateddareasing (30%, 60%, 96% v/v)
concentrations of ethanol and embedded in LX-11&nrglLadd, Burlington,
Vermont, USA). Sections (60-80nm) were cut by araalt (UCT, Leica EM UC7,
Wetzlar, Germany), then were contrasted with 1%ylracetate in 50% ethanol and
examined with TEM (JEOL JEM 1010, JEOL Ltd., Tokyapan) at 100 keV.

8. In vivo experiments

Animal experiments were conducted with the approwélthe Animal Care
Committee of the Institute of Experimental Medicioé Hungarian Academy of
Sciences and according to the official license (N&2.1/353/3/2011; exp. date:
4/7/2016) issued by National Food Chain Safety deff(www.NEBIH.gov.hu),
Hungary.

8.1. Injection of PS NPs into mice

Healthy pregnant mice were obtained from Animal ilkgc (Institute of
Experimental Medicine of Hungarian Academy of Sces) Budapest, Hungary).
Four weeks pregnant female mice on the 10th to #afs post conception were
anesthetized with a mixture of ketamine (CP-Phamb#&l, Burgdorf, Germany) and
xylazine (CEVA-PHYLAXIA, Budapest, Hungary) 100ug/gand 10upg/g
bodyweight, respectively. Nanoparticle stock suspmrs (10 mg/ml) were diluted
1:30 in PBS and sonicated before injection. Undeopg@r anesthesia, 7ul/g
bodyweight aliquots of PS-COOH and PS PEG NP ssspes were injected into
the tail vein. Animals were sacrificed by overdo$anesthetics after 5-minute or 4-
day exposure to the single-injection. Placentaseandryos were carefully removed
and fixed with paraformaldehyde (8w/v% in PBS; PR&) 24 hours at 4°C, then
washed with PBS and left in 0.25% glucose for sevdays. Placentas and embryos
were collected from animals not exposed to nanmbpest and were considered as
controls.

8.2. Microscopic evaluation of the tissues

Histological sections (§0m) were made by cryostat section (Leica CM 3050S) o
fixed placentas and embryos. Sections were mountitid mowiol (Merk Kift.
Budapest, Hungary) containing 10ug/ml bisbenzim(@API; Sigma-Aldrich,
Budapest, Hungary), and were left to dry at roomperature in dark. Sections were
evaluated by using fluorescence (Zeiss Axiovert\20lena, Germany) and confocal
laser microscopes (Olympus FV1000 and Nikon Al1Rhe TNikon A1R was
equipped with a spectral detector unit (Nikon, §ika, Tokio, Japan).
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3. Results

1. Characterization of NPs

1.1. Physico-chemical properties of particles withnon-toxic core material:
Polystyrene (PS) and silica (Si) NPs

1.1.1. Fluorescent silica NPswith core-bound FITC and label-free shell and with
different (-NH, -SH and -PVP) chemical surface groups were sgitbd by Emilia
Izak-Nau at Bayer (Germany). The particles wererdhghly characterized by
multiple techniques including DLS, SEM, TEM, XRDP% and ToF-SIMS analyses.
The processes of synthesis and characterizatiore Heeen presented in two
publications (Izak-Nau et al., 2013a, and 2013lg) gawve important parts of the PhD
thesis of Emilia 1zak-Nau. In my thesis, the phgsthemical characteristics of Si-NPs
will be presented only briefly (Figure 20 and TaB)en order to show the importance

of surface charge of Si-NPs in their biologicaknaictions.

Figure 20. Scanning electron
microscopic (SEM) picture
(A,C,E) and size distribution
determined by DLS (B,D,F)

of SIG; (AB), SiO-SH
(C,D) and SiG-PVP
5 22 nanoparticles.
ém é
2 Ed
"1 Size (o) "o Size (om) '™ 0 S fom O

Table 4.Physicochemical characteristics of core/shell Bs \lzak-Nau et al., 2013)

1.5"10" NPs/m|

1.5"10" NPs/ml

1.5710™ NPsiml

Name §i0z Si0z_NH; §i0z_SH Si0z_PVP
Shape Spherical Spherical Spherical Spherical
Concentration 2.0 % (wiiwt} 2.0 % (wt'wt) 2.0 % (wiiwt) 2.0 % (wt'wt)

1.5710'¢ NPs/ml

aggregation/
agglomeration state

TEM: dso= 50 nm, deg= 55 nm
AC: dse= 49 nm, dep= 61 nm

TEM: dsz= 51 nm, dag= 58 nm

TEM: deg= 4% nm, dao= 57 nm TEM: dsg= 51 nm, dag= 57 nm

Specific surface 8.31°10' m2g

area

Size/size DLS: 525 nm +-2 6*; DLS: 56.0 +/- 4.6 nm*; DLS 499 +- 22 nm*; DLS: 585 +-23 nm*;
distribution & FDI=0.055 PDI=0.082 PDI=0.067 PDI=0.079

SixOy, CeH1s025i

(HzN(CH2):Si(0CzHe)s), F

((CH:0)3Si(CH2):SH), CI

Crystal structure amorphous amorphous amorphous amorphous

Surface chemistry XPS: Atom % XPS: Atom% XPS: Atom% XPS: Atom%
0 62.8 81256, C11.6 0578 51243, C161, N18 0618 8i256 C126,5<1 0445 51335 C180,N39
SIMS: SIMS: SikOy, SIMS: Si0y, S5IMS:

S0y, CsHsNO, F

Surface charge

-41.71 mV+/-0.82
IEP: ~pH 3.1

+4224 mV+- 149
IEP:~pH 64

- 4773 myv+-0.91
IEP:~pH 13

- 40.87 mV+/-1.31
IEP: ~pH 4.6
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The Si NPs were used in biological experiments asshfy synthesized,
monodispersed suspensions and evoked well repddusiiular responses all over

the experiments.

1.1.2. The polystyrene nanoparticles (PS NPg)ith —-COOH or PEG surface groups
were purchased from commercial sources (SpheroiecUSA and Kisker Gmbh,
Germany). The physico-chemical properties were yaeal right after arrival and
were compared to characteristics provided by theufeeturers. PS NPs were used
either as fresh patrticles (right after openingghdicle container) or as aged particles
after long-term (>6 months) storage in order toestigate the role of ageing in the

biological effects of NPs.

In fresh preparations of carboxylated (PS-COOH) and PEGylated (PS-PEG, NP
DLS measurements indicated uniform (45-70 nm cpoeding to the manufacturers
descriptions) hydrodynamic size in distilled waserd good monodispersity (Poly
dispersity index, PDI between 0.039-0.072, e.g.lowethe 20% polydispersity
range).

PS-COOH ™ o @ PS-PEG
B b ;g 7 B
. e # ®
. - s
. ” L XL .
(& o o °
~ 200nm . . & "~ 200nm

Figure 21.Electronmicroscopic images of fresh PS NPs

Transmission electron microscopic (TEMMyages showed spherical shape and a
50£10 nm diameter of the fresh FITC-labelled péetdFigure 21).

Differential centrifugal sedimentatiofDCS) data also showed good monodispersity
in distilled water for fresh PS NPs without impmitadifferences between

carboxylated and PEGylated particles (Figure 22).
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Figure 22 DCS results for fresh PS nanoparticles

Zeta potential measurements, as it was expectendyeshthat the surface of PS-
COOH NPs was more negative (zeta potential -35%#1/) than those of PS-PEG
particles (-14.8+1.0 mV) (Table 5)

Table 5. Size and surface charge of PS NPs

Nanoparticle Size [diameter; nm] Zeta potential [mV]
fresh aged* fresh aged*

PS-COOH 65.80 +1.12 1329 +8 -354+0/5

PS-PEG 6580098 | 1203t20,7  -14.8+ 1 §On-evaluable

Oshelf-life 12 months

The assays demonstrated that with the exceptiorthef surface charge (zeta
potential), the main physico-chemical featuresistilled water did not change as a
consequence of surface functionalization of Si B8dparticles. Coating the particle
surfaces with PVP or PEG reduced the Zeta poteatidlwas expected to reduce the

aggregation and protein adsorption of particles adphysiological solutions.

1.2. Protein adsorption by Si- and PS NPs
The protein adsorption of Si- and PS NPsvas investigated by SDS-PAGE and by

DLS size determinations (ZetaSizer, Malvern) afteubation with 10% fetal calf
serum (FCS; v/v) in PBS. S¥0Si-NH; and Si-SH NPs adsorbed significant amount
of serum proteins (Figure 13) regardless of theitipes(Si-SH and Si-NE) or
negative (SiQ surface charge, and showed large-scale aggregatiphysiological

solutions (Table 6).
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Figure 23 Adsorption of serum
proteins by Si NPs after 1-hour
incubation in  10% FCS
containing PBS . M: molecular
weight marker (result of E. Izak-
Nau) .

Table 6. The size-distribution of Si NPs after 48-hour ibation in cell culture media
supplemented with 10% fetal calf serum

Size [nm]
B0, S0z NH3 Si0; SH Si0= PVP
MEM
(48 h; RT, 1x10™ NP5 mL™") 1626 =~ 260 1852 +/- 423 1844 /- 818 67 +/- 4
MEM-sonication 10 rmin
(48 7 RT; 110" NPs mL™ THE +[- 156 BT +/- 198 G2 =L 176 5541
MEM-F12-TS
(1 h; 3TC; 5x10" NPsmL™) 1115 = 62 GT6 =- 163 1247 ={- 137 68 +/- 8

The PVP-coat reduced markedly the protein adsor@ia completely prevented the
aggregation of particles. SDS-PAGE analysis of H% Mdicated that PS-COOH
particles accumulated more proteins than the PS-P&@cles in long-term (24

hours) exposure, while there was no difference afteour incubation (Figure 24)

Figure 24. Adsorption of serum proteins by carboxylated aB@GRlated PS NPs after 1
and 24 hours incubation in 10 % FCS containing HR$.comparison, the bands given by
a 1 to 1000 diluted FCS sample (last lane) is shown
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DLS size-analyses (Figure 2Showed significant aggregation of both, PS-COOH
and PS-PEG particles in PBS (Figure 1Aifter 48 h in PBS, PS-COOH particles
formed larger aggregates than PS-PEG NPs. Aggeega@re reduced in the
presence of serum indicating that surface-deposiéedm components “stabilized”
both PS-COOH and PS-PEG particles.

30D

200

Z-Blzn In nm

+

100 hd hd

1} 1D ZI[I 3III 410 5D
Tume In hours

Figure 25. Aggregation of PS-COOH and PS-PEG NPs after 48-hou
incubation in PBS with or without 10 % FCS. Theesi particles was
determined by DLS.

The results demonstrated that while the immediateéepn adsorption can not be
prevented by coating the particle surfaces witherftth polymers, the long-term

protein corona formation is reduced by both PEGRWR.

1.2.1. Changes of physico-chemical characteristics of REPs after long-term
storage

When DLS, Zeta potential, DCS and NTA analyses wepeated on PS NPs stored
in distilled water for longer than 6 months aftgreaing the container, completely
different physico-chemical characteristics wereeditd. DLS analyses (Table 7) and
transmission electron microscopic images (Figunerificated strong aggregation of
.-aged” particles regardless of the -COOH or -PEG@cfionalization. The compact
aggregates could not be resolved by heavy sonicafieta potential analyses on
aged particles gave unreliable results with mudtipeaks ranging from -50 to +5
mVs for both PS-COOH and PS-PEG particles. The R&8lues for the aged
particles varied between 0.924 and 1 indicatindp Ipiglydispersity.
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Table 7.Changes in size and surface charge of PS NPsagtimg

nanoparticle Size [diameter; nm] Zeta potential [mV
fresh aged* fresh aged*
PS-COOH 65.80 +1.12 1329+8 -354+05 o4
PS-PEG 65.89 + 0.98 1203 + 20,/ -14.8 =+ 1.0 evaluable
Oshelf-life 12 months
{T;EISH

ey
=

hbelled PS NPs.

DCS analysis indicated the presence of NP aggregatk size >Jum (Figure 27).

—_ 100 ——PS-PEG aged /’\ '
E £a ——PS-CO0H aged i
D 60 Fl_gure_27_. _
ES Size distribution of aged PS
S 40 NPs according to the
© differential centrifugal
= 72 sedimentation analysis

0 !

0.01 0.1 1 10

Apparent diameter [um]

A significant drift in size-distribution of aged A#Ps was further demonstrated by
nanoparticle tracking analysis (NTA) (Figure ZBjowing a mean size of 111 + 68
nm for PS-COOH, and 200 % 82 nm for PS-PEG padicle
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Figure 28. Nanoparticle tracking analysis (NTA) of aged PSED(A) and PS-
PEG (B) NPs in water.

1.3. Synthesis and physico-chemical characterization g NPs with different
shapes

Silver NPs (Ag-NPs) with cubical, triangular, rodda spherical shapes were
synthesized and thoroughly characterized during quest-research at ICNZ2,
Barcelona. Polyol process (Sun and Xia, 2002, Walegl., 2005). was applied using
polyvinylpyrrolidone (PVP) as the protecting agantl ethylene glycol (EG) as both
reducing agent and solvent. In which the reactanperatures and times as well as
the concentration of protective agent are the kasampeters to control the size,
geometries of the metal particl@he diameter of silver spheres and the edge-lengths
of silver nanocubes, and triangles were in the @af35-55 nm, while the thickness
of triangular platelets was around 5 nm and thgtlef rods with 40-70 nm cross-
section diameter reached several micrometers. Duéeroretical restrictions, the
different geometry of Ag NPs was characterized MTand UV-Visible light
absorption. But the spherical shaped Ag NPs weraracterized by different
techniques such as UV-visible spectroscopy, NTAMTEBnd CPS. UV-visible
spectroscopy utilizes the surface plasmon resoné®E&) of metal nanoparticles
which reflects the abundance of edges and sharptspaf the particle shapes
(Okitsu, 2013).

1.3.1.Spherical shaped Ag NPs were produced in concentrations of 0.1 g/L or
1.5x13* NPs/ml. The monodispersity of the suspensions stabilized by either
Na-citrate or by PVP in the solvent. The size distion was determined by
nanoparticle tracking analysis (NTA) (Figure 29 &)d by TEM (Figure 29 C)

indicating 47+3 nm and 47+7.8 nm patrticle sizespeetively.

50



DOI:10.14753/SE.2015.1789

438m
——Ag_PVP50nm

Intensity

Figure 2¢.
e, | Spherical shape and
E R g : e monodispersity of 50nm
spherical Ag NPs are
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TEM images showed a spherical, more or less isawsinaal, edge-free shape and
monodispersity of particles (Figure 29C). UV-visesppum (Figure 29A) also
showed the typical optical characteristics of datdal suspension of approximately
50 nm spherical Ag NPs. DLS assays showed a mam rsinge of Ag spheres
between 47 and 51 nm. Monodispersity was also prdwe DCS measurements
(Figure 29D). The Zeta potential measurement oegpal Ag NPs was -20 mV in

PVP stabilized suspensions.

1.3.2.Silver nanocubes were synthesized by reducing silver trifluoroatetaith EG

in the presence of PVP. After 30 min of the additad CRCOOAg, Ag nanocubes
with an edge length of 35-40nm were obtained. Dépgnon the reaction time, the
edge lengths of the Ag nanocubes could be increaptml 70nm. As a result, the
growth of Ag nanocubes could be monitored and tk&e tuned in the range
between 30-50nm by varying the growth time. We apbtimized the synthesis by
adjusting the reaction temperature upto 158+&nd the molecular weight of PVP
(360kD monomeric unit) added into the reactionaysts described in the materials
and methods section. UV-vis spectrum analysis (€ig@0) showed the characteristic

shoulder peak around 350nm indicating the presehsiver nanocubes.

—— Ag Cubes
Figure 30.
o UV/Vis absorption
g spectrum of the aqueous
g "] solutions of silver
< nanocubes with the edge
7 lengths about 35-45nm.

T T T T
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Figure 31.

TEM images of Ag
nanocubes obtained
by a standard polyol
synthesis

1.3.3. Silver nanotriangles were prepared by reducing an aqueous silver aitrat
solution with NaBH in the presence of trisodium citrate, PVP and bgdn
peroxide (HO.). Here, PVP and #D. plays an important role in the formation of
triangular shape nanopatrticles. Especially PVP $duto improve the size
distribution of the nanotriangles/plates. The shahwulder characteristic peak
around 330 nm can be caused by quadrupole resonéasiteer nanotriangles. But at
the same time another long peak shifting towardgéo wavelengths indicates the

formation of nanotriangles/plates (Figure 32).

0,84
o 067 .
g Figure 32.
g UV/Vis absorption spectrum
2 7 of the aqueous solutions of

silver nanotriangles/platelets

0,2

0,0 ! ! ! !
300 400 500 600 700 800

Wavelength (nm)

Figure 3.TEM and HR-TEM images bf Ag ﬁé.n.o't'riéngléé/‘plates.
On TEM images (Figure 33), the synthesized prodiast triangular in shape and
edge-lengths of 31.5 + 11 nm and platelet thickioégks5 + 0.9 nm.
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1.3.4. Silver nanorods (Ag nanorods)were characterized by UV-vis spectrometry
which reflects the anisometric geometry of Ag nawisr(Figure 34) showing a sharp
absorbance at 350-390 nm, which are the opticgéfiprint of Ag nanorods (Sun et
al., 2002a, Sun et al.,, 2002b).” The final conaditn of freshly prepared Ag
nanorod was 3.8 x 20NPs/ml (1.08 g/L by ICP-MS).

124

1,04
Figure 34 UV/Vis absorption
08- spectrum of the aqueous solutions of
silver nanorod:

Absorbance

0,6

0,4

0,2 1 1 1 1
300 400 500 600 700 800

Wavelength (nm)

TEM images of Ag nanorods obtained with standardtissis showed almost
uniform 40-50 nm thickness but variable lengthsr(fra few to several ten pums) of

Ag nanorods.

HV cur | WD [mag O det v
m

20.00kVI0.10nA 40 mm |8 000 x |STEMII |3 m

Figure 35.TEM and HR-TEM images of Ag nanorods

1.4.The protein adsorption by Ag NPs

1.4.1. Experiments with human plasma
We studied the dispersion and protein corona faonaif Ag NPsin situin 10, 80

and 100 % human plasma solution (v/v in PBS) (Fed&6). The DCS measurements
revealed that NP-protein complexes (full corona) M@&re monodispersed in all
three concentrations of plasma. As shown in FigBf increasing plasma
concentration shifted the main size peak to the [Efis can be atributed to the
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increase in the protein corona thickness. The gififthe peak ,to left” upon
adsorption of proteins on NP surface is typicaldgstems where the protein density
is smaller than the nanoparticle density. Aggragetf free plasma proteins at high
plasma concentration (from 80%) were sometimessdsa (Figure 36).

100

Ag sph PVP

Ag sph PVP; 10% human plasma
Ag sph PVP; 80% human plasma
Ag sph PVP; 100% human plasma

80

60

40

Relative weight [-]

20

D—

0.02 02
Apparent diameter [um]

Figure 36.DCS measurements of Ag NP-corona complexes
before and after incubation in plasma

The Vroman effect (Vroman et al., 1980), predibtt the adsorption of blood serum
proteins to inorganic surfaces is time dependesrurs proteins with the highest
mobility (or closest to the surface) arrive to therface first, and are gradually
replaced by less motile proteins that have a higifénity for the surface; the

process may take several hours. We found, that wigeiNPs of different shapes
were incubated with non-diluted human blood plaqit@0%), besides the time-
dependency, the rate of protein adsorption wasddare shape-depedent.

Ag NPs with angels and edges adsorbed more protiears Ag spherical NPs, in

both short and long incubation times (Figure 37).

1 hour 24 hours

~35 e = . |

Figure 37.SDS-PAGE of the protein corona of different forofiAg
NPs incubated in 100% human plasma for 1 hr anur24
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2.Cellular responses to exposure to NPs with non-taxi core
material
2.1. The experimental models

2.1.1. The cell models
In vitro effects of PS and Si NPs were investigated omumgtof neurons, astrocytes,

brain vascular endothelial cells and microglia étlolated from mouse forebrains,
as well as on cloned neural stem cells and on s&haderived neurons.

The primary cultures of mouse forebrain ce(Bigure 38)(Madarasz et al., 1984)

contain astrocytes besides neurons and in smalbaimedso microglia and neural

stem cells.

Figure 38. Primary culture of mouse embryonic (E 17) foretreglls isolated on the"7
day after plating. The cellular constituents hagerbidentified by immunocytochemical
staining (see inserts). (Neurons: NMDA receptoeegr. Astrocytes: GFAP, yellow on
upper insert; red on the right insert. Neural stefis: green on the right insert)

The primary forebrain cultures were enriched inrnas by using mitotic blockers
(as serum-free media and/or cytosine arabinofurdepsand contained 70-75%
neurons (Figure 39A). Astrocytes were preparedfrieonate mouse forebrains
(Kornyei et al., 2005), and contained 85-90% diiadillary acidic protein (GFAP)

positive cells (Figure 39B). Brain microvessel ethdtial cells were prepared from
the forebrains of 10-day old mouse pups (Nakagatval.e 2009) and were

identified by staining for claudin5 brain endotla¢imarker (Figure 39C). Microglia
cells were prepared from neonate mouse forebraauréS et al., 2003) and
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identified by staining for Iba macrophage-speadifiotein (Figure. 39D). Microglial

cells were identified also by the presence of tebtnding proteins (picture not
shown) and were prepared from transgenic mice esprg green fluorescent
protein (GFP) from the CXC3 fractalkine-receptongé€Jung et al., 2000b).
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Flgure 39 Prlmary cultures used for studylng toxicity andtalke of NPs.A:
Embryonic (E17) forebrain cultures enriched in &g on the 10 day after
plating. B: Neonatal astrocyte culture 14 days after platiigbrain microvessel
endothel cells 21 days after plating; Microglia on the ? in vitro day after
preparation.

For modelling neural stem cell responses and thectsf of NPs on neuronal
differentiation, studies were conducted on NE-4Chemnic mouse neural stem
cells (Schlett, Madarasz 1997; Madarasz 2013) &ed in vitro differentiating
neuron-derivatives. NE-4C cells display epithelobrphology and proliferate
rapidly in non-induced cultures, but give rise trons if induced by 10— 10% M

all-trans retinoic acid (Figure 40).
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Figure 40. NE-4C embryonic neural stem cells in non- mdudednscell state (left
panel) and 8 days after the induction with all-rastinoic acid (RA); neurons

were identified by staining for neuron-specifid §litubulin; green).
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2.1.2. Targeting the cells with nanoparticles
The cells were exposed to freshly sonicated suspeni®f NPs containing 20
NPs/ml to 162 NPs/ml (corresponding 0.2 pg/ml - 2 mg/ml nandpHmass) Si
NPs or 18%-10NP/ml (3.89 - 250 ug/ml) PS NPs for 4, 24 or 48isdfor MTT
reduction metabolic and LDH release toxicity assdys studies on cellular

uptake, particles were added infiBP/ml concentration for 1 hour to the cells.

The cell-targeted doses of PS NPs were calculateduding sedimentation
velocity data provided by Teeguarden et al., (20@r)PS-NPs in serum-free
physiological salt solution (Table 8).

Table 8. Applied doses of PS NPs for viability and toxicitysays

Concentration of NP dispersions acded to fhe Concentration of NPs contacting the cells (24 hexpssure timé)

cells
Number of NPs or NP aggregates Number of particuitarget area
NP mass/target
Mass [NPs/m] get areafugfpm INPs/cr]
[pg/mi *aged PS{ *aged PS| fresh | *aged PS- *aged PS; *aged PS{ *aged PS-
fresiNPs| 5 | PeG NPs | CooH | Pec | TeSNPS| Soon| PeG
250 16 5x16" | 25x1d" | 0.168 3.3 213 167x10 | 14x1d | 84x18
125 | 5X18' | 25x10' | 1.25x16" | 0.084 1.68 105 84x10 | 67x16 2x16

625 | 25X18H | 125x8 | 6.1x1° | 0.042 0.84 0.525 42x1H | 32x16 2x16

312 | 12x18t | 61x1®° | 3xd° | 0.ce1 0.42 0.26 21x1® | 16x16 | 10x16
156 | 6x18° | 3x6° | 15x1¢° | 001 0.21 013 105x10| 8x6 5x16
7.8 axid®  15x1®° | 0.75x& | 0.005 01 0.065 5xf0 | 4x18 | 25x16

The cell-contacting dose of fresh, 50 nm PS padiads composed by particles
present in a 50 nm height layer of the NP suspersimve the cell surfacets (oad)

and by particles arriving to this layer by sedinagion with a velocity of 0.28

pum/hour during the exposure time. In case of agemjregated particles, larger
particle size (100 nm for PS-COOH and 200 nm forPE®s particles in averages,
according to the NTA analyses) and consequenthgefasedimentation velocity
(2.22 pum/hour for PS-COOH and 4.3 pum/hour for P&Riarticles) but smaller

number of particles were taken into account.

The effects of Si NPs on cell viability and thelgkr uptake of Si NPs were
measured in large part by a fellow PhD student,ligridak, in our laboratory (Izak-

Nau et al., 2014). Accordingly, my thesis coversydhose results of the Si NP
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studies which were achieved by my active contrdouaind gave important bases for

my further studies on the effects of PS NPs.
2.2. Cell responses

2.2.1. Metabolic responses, cell membrane integrity and upke reactions of
neural cells in response to exposure to Si NPs wittlifferent chemical
surface composition

The fluorescent core/shell Si NPs were freshlysgsized and thoroughly sonicated
before addition to the cells at various (0.2 pg(d@® NPs/ml) to 2 mg/ml (18
NPs/ml) concentrations. In LDH toxicity assays aMdT cell metabolism tests
(Figure 41), incubation with the NPs for 4 or 24it®did not cause significant cell
responses. 48 hours exposure, however, resultedeiectable cellular changes
depending on the dose and surface chemistry dNBg&e and also on the type of the

cells.
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Figure 41 MTT-reduction (a, c, €) and LDH release (b, dof)neural tissue-type cells
after 48-hour exposure to different concentratiohS$i NPs. (a, b) NE-4C stem cells,
(c, d), NE-4C derived neurons, (e, f) primary nedenmriched brain cell cultures. P:
“death” control (0.1% Triton X-100 treated celld); non-treated cells (Izak-Nau et al.,
2014).

Microglia cells were slightly damaged by Si&i0, NH., and SiQ_SH patrticles,
but not by PVP-coated ones. The $iBVP NPs had no effect even at the highest (2
mg/ml) concentration, while plain and amine-funotbzed particles caused an 40%

increase in cell death.
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Figure 42. Cell damaging effects of

silica core-shell NPs with different
= surface modifications on primary
' microglia cells after 1 hour exposure.
Averages and standard deviations
(n=6) of relative toxicity values are
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Cellular toxicity (LDH) and metabolic activity (MT)Tassays demonstrated that the
plain SiG and the amine-functionalized (SIONH.) particles exerted cellular toxic

effects but only at high particle doses. The SEVP particles, on the other hand,
did not cause measurable effects in any concemimand on any of the investigated

cells.

2.2.2. Uptake of Si NPs by different neural cells

Uptake of SiQ NPs by various neural tissue-type celisre monitored by confocal
fluorescence microscopy supplemented with fluoneseespectrum analysis. The
spectrum analysis was done by Kata Kenesei whaedtdrl a method (Kenesei et
al., Nanomedicine, 2014. submitted) to distinguisérticle-emitted light from
background fluoroscence (see Materials and Methdtisjack image analysis was
used to determine intracellular particle localiaati

Incubation with 50Qul of 5x10"* NPs/ml nanoparticles (dispersed in MEM/F12/ITS
medium) did not result in obvious structural dansagé any cells compared to
untreated controls. In one-hour exposure, the @&, SiO-NH2 and SiQ-SH NPs
formed large, light microscopically detectable aggérates in the fluid environment
of the cells. While the aggregates settled on tineases of all investigated cells, the
particle-fluorescence could be washed out from owalr cultures (Figure 43) by
rinsing with PBS. In contrast, microglial cells wdreavily loaded by the plain SO
SiO; NHz, and SiQ SH NPs but contained only a few Si®VP particles.
Microscopic spectrum analysis verified that theofescence detected in microglia

cells was emitted by ingested nanoparticles (Figd)e
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Figure 43 Confocal microscopic images of embryonic mouseldmain neurons cultured
15 days (A) and treated with SIQB) or SiQ_PVP NPs. After 1 hour exposure time
and three-time washing, neurons did not retain &@$i0, NPs. Red: neurons stained
for neuron-specific tubulin; blue: cell nuclei stad with DAPI Hoechst stain; green:
fluorescent SIQNPs

Figure 44. Si0; NPs are internalized by microglia cells (B), whg&2_PVP NPs are
rarely found inside the cells. For non-treated putin cells (A) (Pictures by Kata
Kenesei; Izak-Nau et al., 2014)

The microscopic analyses demonstrated that PVRitnatisation decreased the
rate of particle aggregation and importantly reduttee accumulation of particles by

phagocytosis.

Data on the cellular effects of core/shell silicRd\clearly showed that the surface
chemical composition plays essential roles in ti@obical activity of otherwise
non-toxic particles. Coating the particle surfaceth the chemically inert PVP
polymer could significantly reduce the biologicaitaractions of particles. The
biological “passivation” might have been due to thduced aggregation of PVP-

coated particles and/or to the masking of ioniaugeoon the surfaces.

For further studies on the importance of the s@rfammposition of nanopatrticles, the
cellular actions of polystyrene NPs with negativelyarged and PEG-passivated

surfaces were investigated.
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2.2.3. Cellular responsedo exposure to PS NPs

Metabolic responses and cell membrane integrity afeural cells in response to
exposure to PS NPs with different surface compositn

To exclude size-dependent variations in biologreaponses, the size of PS NPs
were kept constant (in the range of 45-70 nm), evtlie surfaces contained either —
COOH groups or PEG polymer chains. The PS-COOH R&¢PEG NPs carried
covalently core-bound fluorochromes, which werehegit NileRed or FITC
(Spherotec Inc.) or Yellow (Kisker Gmbh).

Prior to studies, the potential interference of N#Ath the designed assays was
investigated in cell free assay systems. The poesehPS-COOH or PS-PEG NPs
with different (NileRed, FITC, Yellow) fluorochromsecaused10% shifts of the
optical density (OD) in cell-free MTT assays (a maxm of 0.020 units shift) in
comparison to the OD values measured in cellsnfatty between 0.130 - 0.400
absorbance units) (Figure 45).
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Figure 45. Effect of NileRed and FITC labelled PS-COOH

NPs on MTT reduction. Studies with PS-PEG particles

gave similar results. Averages and standard dewisitare

shown (n=4)
The presence of NPs (5-50 pg/ml) did not affechificantly the LDH enzyme
activity either, in cell-free assays. The assaysewerformed by adding increasing
concentrations of FITC-labelled PS-COOH or PS-PERs No the assay mixture.
The optical density of the formazan product was garad to that measured in the

NP-free control.
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Figure 46. Effect of PS-COOH or PS-PEG NPs on LDH enzyme #gtiv
Optical density of formazan product (OD) was meedun the presence
of NPs and related to the OD of NP-free assays%)0@verages and
standard deviations are shown (n=6).

LDH activity [%]
[y
ial =]
= =
b
Fo—
|
/
i
|
|

<=}
=

For optimizing the experimental conditions, thelsxelere exposed to different
concentrations (3.89 — 250 ug/ml) of PS NPs, inrsefree tissue culture fluid for 4,
24 and 48 hours. At the end of incubation, the bwita activity (cell viability) and
the cell membrane integrity were measured by MTduotion (Mosmann, 1983) and
LDH-release test (Abe and Matsuki, 2000) respebtivénitial toxicity (LDH
release) studies on primary forebrain cell cultwteswed almost no effects in 4-hour
exposure, a mild increase in toxicity with incregsiNP concentrations during 24-

hour incubation, and a significant enhancement aftigle toxicity in 48-hour

exposurgFigure 47).
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Figure 47.Long-term (48 hours) exposure to PS-COOH NPs redult
in significantly increased LDH release from prim&oyebrain cells.

As DLS studies showed a high-rate particle aggregain a 48-hour period in
serum-free conditions (with a 8 — 9 times largeedor PS NPs; see page 40), the
parameters of cell loading could not be controlfed such long-term exposure

periods. As a compromise, 24-hour exposure timecasen for the experiments.
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In metabolic activity and toxicity assayfhe cells in 96-well plates (culture
surface/well: 0.33 cR) were exposed to NP dispersions for 24 hourspses shown

in Table 1.

Exposure to NPs did not significantly decrease NHIEl reduction capacity of the
cells, indicating no important effects on cell vldp (Figure. 48).

The limited variations (less than 209%&rsusthe control) observed in some cases
(e.g, at low NP concentrations on neural stem cellsyitt PS-COOH NPs on stem
cell-derived neurons) were apparently independemh fNP concentrations. In brain
microvascular endothelial cells, on the other hansimall but significant increase of
MTT reduction was observed with increasing conegitns of NPs up to 18

NPs/ml, regardless of surface functionalization.
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Figure 48. Relative viability (MTT reduction capacity) of lteafter 24 hr exposure
to carboxylated (PS-COOH) or PEGylated (PS-PEGYy-ptirene nanoparticles did
not indicate toxic effects of particles. MTT retdoo was measured in 8-12
identically treated cultures of each type of cétis 8-12). Each reduction value was
related to the average calculated from 8 or 12tnetaed (0) sister-cultures (100%).
Averages and standard deviations of percentaggeesented.

When measuring cell death with the LDH releaseyassa significant toxic effects
of PS NPs were detected (Figure 49).
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Only microglia cells showed a limited increase dDH. release at the highest
concentration of PS-COOH NPs, whereas PS-PEG |eartitd not have such effect.
A mild toxicity was observed in primary brain cellltures containing astrocytes and
microglia cells besides neurons. The toxic effelatsyever, were significant only at
the highest concentration of PS-COOH particles{NPs/ml). Thus, data obtained
with viability and toxicity assays indicated the Particles were not toxic to neural

cellsin vitro, when used at concentrations between 7.8 anqug/2bl.
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Figure 49.Cell decay (LDH release) responses of differenésypf neural cells after
24 hour exposure to carboxylated (PS-COOH) or PE®# (PS-PEG) poly-
styrene nanoparticles. LDH enzyme activities wezednined in the culture media
of 8-12 identically treated cultures of each celfgl were related to the activity
values measured in media of non-treated cells (J0@eerages and standard
deviations are shown (n= 8-12).
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2.2.4. Morphological effects and cellular uptake of PS NPs

Light microscopic and immunocytochemical studied aot reveal morphologically

damaged cells after incubation with PS NPs-{particles/ml) for 1 hour, regardless
of surface functionalization. NE-4C neural stemlscaind their neuronal progenies
did not take up either PS-COOH or PS-PEG patrtities hour incubation (Figures

50 A,B), and the presence of particles did not dgnBE-4C derived neurons
(Figure. 50C).

10 pm

10 um

Figure 50. Non-induced NE-4C stem cells (A,B; whole-cell stag with
“CellMask”;red and nuclear staining with DAPI; bJuand NE-4C-derived
neurons did not take up and did not give any mdaggical reactions to PS-NPs
in 1-hour exposure.

In 1-hour exposure, neurons (Figure 51 A). anobagtes (Figure 51B). did not

take up either carboxylated or PEGylated PS-NPs.

Figure 51. Confocal microscopic picture on primary neuron} fained for llb-tubulin
(red) and an astrocyte (B) visualized by anti-GFBAd#ning (red) after 1-hour
incubation with PS-COOH particles (¢0NPs/ml).
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When primary brain cell cultures containing neurcastrocytes and also microglia
cells were exposed to PS-COOH NPs, only cells wmticroglial morphology
accumulated NPs in sufficient amount for confocaroscopic visualization (Figure
52).

Figure 52.A: In primary brain cell cultures, cells with moglial shape and location,
accumulated FITC-labelled PS-COOH particles. Coalfoticroscopic picture of mouse
forebrain cultures prepared from E17 embryos arajined on 14 day after seeding.
B: GFP-labelled (CXCRL1; green) microglia cells tagkNileRed-labelled (red) PS-

COOH NPs. Fluorescence microscopic picture.

The uptake of particles by microglia was furtherestigated in purified cultures of
GFP-labelled microglia cells expressing green #soent protein fused to the
fractalkine (CX3C) receptorl (CX3CR1) (Jung et 2000a). In a 1-hour exposure,
microglia cells accumulated significant amountsP8-COOH NPs (Figure 53A),
while did not take up PS-PEG NPs (Figure 53B).

1 %

\LJ ""wrthout NPs

Figure 53. Different uptake of PS-COOH and PS-PEG NPs by pwinmaicroglia cells.
Microglia cells derived from the forebrain of newbaransgenic mice expressing green
fluorescent proteins under the control of the prmmof CX3CR1 (green) were exposed to
NileRed-labelled (red) 50 nm PS-COOH (A) or PS-RBENPs (2x16 NPs/ml), for 1 h.
Note the intracelluar accumuations of PS-COOH NiRd, the flattened shape of cells in the
presence of PS-COOH NPs (A) in contrast to the frachform of non-treated cells (insert)
or those treated with PS-PEG NPs (B).
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In the presence of PS-COOH particles, the ramffeggdescent” shape of microglia
cells (Figure 53 insert) changed into a more ftettemacrophage-like form (Figure
53A), while the presence of PS-PEG particles indugaich less morphological
reactions (Figure 53B). As the resolution in fluent microscopy does not allow
visualising individual 45-70 nm NPs, the observiemriescence should derive either
from spontaneously agglomerated particles, or frpanticles accumulated into
endosomes/lysosomes by active cellular uptake artthg. To investigate whether
particles were internalized through active cellupmocesses, uptake experiments
were run at +4°C and 37°C on microglia.

Confocal microscopic Z-stack analysis showed thatraglial cells internalized
carboxylated particles at 3 (Figure 54 A), while NPs were stuck on the cell
surfaces at low temperature (Figure 54 B).

Figure 54.

Confocal microscopic
pictures and Z-stack
images (right margins)

of CellMask-stained
glial cells incubated
with PS-COOH NPs
(2x10* NPs/ml) for 1

hour at 37°C (A) and
4. °C temperature

P5-COOH,

The results demonstrated that microglia cells tageactively and respond with
morphological changes to carboxylated PS NPs, whaetain ramified shape and
accumulate much less particles if exposed to PEEYIRS NPs.

Brain microvessel endothelial cells were denselgodsted with agglomerates of
both PS-COOH and PS-PEG particles (Figure 55). &teeme thinness of these
cells, however, made difficult to confirm whethéetparticle agglomerates were
inside the endothelial cells or just on their scefa

The results showed that PS NPs, while evoke cp#-tgependent responses from
different neural tissue cells, are not toxic foedé cells, and can cause some mild
acute toxicity only at extremely high concentraion However, when the
experiments were repeated with particles storedishlled water at 4°C for longer
than 6 months, surprisingly different results webgained. The unexpected cellular
reactions to “aged” particles led us to analyse tbke of particle-ageing in

interactions with biological material and livinglise

67



DOI:10.14753/SE.2015.1789

Figure 55.

Confocal microscopic pictures of
Claudin-5 immonstained brain
microvessel endothelial cells
incubated with PS-COOH (A)
and PS-PEG NPs (2x%0
NPs/ml) for 1 hour at 37C. Z-

L stack image (right margin) on PS-
PEG-loaded cells shows the

extreme thinnes of these cells.

3. Effects of particle aging on interactions of PS NPwith neural cells
3.1.Cellular effects of aged PS NPs
When the MTT and LDH assays were repeated withgbeststored in distilled water

at 4°C for longer than 6 months, enhanced and dependent toxic effects of PS NPs

were detected on NE-4C stem cells (Figure 56).
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Figure 56. Different responses of NE-4C neural stem cellgdasi and aged PS-COOH NPs.

A: Formazan production by living cells (Viabilityjter a 24 h exposure to PS-COOH NPs.
B: LDH activity in the cell free culture supernatataken at the end of the 24 h exposure to
NPs.The data are the means + SDs of OD values meebsu8-12 replicate cultures, and are

presented as percentages of the average OD ofreated cultures (100 %; straight line; +

SD: dashed lines) . Significance was determinetdtbgt *:p<0.05; **:p<0.01; ***:p<0.001

Enhanced toxicity of aged particles was found aismicroglia cultures (Figure 57)
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Figure 57. Different responses of microglia cells to fresh aggd PS NPs. MTT reduction
by living cells (Viability) (A) andLDH activity in the culture supernatants (cell dggB)
were determined after 24 h exposure to fresh od &% COOH and PS-PEG NPs. The data
are the means + SDs of ODs ( n= 8-12), and arepted as percentages of the control (100
%; straight line; £ SD: dashed lines). Significamaes determined by t-test ***:p<0.0001.
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In uptake experiments with “aged” particles, lapgeticle-agglomerations were seen
on all cell surfaces and could not be removed Ipeaited washing. In contrast to
fresh particles, aged NPs decorated NE-4C sters @&ljure 58)

Figure 58. Fluorescence microscopic pictures on NE-4C cediseew
exposed to FITC-labeled (green; arrows), aged PXEAPs (A) or
PS-PEG (B) NPs. The cells were stained with CelkMasd) and

nuclei were visualized with DAPI.

In microglial cells, aged PS NPs accumulated irhhagnounts in the cytoplasm,
regardless of the original carboxyl or PEG surfaadification (Figure 59)Also,
the ramified morphology of non-treated microdlkae Figure on pp 6thanged to a
flattened amoeboid shape in response to both, PSHC&nhd PS-PEG NPs.

Figure 59 Fluorescence
microscopic picture on
microglia cells incubated with
PS-COOH or PS-PEG NPs (2x
10 NPs/ml). Cells were
stained with CellMask (red) and
nuclei were visualized with
DAPI.

To verify that the enhanced green fluorescence aas/ed from ingested NPs,
confocal microscopic studies supplemented with régsoence spectrum analysis
(Kenesei et al., 2014 submitted) were conductedthVE8pectral analysis of the
emitted light, the fluorescence of NPs could beimtisished from the high auto-
fluorescence of cells, intracellular vesicles aalll @ebris (Figure 60)

Fluorescence spectrum analysis confirmed that theareced fluorescence in NP-
exposed microglia cells was derived from NPs. Tihieaaced cellular uptake might
be a consequence of particle aggregation duringelaggregates might trigger
endocytotic uptake. The formation of large aggregaturing prolonged storage was

clearly shown by physico-chemical studies on agadigbes (see pp 37). The
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particle aggregation itself, the reduced signifm@anof the original surface
composition and the enhanced cell toxicity, howgesgeggested that the chemical

composition of particle surfaces has changed dyinfpnged storage

Flgure 60 Confocal microscopic images of microglia cells with loading with NPs
(A) or exposed to aged (shelf-life >1year) PS-CO@BMHand PS-PEG (C) particles.
Lower pannels show the fluorescence spectrum df saat outlined on the upper
pannel. The fluorescence spectrum of naopartickestzown as a blue-green curve with
a maximum light emission at 485 nm. The spectiadifidual spots are shown with
the same colouring as their outlines on the upmtunes.

3.2. Endotoxin contaminations on PS NP surfaces

As bacterial endotoxins are ubiquitous contaminaotsmaterials, including
nanoparticles H. (Vallhov et al., 2006) the potaingndotoxin contamination of
fresh and aged PS-COOH and PS-PEG particles wasunegla by using the
chromogenic Limulus amebocyte lysate (LAL) assay.

PS particles with different fluorochromes and fralifferent manufacturers were
assayed for the presence of endotoxin with the robgenic LAL assay.
Surprisingly, all particles gave positive LAL-reimets, and PS-PEG NPs turned to
be more positive than PS-COOH patrticles, regardieageing (Figure 61).

if: 1 Figure 61.
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The unexpected data suggested some interfererR8-bfPs in general, and PS-PEG
particles in particular with the LAL-assay. To istigate whether LAL-positivity
was due to endotoxin rather than to nonspecifiect$f of NPs on the LAL assay
components, a preliminary test was run on the cbgemic readout of the assay.
Different concentrations of p-nitro-aniline (p-NAye chromophore product of the
LAL assay) were brought together with increasingaamtrations (from 0 to 250
ug/ml) of NPs (Figure 62).
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Figure 62.PS-PEG NPs did not interfere with the photomegamdrout
of p-nitro-aniline (p-NA), the chromophore prodattthe LAL assay.
The colours refer to the different concentratiorisP&-PEG NPs
added to the p-NA solutions. Data points reprefiemtaverages of 3
assays on each NP concentrations (showing no densat

The results showed that PS NPs did not interfetle thie LAL assay readout, but did
not exclude the possibility that PS NPs, and esfigcPS-PEG particles, might
interfere with the enzymatic components — a protd@avage cascade leading to
clotting the hemolymph - of the LAL bioassay. Inetllack of unquestionably
endotoxin-free PS NP preparations, the endotoxntentrations on particle surfaces
could not be determined in absolute terms. Nextinwestigated whether the relative
levels of endotoxin adsorption by NP surfaces ctnaldietermined.

PS NPs were incubated with known concentrationsipafpolysaccharide (LPS,
endotoxin) dissolved in endotoxin-free distilledteraand the rate of LPS adsorption
was studied by LAL-assay and by SDS-PAGE.

After 1 hour incubation with 0.5.EU/ml LPS and rafe rigorous washings, PS NPs
showed an increased positivity in the LAL assag(Fe 63).
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B bare PS NPs Figure 63.

W LPS-treated PS NPs LAL-assays on bare and LPS-
incubated ,aged” particles. The
particles were incubated with 0.5
EU/ml LPS in water for 1 hour, and
were washed three times with
rigorous shaking. (Averages and
standard deviations; n=4)

LPS [EU/mi]
-
L

SDS-PAGE analyses also indicated firm, non-washsdtidement of endotoxins on
PS-NP surfaced-igure 64).
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Figure 64. SDS-PAGE of LPS-spiked and washed patrticles (Ian@3 and the
first (lanes 3, 4) and third washing solutions élarb,6). Left two lanes: O:
LPS-free water, 1ug: 1 ug LPS in water.
Knowing that PS NPs can adsorb significant amo@ibboterial endotoxins, and that
LAL-assays can be used for comparing surface-bambtbtoxins in relative terms,
we could show that PS-NPs accumulate endotoxinsthair surfaces during

prolonged storage (Figure 65).
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Figure 65.

Apparent LPS -contamination
of fresh (new) and aged (old)
particles. Averages and
standard devietions of 4 LAL-
o assays.
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The most important finding of these studies wag tRBRG-coating could not

prevent the adsorption of endotoxins on the parscirfaces.
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3.3.Biological effects of LPS contaminated PS NPs

The direct effect of surface-bound LPS on the ngkab uptake of PS-NPs was
evidenced by comparing the ingestion of PS-PEQqgbastwith or without spiking

with LPS. NileRed-labeled, aged PS-PEG particlesevwecubated with 0 to 100
ng/ml LPS for 4 hours. After rigorous washing, LBf8ked and not-spiked
particles (62.5 pg/ml) were added to cultures oP&pressing microglia, for 1
hour. Confocal microscopic Z-stack analyses shotied pre-incubation of PS-
PEG nanoparticles with as less as 10 ng/ml LPSteskin an increased microglial
uptake (Figure 66 ).

Figure 66. Confocal microscopic and Z-stack analyses on rgi@buptake of aged,
non-spiked (left) and aged and spiked with 10 ndg/R% PS-PEG NPs. Microglial
cells displayed the green fluorescence of CXC3RE-Gbnstruct; cell nuclei were
stained with DAPI (blue), and NileRed labeled PSSPEIPs showed red
fluorescence.

Thein vitro data indicated that even small amount of bio-actempounds adsorbed
by NP surfaces can turn the otherwise harmlessclgartto potential biological-risk
agents. Thein vitro studies, however, should necessarily neglect thwegdul
protective functions of physiological barriers. Tharrier-penetration anth vivo
body distribution of PS NPs have been thoroughlestigated my fellow PhD
student, Kata Kenesei; therefore the data are piexden her thesis work. My work
joined to thein vivo investigations only in studying the barriers potiggy the
developing and adult nervous tissue, the placenth the blood-brain barrier,

respectively.
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4. Interaction of PS NPs with physiological barriers potecting the central
neural tissue.

Short-term (5 min) and long-term (4 days) distnbatof PS-COOH and PS_PEG
NPs in the embryonic and adult mouse brain andhénptiacenta of 14 — 17 post-
conception pregnant mice were investigated aftaingle intravenous injection
(2.1pg particle mass /g bodyweight) of FITC-labeR®I NPs into the tail vein. After
5-minute and 24-hour exposures the animals weredfisad, and 30 um tissue
sections were investigated with fluorescence meopg and with confocal
microscopy supplemented with spectrum analysis.

The histological studies (Figure 67 A,C) revealedt 5 minutes after the injection,
PS-COOH particles decorated densely the walls @fbtiain vessels, while PS-PEG
NPs were hardly revealed in the brain by the agptreethods. Four days after the
injection, however, all

particles were cleared from the brain. Similarly-0O0OH NPs were initially
retained by the placenta, while PS-PEG NPs wereseen. In a 4-day period,

carboxylated particles were completely cleared ftbeplacenta as well.

Figure 67. Confocal microscopic pictures and spectral analysight panels) of
sections made from the adult mouse forebrain (&jB) the placenta (C,D; #lay
postconception) afteb min of injection of PS-COOH (A,C) and PS-PEG NPs
(B,D). The fluorescence spectrum of nanopartictessaown as green curves with a
maximum light emission at 485 nm. The spectra dividual spots are shown with
the same colouring as their outlines on the uppetuges. Picture and analysis by
K.Kenesei (Kenesei et al., Nanomedicine submitted).
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Figure 68. Confocal microscopic pictures and spectral analysight panels) of
sections made from the adult mouse forebrain (A&8) the placenta (C,D; %7
day postconceptiond days after the injection of PS-COOH (A,C) and PS-PEG
NPs (B,D). The fluorescence spectrum of nanopagiere shown as green curves
with a maximum light emission at 485 nm. The sgedf individual spots are
shown with the same colouring as their outlinegshenupper pictures. Picture and
analysis by K.Kenesei (Kenesei et al., Nanomedisuignitted).

In accordance with the data on proper protectivetions on the placenta, PS NPs
were not revealed in the embryonic brain.

Figure 69 Confocal
microscopic pictures (A,C
and enlarged part of A on
the upper right panel) and
fluorescence spectra of
encircled regions (right
bottom panel) of
embryonic (E17) mouse
brain cortex
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The data demonstrated that in vivo, the cells efddntral neural tissue are protected
against the invasion of PS NPs of the 50 nm singeaTargeted studies on time
vivo penetration and neurobiological effects of LPStaomnnated NPs, however, is
considered for the near future.

5. Cellular responses to silver NPs of different shape

Silver NPs (Ag NPs) are known to be toxic to migabland tissue cells, mainly due
to the release of Agions. AgNPs are widely used as anti-infectantsabse of the
higher sensitivity of bacteria than mammalian cellee aim of this study was to
investigate the influence of particle-shape on thammalian cellular toxicity;
therefore Ag NPs with size about 50 nm were syitledswith different — spheroid,
cubic, triangle and rod — shapes (see Chapter, hid) their toxicity was measured

on NE-4C embryonic neuroectodermal stem cells.

NE-4C neural stem cells were exposed for 24 hoarsdreasing (1-10Qug/ml)
concentrations of silver NPs with different shapg@sll viability was measured with
MTT reduction testsThe metabolic activity (MTT reduction capacity) wasluced
below 20% of the control by Ag rods at Jlg/ml, and by cubes at 50 pg/ml
concentrations. Ag triangles showed mild (less tbafo) toxicity at 100 pg/ml
concentration, while Ag spheres were not toxic wbempared to untreated control.
(Figure 70).

A m100pg/ml

120 - E 50pg/ml

£ -1E H20pg/ml
100 - T B T F  O10ug/ml
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Figure 70. Shape-dependent effects of Ag-NPs on metaboligitycof
NE-4C neural stem cells.

The data-indicated a toxicity-rank for the differshapes:

rods > cubes > triangles > spheres
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To investigate whether Ag-NP toxicity was causedtihy released Ag-ions, NPs
were dispersed (100 pg/ml) in cell culture mediamg after 24-hour incubation the
particles were removed from the suspensions byritggdtion (30 000g; 15 min).
The culture medium of NE-4C cells was replaced \tlith particle-free incubation
solutions and cell viability (MTT reduction capagitwas assayed after 24 hour

incubation with particle-free supernatants (Figtitég.
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PVP
Supernatant of 100 pg/ml nanoparticles
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Figure 71. The effects of particle-free supernatants of N&psuasions on viability
(MTT reduction) of NE-4C cells. Spheres PVP: Ag em@s kept in
polyvinylpyrrolidon (PVP) containing buffer prioo tispersion in culture medium

The data demonstrated important toxic effects effhrticle-free supernatants of
Ag cubes and triangles, while, almost no toxic @Heof the supernatants of spheres
were detected. In the case of rods, the resultd hether explanation. Ag rods
displayed high MTT-reduction capacity in themselvEsr the time being, this
interference with the assay components is not exglo

The cellular uptakeof Ag-NPs was investigated by electron microsca@fter
exposing the cells for 1 hour to 50 pg/ml doseslBt. The heavy cytotoxicity of

Ag rods was evident on the electron microscopitupés (Figure 72).
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Ag nanospheres

s, 500 | e e T
Figure 72. Ag-NPs with spherical, cubical or triangle shapd dot cause severe
structural damages of NE-4C cells during a 1-hogoosure. In contrast, NE-4C

cells were disrupted in the presence of Ag nanorods

The extreme toxicity of Ag rods was presumably doehe mechanical damage
caused by this shape.

Electron microscopic studies failed to demonstrateumulation of Ag-NPs in

intracellular vesicles, and revealed only a very farticles inside the cells. It might
be due either to the low cellular penetration, loe tapid dissolution of particles
outside and inside of the cells.
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4. Discussion

1. The main findings of the work

NPs with non-toxic (polystyrene or silica) core erv&l and with a size of
45-70 nm, did not exert acute toxic effects on afhythe investigated
neural cells.
The low-level toxicity (found at extremely high pale concentrations)
was further decreased if the surface of particlesewcoated with non-
ionic polymer molecules as poly-ethylene glycol @E or
polyvivylpirrolidon (PVP).
The cellular responses to NPs reflected the phygicdl characteristics
of different neural tissue cells:
- neurons did not react to NP-loading with either abetic or
uptake responses
- endothelial cells showed metabolic activation withocell
damages
- microglia cells displayed metabolic activation loesi a significant
uptake of NPs
Passivation of NP surfaces with PEG or PVP resuitech marked
reduction of cell responses
Aged PS NPs evoked different cell responses dyaitiicle aggregation
and accumulation of bacterial endotoxins on NPas@s$
Passivation with PEG PS NP surfaces did not preverdotoxin
accumulation
Silver NPs (35-50 nm) exerted shape-dependent tfkécts on neural
cells with a toxicity-rank of spheres<cubes<tri@sglrods. Toxicity was
due to shape-dependent dissolution of Ag ions hagévere mechanical

damages by rod-shaped NPs

2. Cellular responses to NPs with non-toxic core nberial

The main part of the studies focused on the impogaf the chemical composition

of NP surfaces in the interactions with neurals€ello avoid variations due to size

and to the release of biologically active compouinds particles, NPs with uniform
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size and with a non-toxic, non-soluble PS or siicee material (Izak-Nau et al.,
2013a; Murali et al., 2015) were used. The surtddeS particles carried carboxyl or
PEG groups resulting in particles with differengagve surface charges (~ -35 mV
and -14 mV, respectively). Si NPs carried -OH, -@HNH groups on surfaces or
were “passivated with PVP coating. Silica partiqe@ nm) (Izak-Nau et al., 2013a),
or PS NPs with sizes between 45-70 nm (Murali et28l15) did not show important
in vitro toxicity on the investigated neural cell typesthamild toxicity detected only
at extremely high concentrations {40 10" particles/ml).

Similarly, thein vivo studies did not indicate severe invasion of PS NPany
physiological damages to the adult or developirgrbrThe physiological barriers,
e.g. the blood-brain barrier in the adults and pitecenta in the embryos could
prevent the penetration of the polystyrene 50nmtigles. The surface
functionalization of particles caused differenca/on the short-term distribution of
PS NPs with higher attachment of PS-COOH NPs tov#iseular surfaces in both the
adult brain and the placenta. In a 4-day periodNPS were completely cleared from
the brain and also from the placenta.

The mild in vitro cellular effects, however, showed well detectabtgiations
according to the chemical surface composition dfiglas.

Amine functionalisation of Si NPs increased, wHiéP coating reduced markedly
the particle toxicity. Similarly, carboxylated PSP8l showed slightly but
significantly increased cellular effects in compan to PEG coated patrticles. The
polyether chain (HO-{(CKCH.0) n} CH>-CH>-OH) of PEG can importantly reduce
the chemical reactivity of NPs. Therefore PEG cwpis regarded as a chemical tool
to prevent absorption of NPs by living material ditlthem stay longer in the blood
circulation. Coating the PS or Si particle surfasgth PEG or PVP, respectively,
reduced also the binding of serum proteins to garsurfaces. Both PEG and PVP
reduced the surface charge reinforcing the viewn(&hal., 2014, He et al., 2010,
Pozzi et al., 2014) that charges on particle sedaplay important roles in

chemical/biological actions of particles in watesbd environment.

As it was expected, PS and Si NPs with differemfase functionalization evoked
different responses in different neural cells. Thetabolic reactions of cells were
assayed by photometric MTT reduction tests meaguhe formation of formazan

from a tetrazolium salt. The redox potential a§tteaction is slightly lower than the
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transformation of reduced NADPHNADH™ to NADP / NAD coenzymes; therefore
the tetrazolium salt is reduced by NADPNADH® inside the cells (Mosmann,
1983). NADPH and NADH are produced by cellular metabolic processes én th
cell cytoplasm and in the mitochondria, respecyivéhus, measuring their amounts
with MTT reduction can well indicate the rate ofgoing cell metabolism. Because
the reduced coenzymes provide the main reductipaaiy of cells for synthesizing
bio-macromolecules, and because cell cannot surwvighout continuous
biomolecule synthesis, the MTT reduction is regdrddso as a viability test.
Decrease in metabolic activity, however, does neam necessarily severe cell
damages; restructuring of metabolic processes iadaptive response of cells to
changing conditions. Therefore for assessing t@ffects, we measured also the
integrity of the cell membranes which is inevitabter cell life. Lactate
dehydrogenases (LDHSs) are cytoplasmic enzymes wdaohget outside of the cells
only in case of severe (cytotoxic) membrane damdgée and Matsuki, 2000).
Measuring the activity of released LDH providedemstive toxicity assay which
indicated cell damages even in cases where MTTctexfudid not show any effects.
Neurons including those differentiated from sterlisce vitro and those isolated
from the mouse forebrain, as well as neural stells déd not respond to loading
with any NPs with changes in metabolic activity iorthe rate of mortality. In
microglia containing cultures (purified microgliacprimary brain cell cultures), a
slight increase in metabolic activity was accompdnwith a significant increase in
the extracellular LDH activity. The increased amiooinLDH releasing cells without
any decrease in the total metabolic activity of thdture indicated that the
metabolism of surviving cells was enhanced.

Brain microvessel endothelial cells responded toN®S with increased metabolic
activity without any changes in extracellular LDEtigity, regardless of the surface
functionalization of NPs. The observation raised possibility that deposition of
NPs or NP agglomerates onto the cell surfaces mighgger mechanosensory
reactions in endothelial cells known to possesstipiel signal transduction and
metabolic pathways for reacting to mechanical serfdisturbances (Sharma et al.,
2009).

In further studies on interactions of particles hwiiving cells, the uptake of

fluorescent particles was investigated by fluoreseemicroscopic and confocal
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microscopic methods. The microscopic techniquesiepfor assessment of cellular
uptake of fluorescent NPs allowed visualising largeicron-size) assemblies of NPs
rather than imaging individual 45-70 nm particlésitside of the cells, large NP
assemblies could be formed by spontaneous padigesgation. Formation of large
intracellular particle assemblies, however, presiiaive cellular processes, which
could collect particles into endocytotic vesiclggosomes or autophagosomes by
energy-dependent endocytotic or intracellular agrtmechanisms. To get data on
intracellular accumulation of NPs, confocal micrggic methods were combined
with fluorescence spectrum analysis. To exclude @abeumulation of individual
particles by time-consuming cellular sorting medb@ars, short-term (1 hour) uptake
periods were chosen. The applied methods allowetlisfog on the active
endocytotic/phagocytotic uptake of particles.

Resolution of particle-aggregates by traditionabfescence microscopy was further
hindered by the high cellular autofluorescence,eeigly that of lysosomes .
Therefore, NP fluorescence had to be distinguidh&a the autofluorescent tissue
background. For reliable detection of particle fescence, the spectrum profile of
particles was determined and detection settinge wptimized for studying particles
on tissue sections. It was found, that the higbegtal to noise ratio was reached if
the specimens were excited at 457 nm wavelengththenemitted light was detected
in a wavelength range from 468 nm to 548 nm, wilpectral resolution of 2.5 nm
(Kenesei et al., Nanomedicine. 2015 submitted).

After determining the optimum instrument settingse fluorescence spectrum of
particles was measured in PBS, in protein contgisiolutions, in contact with the
mounting material (mowiol), or in interaction witlssue slices. The fluorescence
spectra of Si or PS NPs did not change with surfaodifications or in different
environments. In spectrum analysis, the autoflummese of non-treated treated cells
was used as negative control, and the fluoresceh®Ps seeded on control cells
served as positive control®Vith the applied spectral analysis, the presence of
accumulated NP assemblies could be determinedeitiselcells.

The microscopic results demonstrated that frestarsi PS NPs were taken up
actively only by microglia cells. The uptake waswever, markedly influenced by
the chemical composition of the particle surfade¥P-coated Si NPs and PEG-

coated PS NPs were not or only sporadically inlered.

82



DOI:10.14753/SE.2015.1789

3. Effects of ageing on characteristics and biologal interactions of PS NPs
Ageing of nanoparticles lead to a number of physitemical changes, which could
affect dramatically the biological activity of pafes (Mudunkotuwa et al., 2012). In
preparations of PS NPs stored for longer than 6 thsofarge aggregates were
formed, as it was shown by DLS, NTA, TEM and CP&lgsis. The aggregates
could not be dispersed by heavy sonication. Whglgregation of fresh particles was
reduced by the presence of serum components, tney leggregation of aged PS
NPs could not be reversed by dispersing them innseontaining medium. The
surface potential of such “particles” could notdetermined.
Large aggregates have higher sedimentation vedsdifieeguarden et al., 2007), thus
settle at a higher rate and in an increased ammurdellular surfaces: aggregation
results in enhanced cellular load in comparisonexposure to equal mass of
monodispersed particles. The increased cell-tadgdtse of aged particles could
enhance the endocytotic uptake, in itself. Pargjgregates settled onto the surfaces
of endothelial cells or microglia could not be ramd with rigorous washing.
Aged particles displayed enhanced toxicity anddaased intracellular accumulation,
regardless of the original surface functionalizaticSettlement of micron-size
aggregates, in itself, could cause membrane daneagksnight trigger endocytotic
uptake. The loss of action of original surface tioralization and the cell-selective
increase in toxicity with particle ageing, howeveised the possibility that particle
surfaces were also chemically changed.
The chemically active NP surfaces can concentretedtive molecules present in
their microenvironment (Vallhov et al., 2006). Laog for potential contaminants,
bacterial lipopolysaccharides (e.g. endotoxinsy] #me ubiquitous and bio-active

pollutants were suspected.

4. Adsorption of bacterial endotoxins by PS NPs

Bacterial endotoxins are present in the outer man®of Gram-negative bacteria
(Luderitz et al.,, 1981) and are released to tharenment by both dividing and

dying bacteria. Endotoxins are everywhere, evestarile tissue culture laboratories
and medical cabinets, and can get into any sysheough air, water, chemicals or

equipments.
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To determine the potential LPS contamination ortiglar surfaces, thd.imulus
Ameobocyte Lysate (LAL) assay was used. The LAlLagssith highly sensitive
chromogenic development-system can detect as loW.G&L EU/ml LPS which
corresponds to 1 pg/ml LPS. To our surprise, allNESpreparations gave positive
LAL reactions, with higher positivity for PEGylatéldan carboxylated particles.

The LAL assay, however, is a bio-assay, whichzadgithe hemolymph-agglutination
enzyme cascade of themuluscrab (Armstrong et al., 2013, Ding and Ho, 2010,
Armstrong and Conrad, 2008, Roth and Levin, 199Phe enzyme cascade can be
modified by a number of compounds including varipagysaccharides, proteolytic
enzymes, Cd-chelators or pH. While we could show that NPs bt interfere with
the chromogenic development system of the assay,caowdd not exclude the
interference with the enzymatic components. Thectx@mposition of or the
presence of LAL-intervening compounds on the highdigorptive nanosurfaces are
difficult to determine. Moreover, the main enzynoenponents of the assay might be
adsorbed or even denatured by NPs.

We could demonstrate, however, that all aged pestiwere more positive than the
corresponding fresh NPs. As endotoxin-free (LALateg) PS NPs were not
available, the LPS contamination on particle sw$acould not be determined in
absolute terms.

Instead, the ready accumulation of LPS by NPs wasws by “spiking”

experiments.

Incubating NPs with defined concentrations of LRSulted in accumulation of
bacterial endotoxins on PS NP surfaces. An impofiitading of the study was that
while PEGylation reduced the binding of serum prstéo particle surfaces, it did

not prevent the adsorption of endotoxins.

Incubating NPs with as low as 10 ng/ml concentratiof LPS showed that small
amount of surface-adsorbed endotoxin was suffiderdause enhanced phagocytic
responses. The finding that LPS-spiked particleswaken up at a much higher rate
by microglia and also by neural stem cells suggesibat at least a part of cell
responses evoked by aged particles was mediatedritgminating LPS.
Contaminants as endotoxins may lead to erronealsdatal conclusions and might
lead manufacturers to abandon particle preparatwnsh otherwise, if free of

contamination, might provide promising nanomateriéih the normal environment,
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endotoxin concentration is low (and the physiolagigarriers of the living systems
are highly effective), thus its presence does moply health risks. Our NP
preparations, however, were opened under steritglitons, and were stored in
sterile MilliQ water at 4C. Even under such biologically clean conditionBsiould
accumulate LPS. Despite of recent efforts and viesde-applications, fully reliable
assays for LPS determination in NP preparationsnateavailable. We applied a
SDS-PAGE method with sensitive silver stain (Tgad &rasch, 1984pr detecting
lipopolysaccharides adsorption on nanoparticleas@d. The LPS gel-eletrophoretic
assay, however, is time-consuming, not highly $mmesithe limit of detection is
approximately 0.1pg/ml) and does not provide quatiNe data for routine analysis.
Conventional bio-assays (as in our case the LARysshould be used with caution
and with accurate controls if applied on nanopkesicElaboration and validation of
novel toxin-assessing methods seem to be inevité&eroutine nano-safety
screeningln agreement with previous work (Vallhov et al.08), these data call for
introducing potent screening methods for detectitoxic contaminants of
nanoparticles, especially those intended for natrétl and biomedical use.

5. Effects of particle shape on Ag NP toxicity.

Silver NPs are known to exert toxic effects to bdat fungi and also on mammalian
tissue cells. The main reason of their severe ityx€ the dissolution of Ag ions from
the particles. In this respect, it was expected ttha shape of the more-or less equal
sized patrticles will influence cytotoxicity: thesdblution is expected to be accelerated
by geometrical edges. Our dissolution studies lylesirowed that cubes and triangles
release higher amount of ions than the spheresaecwtdingly cause higher toxicity.
In case of Ag rods, we find a recently non-expldineterference with the MTT-
reduction assay. Therefore, we could not reasorpdrenentally the very high rod-
toxicity with an increased ion-release. The shdmeyever, can influence also the
interaction of particles with the membrane of liyicells. Namely, the wraping of
particles into the membrane material during endmsigt or phagocytosis is also
influenced by edges and lines on particle surfadssma and Stellacci, 2010).
Furthermore, many literature precedents reportat] fihysicochemical properties that
shape may be important in understanding the toxXfects of nanomaterials
(Oberdorster et al., 2005, Powers et al., 2007).
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Based on the electronmicroscopic images, the extrémxicity of Ag nanorods
indicated severe mechanical cell injures, rathantbhemical toxicity. While TEM
images showed unexpectedly low number of particlssle NE-4C neural stem cells
after 1 -hour exposure, the few nanorods seen eritnages seemed to completely
disrupt the cells. For proper interpretation, ferttstudies are needed. While Ag
particles with all shapes absorbed large amounkdoaid plasma proteins, the amount
of absorbed proteins also changed with shape: andstriangles adsorbed equally
large amount of proteins. Ag spheres bound thedesteins, indicating that edges and
lines largely influence the interactions of NPaksth macromolecules.

As all Ag NPs showed important cytotoxicity, theilde application as anti-bacterial
medical and food-packaging additives need sevesideration. The studies on shape-
dependency of the cytotoxicity might help to fiftetright types and doses of Ag

particles for optimal use.
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5. Conclusions

Particles of 50 nm size and with polystyrene atidascore material are not severely
toxic for a series of different neural tissue cellsating NP surfaces with PVP or PEG

further reduces both the toxic effects and theutaalluptake of NPs.

The physico-chemical characteristics and biologicadtivity of NPs change
importantly with ageing resulting in large partieélggregates and modified surface

composition.

Endotoxins are readily adsorbed by PS NPs durimagé and the toxin adsorption is
not prevented by coating the surfaces with PEG.oEngn-adsorption increases

toxicity and phagocytotic uptake of particles.

In assessing the health risks and biological astmimanoparticles, the accumulation
of toxins or other bio-active compounds on nan@a@$ should be seriously taken
into account. Particles with all shapes absorbedrge amount of blood plasma
proteins, but the amount of absorbed proteins adngwith shape:
rods=triangles>cubes>sphere€ellular toxicity showed strong shape-dependency:
rods were highly toxic even in 1 hour exposure. &ufpb0 mg/ml) and triangles (100
mg/ml) exerted toxic effect at relatively high centrations, in 24-hour exposure.
Rods displayed extreme toxicity presumably duéhéorhechanical damage this shape

can cause and the rapid release of Ag ions.
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We investigated thén vitro effects of nanoparticles (NPs) on different newll
types and studied the penetration of particles theoadult and developing central
nervous system. Among various physico-chemical gntegs known to influence the
biological effects of nanoparticles, our studiesulged on the role of chemical
composition of NP surfaces. For this end, partiolethe same (45-70 nm) size-range
and of non-toxic core-material (silica or polystye¢ were included in the studies.
The particles were thoroughly analysed by usingisswmethods. The interaction of
50 nm fluorescent core/shell silica NPs with netissdue cells depended strongly on
both, the surface charge of particles and the tgpethe interacting cells.
“Passivating” the particle surfaces with polyvipyrolidone (PVP) reduced the
interactions with biological material resulting ieduced protein adsorption by NP
surfaces, decreased toxicity and cellular uptakee @ellular effects of 50-70 nm
polystyrene (PS) NPs with negatively charged (ceylated) or PEG-passivated
surfaces also showed important surface-dependefigéraices and cell-type
dependent variations. Silica and PS NPs used wi@months of synthesis proved to
be not severely toxic to neural tissue cells: tibxizvas detected only at extremely
high particle doses. Uptake experiments using aatfospectrum analysis
microscopy showed that neurons did not take uppamticles, while microglial cells
internalized a large amount of negatively chargediges but almost no particles
with passivated (PEGylated or PVP coated) surfatlsin vivo tissue penetration
of PS NPs was investigated. Significant differenaese found in the short-term
tissue invasion between carboxylated and PEG-cda®garticles. The distribution
of PS-NPs in the adult mouse body is presentetdanPhD thesis of Kata Kenesei.
From the in vivo effects of NPs, my work concermedy on barriers protecting the
developing and adult CNS. Regardless of functiaa#ibn, PS NPs were not found
in embryonic tissues, and were completely cleareoh fthe placenta in a 4-day after
injection period.When experiments on cellular res@s were repeated with “aged”
NPs (shelf-life longer than 6 months), enhancedctyxand cellular NP uptake were
detected. Endotoxin assays includingulus ameobocyte clotting (LAL) tests and
SDS-PAGE showed that both PEGylated and carboxyl®®& NPs adsorbed
significant amounts of bacterial lipopolysacchasidd PS). Nanoparticle size
analyses proved the formation of large particleraggtes during prolonged storage.
Besides the non-toxic PS and silica NPs, the rbteeshape of Ag NPs (35-50 nm)

in the interactions with living material was alsweéstigated.
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Az egyéb hatasok kizarasa érdekében, azonos nagt@ttinyba (45-70 nm) &s
nem mérged anyaghol készitett (szilicium és polisztirol) részkéket vizsgaltunk.
A biologiai alkalmazédsok éit a részecskéket tobbféle moddszerrel DLS, zéta-
potencial mérés, DCS, NTA, TEM jellemeztik. Az 58 méreti mag/héj szilicium
NP-ok (Si NP) idegszoveti sejtekkel vald koélcsodisait jelenisen befolyasolta
mind a NP-ok felszini toltése, mind a reagalo &ejigusa. A részecskék felszinének
bevonassal poli-vinilpirrolidonnal csdkkentette aiolégiai anyaggal valo
kolcsdnhatasokat: a részecskék fehérje adszorpcs@jtoxicitdsat és a sejtek altali
felvételét. Az 50-70 nm méiepolisztirol NP-ok (PS NP) karboxilalt (PS-COOH) és
poli-etilénglikol (PEG) bevonattal ellatott (PS-PE®@altozatainak vizsgalatai is
jelents felllet- és sejttipus-fuggeltéréseket eredményezetek. A frissen (gyartas
utdn <6 honap) felhasznalt SI NP-k és PS NP-k egsizbveti sejtekre csak extrém
koncentraciéban gyakoroltak toxikus hatast. A &efigali NP felvételt konfokalis
mikroszkopos spektrum-analizis modszerével elerkeZi eredmények szerint, az
idegsejtek nem vettek fel NP-t, mig a mikroglia tedej nagy mennyiségben
internalizéltak a negativ felszin-toltésészecskéket, de nem fagocitaltak PEG-gel
33ugl/testsuly kg részecske intravénas beadasa uidsgaltuk a vemhes
egéranyakban és embriokban. Jdiengltérést talaltunk a PS-COOH és PS-PEG
részecskék test-eloszlasa kozott. A testbeli edgselemzését a munkacsoportban
PhD hallgato-tarsam, Kenesei Kata. A jelen disgrértkeretében csak a részecskék
kifejlett vagy fejbdé agyba valo bejutasat vizsgaltuk. Az adatok azomy#tottak,
hogy a placenta komplett barrierként akadalyozP&SaNP-k bejutasat az embridba.
Amikor a fenti kisérleteket megismételtiik ,eléreged (6 honapnal tovabb tarolt)
részecskékkel, megemelkedett toxikus hatast és dwegadett sejt-felvételt
mertink. Az eldregedett részecskéket, az eredstife sajatsagaiktol figgetlendil,
igen nagy mennyiségben fagocitaltdk a mikrogliategej és felvették az idegi
6ssejtek is. Tobb-féle LAL és SDS-PAGE) elemzésekkabnyitottuk, hogy a PS-
COOH és PS-PEG részecskék is jelenimennyiséfy bakteridlis LPS képesek a
felszinmikon adszorbealni. A részecskek méret-elemzése magmuhogy a tarolas
soran a partikulumok nagy mértékben aggregéaltaknetn-mérge& (szilicium,
polisztirol) alapanyagu részecskék mellett, vizegdbz azonos mérettartomanyba
(35-50 nm) tartozo6, d&llonb6zd geometrigju— gomb, kocka, gula és rad) ezist

nanorészecskék (Ag NP) sejtes kélcsonhatasait.

89



DOI:10.14753/SE.2015.1789

7. References

ATSDR. 1990. Agency for Toxic Substances and DiseResgistry. Toxicological
profile for Silver. .Prepared by Clement international corporation, unde
Contract.

ATSDR. 2007. Toxicological profile of styrene., U.Bepartment of Health and
Human Services: Atlanta, Georgia.

ABBOTT, N. J.,, RONNBACK, L. & HANSSON, E. 2006. Astcyte-endothelial
interactions at the blood-brain barribiat Rev Neurosci, 41-53.

ABE, K. & MATSUKI, N. 2000. Measurement of cellul&(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) reducticexctivity and lactate
dehydrogenase release using MNEurosci Res38, 325-9.

AHMAD, M. & BAJAHLAN, A. S. 2007. Leaching of styree and other aromatic
compounds in drinking water from PS bottldsEnviron Sci (China),19,
421-6.

AHN, J. M., EOM, H. J., YANG, X., MEYER, J. N. & C8ll, J. 2014. Comparative
toxicity of silver nanoparticles on oxidative ssesnd DNA damage in the
nematode, Caenorhabditis elegadsemospherel 08 343-52.

ALEXIS, F., PRIDGEN, E., MOLNAR, L. K. & FAROKHZADQ. C. 2008. Factors
affecting the clearance and biodistribution of paodyic nanoparticlesvol
Pharm,5, 505-15.

ARMSTRONG, M. T., RICKLES, F. R. & ARMSTRONG, P. B013. Capture of
lipopolysaccharide (endotoxin) by the blood clotamparative studyPLoS
One,8, e80192.

ARMSTRONG, P. & CONRAD, M. 2008. Blood collectiomofn the American
horseshoe crab, Limulus polyphemaid/is Exp

ASHARANI, P. V., HANDE, M. P. & VALIYAVEETTIL, S. 209. Anti-
proliferative activity of silver nanoparticleBMC Cell Biol,10, 65.

BAR-ILAN, O., ALBRECHT, R. M., FAKO, V. E. & FURGEGSN, D. Y. 20009.
Toxicity assessments of multisized gold and silvanoparticles in zebrafish
embryosSmall,5, 1897-910.

BASTUS, N. G., MERKOCI, F., PIELLA, J. & PUNTES, \2014. Synthesis of
Highly Monodisperse Citrate-Stabilized Silver Naadjxles of up to 200
nm: Kinetic Control and Catalytic PropertigShemistry of Materials26,
2836-2846.

BEXIGA, M. G., VARELA, J. A., WANG, F., FENAROLI, F SALVATI, A,,
LYNCH, I, SIMPSON, J. C. & DAWSON, K. A. 2011. Ganic
nanoparticles induce caspase 3-, 7- and 9-med@ftedoxicity in a human
astrocytoma cell lineNanotoxicology5b, 557-67.

90



DOI:10.14753/SE.2015.1789

BHARALI, D. J., KLEJBOR, I, STACHOWIAK, E. K., DUTA, P., ROY, I,
KAUR, N., BERGEY, E. J.,, PRASAD, P. N. & STACHOWIAKM. K.
2005. Organically modified silica nanoparticlesnénviral vector for in vivo
gene delivery and expression in the brditroceedings of the National
Academy of Sciences of the United States of Amé&0€al11539-11544.

BUERKI-THURNHERR, T., VON MANDACH, U. & WICK, P. 202. Knocking at
the door of the unborn child: engineered nanogesgiat the human placental
barrier.Swiss Med Wkly142 w13559.

CASSIDY, P. E. & YAGER, B. J. 1971. Coupling Agerdts Adhesion Promoters.
Journal of Macromolecular Science: Part D - Reviews Polymer
Processing}, 1-49.

CHAUDHRY, Q., SCOTTER, M., BLACKBURN, J., ROSS, BBOXALL, A.,
CASTLE, L., AITKEN, R. & WATKINS, R. 2008. Applicédns and
implications of nanotechnologies for the food sectood Additives and
Contaminants Part a-Chemistry Analysis Control EBge & Risk
Assessmengbs, 241-258.

CHO, M., CHO, W. S., CHOI, M., KIM, S. J., HAN, B&., KIM, S. H., KIM, H. O,,
SHEEN, Y. Y. & JEONG, J. 2009. The impact of sizetssue distribution
and elimination by single intravenous injection sifica nanopatrticles.
Toxicol Lett, 189 177-83.

CLIFT, M. J., BHATTACHARJEE, S., BROWN, D. M. & STME, V. 2010. The
effects of serum on the toxicity of manufacturedayarticles.Toxicol Lett,
198 358-65.

COHEN, J. T., CARLSON, G., CHARNLEY, G., COGGON,,ELZELL, E.,
GRAHAM, J. D., GREIM, H., KREWSKI, D., MEDINSKY, M.MONSON,
R., PAUSTENBACH, D., PETERSEN, B., RAPPAPORT, SH®MVBERG,
L., RYAN, P. B. & THOMPSON, K. 2002. A comprehensievaluation of
the potential health risks associated with occopali and environmental
exposure to styrend.Toxicol Environ Health B Crit Re®, 1-265.

DEMOKRITOU, P., GASS, S., PYRGIOTAKIS, G., COHEN,M., GOLDSMITH,
W., MCKINNEY, W., FRAZER, D., MA, J., SCHWEGLER-BERY, D.,
BRAIN, J. & CASTRANOVA, V. 2013. An in vivo and iwitro toxicological
characterisation of realistic nanoscale CeO(2) latltm exposures.
Nanotoxicologyy, 1338-50.

DING, J. L. & HO, B. 2010. Endotoxin detection-4findimulus amebocyte lysate to
recombinant factor CSubcell Biochenf3, 187-208.

DONALDSON, K., STONE, V., TRAN, C. L., KREYLING, W& BORM, P. J.
2004. NanotoxicologyOccup Environ Medg1, 727-8.

91



DOI:10.14753/SE.2015.1789

DRAKE, P. L. & HAZELWOOD, K. J. 2005. Exposure-rtdd health effects of
silver and silver compounds: A revie#nnals of Occupational Hygiend9,
575-585.

DUAN, J., YU, Y., LI, Y., HUANG, P., ZHOU, X., PENGS. & SUN, Z. 2014.
Silica nanoparticles enhance autophagic activitigtudo endothelial cell
homeostasis and impair angiogeneBext Fibre Toxicol,11, 50.

EEA. 2001. Late Lessons from Early Warnings: ThecRutionary Principle 1896—
2000. Environment Issue Report, no. 22. (Harreniye&ee D, MacGarvin
M, Stirling A, Keys J, Wynne B, et al., eds). Copagen:European
Environment Agency.

EMA, M., KOBAYASHI, N., NAYA, M., HANAI, S. & NAKAN ISHI, J. 2010.
Reproductive and developmental toxicity studies ofanufactured
nanomaterialdReprod Toxicol30, 343-52.

FADEEL, B. & GARCIA-BENNETT, A. E. 2010. Better safthan sorry:
Understanding the toxicological properties of iramg nanoparticles
manufactured for biomedical applicatioAslv Drug Deliv Rev62, 362-374.

FATEMI, M., ROODBARI, N. H., GHAEDI, K. & NADERI, G 2013. The effects
of prenatal exposure to silver nanoparticles on dieeeloping brain in
neonatal ratslournal of Biological Research-Thessaloni0, 233-242.

FEYMANN, RICHARD P. 1960. There's Plenty of Room #ie Bottom.
Engineering and Science, 23 (5), 22-36.

FROHLICH, E., KUEZNIK, T., SAMBERGER, C., ROBLEG&E., WRIGHTON,
C. & PIEBER, T. R. 2010. Size-dependent effectmahoparticles on the
activity of cytochrome P450 isoenzymdsxicol Appl Pharmacol242 326-
32.

FROHLICH, E., MEINDL, C., ROBLEGG, E., EBNER, B.,.BSENGER, M. &
PIEBER, T. R. 2012. Action of polystyrene nanopdes of different sizes on
lysosomal function and integritfpart Fibre Toxicol,9, 26.

GONZALEZ, L., DE SANTIS PUZZONIA, M., RICCI, R., ABELI, F.,
GUARGUAGLINI, G., CUBADDA, F., LEYNS, L., CUNDARILE. &
KIRSCH-VOLDERS, M. 2014. Amorphous silica nanopees alter
microtubule dynamics and cell migratidsanotoxicology1-8.

GRAMMAS, P., MARTINEZ, J. & MILLER, B. 2011. Cerellr microvascular
endothelium and the pathogenesis of neurodegevemiseasefxpert Rev
Mol Med, 13, e109.

GRANCHAROQOV, S. G., ZENG, H., SUN, S., WANG, S. XQ'BRIEN, S,

MURRAY, C. B., KIRTLEY, J. R. & HELD, G. A. 2005. iB-
functionalization of monodisperse magnetic nanagag and their use as

92



DOI:10.14753/SE.2015.1789

biomolecular labels in a magnetic tunnel juncti@asdd sensod. Phys Chem
B, 109 13030-5.

GUIOTTO, A., CANEVARI, M., POZZOBON, M., MORO, SORSOLINI, P. &
VERONESE, F. M. 2004. Anchimeric assistance effect regioselective
hydrolysis of branched PEGs: a mechanistic invagtg.Bioorg Med Chem,
12, 5031-7.

HASSANKHANI, R., ESMAEILLOU, M., TEHRANI, A. A., NASIRZADEH, K.,
KHADIR, F. & MAADI, H. 2014. In vivo toxicity of oally administrated
silicon dioxide nanoparticles in healthy adult mi&mviron Sci Pollut Res
Int.

HE, Q., ZHANG, J., SHI, J., ZHU, Z., ZHANG, L., BW., GUO, L. & CHEN, Y.
2010. The effect of PEGylation of mesoporous silitanoparticles on
nonspecific binding of serum proteins and celluesponsesBiomaterials,
31, 1085-92.

HEIDER, E. C., BARHOUM, M., PETERSON, E. M., SCHAER, J. & HARRIS,
J. M. 2010. Identification of single fluorescenbéds using spectroscopic
microscopyAppl Spectrosd4, 37-45.

HIRAI, T., YOSHIKAWA, T., NABESHI, H., YOSHIDA, T., TOCHIGI, S.,
ICHIHASHI, K., UJIl, M., AKASE, T., NAGANO, K., ABE)Y., KAMADA,
H., ITOH, N., TSUNODA, S., YOSHIOKA, Y. & TSUTSUMIY. 2012.
Amorphous silica nanoparticles size-dependentlyagde atopic dermatitis-
like skin lesions following an intradermal injeatidart Fibre Toxicol,9, 3.

IZAK-NAU, E., KENESEI, K., MURALI, K., VOETZ, M., HEDEN, S., PUNTES,
V. F., DUSCHL, A. & MADARASZ, E. 2013a. Interactioaf differently
functionalized fluorescent silica nanoparticleshwiteural stem- and tissue-
type cellsNanotoxicology

IZAK-NAU, E., VOETZ, M., EIDEN, S., DUSCHL, A. & PNITES, V. F. 2013b.
Altered characteristics of silica nanoparticlebavine and human serum: the
importance of nanomaterial characterization prior its toxicological
evaluationPart Fibre Toxicol,10, 56.

JOHNSTON, H. J., HUTCHISON, G., CHRISTENSEN, F. MPETERS, S.,
HANKIN, S. & STONE, V. 2010. A review of the in vvand in vitro
toxicity of silver and gold particulates: partickdtributes and biological
mechanisms responsible for the observed toxi€itit. Rev Toxicol 40, 328-
46.

JONAS, L., BLOCH, C., ZIMMERMANN, R., STADIE, V., BROSS, G. E. &
SCHAD, S. G. 2007. Detection of silver sulfide dsip® in the skin of
patients with argyria after long-term use of sikeentaining drugs.
Ultrastruct Pathol,31, 379-84.

93



DOI:10.14753/SE.2015.1789

JONES, A. R. & SHUSTA, E. V. 2007. Blood-Brain Barr Transport of
Therapeutics via Receptor-MediatioRharmaceutical research4, 1759-
1771.

JUNG, S., ALIBERTI, J., GRAEMMEL, P., SUNSHINE, M., KREUTZBERG, G.
W., SHER, A. & LITTMAN, D. R. 2000a. Analysis of &ctalkine Receptor
CX(3)CR1 Function by Targeted Deletion and Greenofdscent Protein
Reporter Gene InsertioWolecular and Cellular Biology20, 4106-4114.

JUNG, S., ALIBERTI, J., GRAEMMEL, P., SUNSHINE, M., KREUTZBERG, G.
W., SHER, A. & LITTMAN, D. R. 2000b. Analysis of dctalkine receptor
CX(3)CR1 function by targeted deletion and greemoréscent protein
reporter gene insertioMol Cell Biol, 20, 4106-14.

KADAJJI, V. G. & BETAGERI, G. V. 2011. Water Solubl Polymers for
Pharmaceutical ApplicationBolymers3, 1972-2009.

KAWAI, F. 2002. Microbial degradation of polyetheisppl Microbiol Biotechnol,
58, 30-8.

KIM, J. S., YOON, T. J,, YU, K. N, KIM, B. G., PAR S. J., KIM, H. W., LEE, K.
H., PARK, S. B., LEE, J. K. & CHO, M. H. 2006. Takly and tissue
distribution of magnetic nanoparticles in midexicol Sci,89, 338-47.

KIM, Y., SUH, H. S., CHA, H. J., KIM, S. H., JEONG. S. & KIM, D. H. 2009. A
case of generalized argyria after ingestion ofaidél silver solutionAm J
Ind Med,52, 246-50.

KONOFAGOU, E. E. 2012. Optimization of the Ultrasodinduced Blood-Brain
Barrier OpeningTheranostics?, 1223-1237.

KORNYEI, Z., SZLAVIK, V., SZABO, B., GOCZA, E., CROK, A &
MADARASZ, E. 2005. Humoral and contact interactiansastroglia/stem
cell co-cultures in the course of glia-induced ogenesisGlia, 49, 430-44.

LANSDOWN, A. B. 2006. Silver in health care: antarobial effects and safety in
use.Curr Probl Dermatol,33, 17-34.

LEE, J. H., KIM, Y. S., SONG, K. S., RYU, H. R., 81G, J. H., PARK, J. D,
PARK, H. M., SONG, N. W., SHIN, B. S., MARSHAK, DAHN, K., LEE,
J. E. & YU, I. J. 2013. Biopersistence of silvenaparticles in tissues from
Sprague-Dawley rat®art Fibre Toxicol,10, 36.

LINDSAY, G. K., ROSLANSKY, P. F. & NOVITSKY, T. J1989. Single-step,
chromogenic Limulus amebocyte lysate assay for temxdm J Clin
Microbiol, 27, 947-51.

LINDSBERG, P. J., FRERICHS, K. U., SIREN, A.-L., HAENBECK, J. M. &

NOWAK, T. S. 1996. Heat-Shock Protein and C-fos fégpion in Focal
Microvascular Brain Damagéd.Cereb Blood Flow Metali,6, 82-91.

94



DOI:10.14753/SE.2015.1789

LIU, Y., LI, W.,, LAO, F., WANG, L., BAI, R., ZHAO,Y. & CHEN, C. 2011.
Intracellular dynamics of cationic and anionic mdlyene nanoparticles
without direct interaction with mitotic spindle anad¢hromosomes.
Biomaterials,32, 8291-303.

LUDERITZ, O., GALANOQOS, C. & RIETSCHEL, E. T. 198Endotoxins of Gram-
negative bacterid&harmacol Therl5, 383-402.

LUNOV, O., SYROVETS, T., LOOS, C., NIENHAUS, G. WAILANDER, V.,
LANDFESTER, K., ROUIS, M. & SIMMET, T. 2011. Aminftunctionalized
polystyrene nanoparticles activate the NLRP3 inffmeome in human
macrophagesACS Nanob, 9648-57.

LUTHER, E. M., KOEHLER, Y., DIENDORF, J., EPPLE, M. DRINGEN, R.
2011. Accumulation of silver nanoparticles by crdal primary brain
astrocytesNanotechnology22, 375101.

MA, L., LIU, J., LI, N., WANG, J., DUAN, Y., YAN, J LIU, H., WANG, H. &
HONG, F. 2010. Oxidative stress in the brain ofentaused by translocated
nanoparticulate TiO2 delivered to the abdominaltgaBiomaterials,31, 99-
105.

MADARASZ, E., KISS, J. & BARTOK, I. 1984. Cell pradtion and morphological
pattern formation in primary brain cell cultures.Plattern formation within
the basal layer(sBrain Res304 339-49.

MADARSZ, E. 2013. Diversity of Neural Stem/ProgemiPopulations: Varieties by
Age, Regional Origin and Environment.

MAHLER, G. J., ESCH, M. B., TAKO, E., SOUTHARD, T., ARCHER, S. D.,
GLAHN, R. P. & SHULER, M. L. 2012. Oral exposure fmlystyrene
nanoparticles affects iron absorptidvat Nanotechnol7, 264-71.

MCCARTHY, J., INKIELEWICZ-STEPNIAK, I, CORBALAN, J J. &
RADOMSKI, M. W. 2012. Mechanisms of Toxicity of Ammhous Silica
Nanoparticles on Human Lung Submucosal Cells inoVProtective Effects
of Fisetin.Chem Res Toxicol5, 2227-2235.

MCGUINNES, C., DUFFIN, R., BROWN, S., N, L. M., MEB®N, I. L.,
MACNEE, W., JOHNSTON, S., LU, S. L., TRAN, L., LR., WANG, X.,
NEWBY, D. E. & DONALDSON, K. 2011. Surface derivadition state of
polystyrene latex nanoparticles determines bothr thetency and their
mechanism of causing human platelet aggregatiositio. Toxicol Sci, 119
359-68.

MEDINA, C., SANTOS-MARTINEZ, M. J., RADOMSKI, A., ORRIGAN, O. I. &

RADOMSKI, M. W. 2007. Nanopatrticles: pharmacolodiaad toxicological
significance Br J Pharmacol 150 552-8.

95



DOI:10.14753/SE.2015.1789

MOGHIMI, S. M., PORTER, C. J., MUIR, I. S., ILLUM,. & DAVIS, S. S. 1991.
Non-phagocytic uptake of intravenously injected nmspheres in rat spleen:
influence of particle size and hydrophilic coatirBjochem Biophys Res
Commun,177, 861-6.

MOSMANN, T. 1983. Rapid colorimetric assay for aér growth and survival:
application to proliferation and cytotoxicity assay Immunol Methods35,
55-63.

MUDUNKOTUWA, I. A., PETTIBONE, J. M. & GRASSIAN, V.H. 2012.
Environmental implications of nanoparticle agingthwe processing and fate
of copper-based nanomateridiviron Sci Techno#6, 7001-10.

NAKAGAWA, S., DELI, M. A., KAWAGUCHI, H., SHIMIZUDANI, T.,
SHIMONO, T., KITTEL, A., TANAKA, K. & NIWA, M. 2009 A new
blood-brain barrier model using primary rat bramdethelial cells, pericytes
and astrocytedNeurochem Int54, 253-63.

NAPIERSKA, D., THOMASSEN, L. C. J.,, RABOLLI, V., HON, D.,
GONZALEZ, L., KIRSCH-VOLDERS, M., MARTENS, J. A. &OET, P.
H. 2009. Size-Dependent Cytotoxicity of Monodisgegilica Nanoparticles
in Human Endothelial CellSmall,5, 846-853.

NEL, A., XIA, T., MADLER, L. & LI, N. 2006. Toxic ptential of materials at the
nanolevelScience31l, 622-7.

NEOUZE, M.-A. & SCHUBERT, U. 2008. Surface Modifican and
Functionalization of Metal and Metal Oxide Nanopdes by Organic
Ligands.Monatshefte fir Chemie - Chemical MontHdl89 183-195.

NOWACK, B. & BUCHELI, T. D. 2007. Occurrence, behav and effects of
nanoparticles in the environmegtnviron Pollut,150 5-22.

NUNE, S. K., GUNDA, P., THALLAPALLY, P. K., LIN, Y-=Y., FORREST, M. L.
& BERKLAND, C. J. 2009. Nanoparticles for biomedicmaging. Expert
opinion on drug deliveryg, 1175-1194.

OBERDORSTER, G., MAYNARD, A., DONALDSON, K., CASTRMOVA, V.,
FITZPATRICK, J., AUSMAN, K., CARTER, J., KARN, BKREYLING,
W., LAl D., OLIN, S., MONTEIRO-RIVIERE, N., WARHEHI, D., YANG,
H. & GROUP, I.R. F. R. S. I. N. T. S. W. 2005.rRiples for characterizing
the potential human health effects from exposureaioomaterials: elements
of a screening strategiart Fibre Toxicol,2, 8.

OECD 2008. Current developments/activities on tlefety of manufactured
nanomaterials. Paris, France: OECD.

OHSAWA, K. & EBATA, N. 1983. Silver stain for detiieg 10-femtogram

guantities of protein after polyacrylamide gel élephoresisAnal Biochem,
135, 409-15.

96



DOI:10.14753/SE.2015.1789

OKITSU, K. 2013. UV-Vis Spectroscopy for Charactation of Metal
Nanoparticles Formed from Reduction of Metal lonaribg Ultrasonic
Irradiation. In: KUMAR, C. (ed.) UV-VIS and Photoluminescence
Spectroscopy for Nanomaterials CharacterizatiorSpringer Berlin
Heidelberg.

PANYAM, J. & LABHASETWAR, V. 2003. Biodegradable naparticles for drug
and gene delivery to cells and tissAdyv Drug Deliv ReV55, 329-47.

PARK, E. J. & PARK, K. 2009. Oxidative stress amd-mflammatory responses
induced by silica nanoparticles in vivo and in@iffoxicol Lett, 184 18-25.

PEER, D., KARP, J. M., HONG, S., FAROKHZAD, O. QJARGALIT, R. &
LANGER, R. 2007. Nanocatrriers as an emerging platffor cancer therapy.
Nat Nanotechnol2, 751-60.

PETERS, A., VERONESI, B., CALDERON-GARCIDUENAS, LGEHR, P.,
CHEN, L. C., GEISER, M., REED, W., ROTHEN-RUTISHAHER, B.,
SCHURCH, S. & SCHULZ, H. 2006. Translocation and tembial
neurological effects of fine and ultrafine partecke critical updatePart Fibre
Toxicol, 3, 13.

PETERS, K., UNGER, R. E., KIRKPATRICK, C. J., GATA. M. & MONARI, E.
2004. Effects of nano-scaled particles on endahekll function in vitro:
Studies on viability, proliferation and inflammatioJournal of Materials
Science-Materials in Mediciné5, 321-325.

POWERS, K. W., PALAZUELQOS, M., MOUDGIL, B. M. & ROBRTS, S. M.
2007. Characterization of the size, shape, ande stdt dispersion of
nanopatrticles for toxicological studid$éanotoxicology], 42-51.

POzzl, D., COLAPICCHIONI, V., CARACCIOLO, G., PIOVEANA, S,
CAPRIOTTI, A. L., PALCHETTI, S., DE GROSSI, S., ROIOLI, A.,
AMENITSCH, H. & LAGANA, A. 2014. Effect of polyethgneglycol
(PEG) chain length on the bio-nano-interactionsvben PEGylated lipid
nanoparticles and biological fluids: from nanostuue to uptake in cancer
cells.Nanoscaleg, 2782-92.

RAI, A. J.,, GELFAND, C. A., HAYWOOD, B. C., WARUNEKD. J., YI, J.,
SCHUCHARD, M. D., MEHIGH, R. J., COCKRILL, S. L.,C®TT, G. B.,
TAMMEN, H., SCHULZ-KNAPPE, P., SPEICHER, D. W., VAZTHUM,
F., HAAB, B. B., SIEST, G. & CHAN, D. W. 2005. HUPRlasma Proteome
Project specimen collection and handling: towards s$tandardization of
parameters for plasma proteome samgtesteomicsp, 3262-77.

ROBERTS, M. J., BENTLEY, M. D. & HARRIS, J. M. 200€hemistry for peptide
and protein PEGylatiorAdvanced drug delivery reviews4, 459-76.

97



DOI:10.14753/SE.2015.1789

RODUNER, E. 2006. Size matters: why nanomaterigdsdifferent.Chem Soc Rev,
35, 583-92.

ROTH, R. I. & LEVIN, J. 1992. Purification of Limus polyphemus proclotting
enzyme.J Biol Chem267, 24097-102.

ROUX, S., GARCIA, B., BRIDOT, J. L., SALOME, M., MRQUETTE, C.,
LEMELLE, L., GILLET, P., BLUM, L., PERRIAT, P. & TLLEMENT, O.
2005. Synthesis, characterization of dihydrolipaécid capped gold
nanoparticles, and functionalization by the eldatronescent luminol.
Langmuir,21, 2526-36.

RUSSELL, A. D. & HUGO, W. B. 1994. Antimicrobial tnty and action of silver.
Prog Med Chem31, 351-70.

SARLO, K., BLACKBURN, K. L., CLARK, E. D., GROTHAUSJ., CHANEY, J.,
NEU, S., FLOOD, J., ABBOTT, D., BOHNE, C., CASEY,,KKRYER, C. &
KUHN, M. 2009. Tissue distribution of 20 nm, 100 namd 1000 nm
fluorescent polystyrene latex nanospheres follovangte systemic or acute
and repeat airway exposure in the Taixicology,263 117-126.

SAURA, J., TUSELL, J. M. & SERRATOSA, J. 2003. Higteld isolation of
murine microglia by mild trypsinizatioslia, 44, 183-9.

SCHLETT, K. & MADARASZ, E. 1997. Retinoic acid inded neural
differentiation in a neuroectodermal cell line immadized by p53 deficiency.
J Neurosci Reg}7, 405-15.

SCHULZ-DOBRICK, M., SARATHY, K. V. & JANSEN, M. 208. Surfactant-free
synthesis and functionalization of gold nanopagscl Am Chem Sod,27,
12816-7.

SHANNAHAN, J. H., PODILA, R., ALDOSSARI, A. A, EMRESON, H.,
POWELL, B. A., KE, P. C., RAO, A. M. & BROWN, J. M2014. Formation
of a Protein Corona on Silver Nanoparticles Medid@ellular Toxicity via
Scavenger ReceptorBoxicol Sci

SHARMA, H. S., ALI, S. F., HUSSAIN, S. M., SCHLAGER. J. & SHARMA, A.
2009. Influence of engineered nanoparticles fromtafeeon the blood-brain
barrier permeability, cerebral blood flow, braineeth and neurotoxicity. An
experimental study in the rat and mice using biagbal and morphological
approaches] Nanosci Nanotechndd, 5055-72.

SNYDER, J., Styrene Not a Human Carcinogen, Doet Glmmtain BPA. 2009,
Styrene Information and Research Center (SIRC}ington, Va. .

SODERSTJERNA, E., BAUER, P., CEDERVALL, T., ABDSHIL H.,,

JOHANSSON, F. & JOHANSSON, U. E. 2014. Silver analdg
nanoparticles exposure to in vitro cultured retisiardies on nanoparticle

98



DOI:10.14753/SE.2015.1789

internalization, apoptosis, oxidative stress, gliahd microglial activity.
PL0S OneY, e105359.

SODERSTJERNA, E., BAUER, P., CEDERVALL, T., ABDSHIL H.,
JOHANSSON, F. & JOHANSSON, U. E. 2014. Silver andolds
Nanoparticles Exposure to <italic>In Vitro</itali€ultured Retina — Studies
on Nanoparticle Internalization, Apoptosis, Oxidati Stress, Glial- and
Microglial Activity. PLoS ONEY, e105359.

SODERSTJERNA, E., JOHANSSON, F., KLEFBOHM, B. & ENGND
JOHANSSON, U. 2013. Gold- and silver nanoparticéfect the growth
characteristics of human embryonic neural precucsis. PLoS One,8,
e58211.

SOO CHOI, H., LIU, W., MISRA, P., TANAKA, E., ZIMMR, J. P., ITTY IPE, B.,
BAWENDI, M. G. & FRANGIONI, J. V. 2007. Renal clemrce of quantum
dots.Nat Biotech25, 1165-1170.

STOBER, W., FINK, A. & BOHN, E. 1968. Controlled ayith of monodisperse
silica spheres in the micron size randgeurnal of Colloid and Interface
Science?26, 62-69.

SUN, Y., GATES, B., MAYERS, B. & XIA, Y. 2002a. Csyalline Silver Nanowires
by Soft Solution Processiniano Letters2, 165-168.

SUN, Y. & XIA, Y. 2002. Shape-controlled synthesef gold and silver
nanoparticlesScience298 2176-9.

SUN, Y., YIN, Y., MAYERS, B. T., HERRICKS, T. & XIAY. 2002b. Uniform
Silver Nanowires Synthesis by Reducing AgNO3 withyiene Glycol in the
Presence of Seeds and Poly(Vinyl Pyrrolidoi@)emistry of Materials14,
4736-4745.

SUNDARAM, S., ROY, S. K., AMBATI, B. K. & KOMPELLA, U. B. 2009.
Surface-functionalized nanopatrticles for targetedegdelivery across nasal
respiratory epitheliumFASEB J23, 3752-65.

TANG, J., XIONG, L., WANG, S., WANG, J., LIU, L., ILJ., WAN, Z. & XI, T.
2008. Influence of silver nanoparticles on neurand blood-brain barrier via
subcutaneous injection in ratspplied Surface Scienc255 502-504.

TANIGUCHI, N. 1974. "On the Basic Concept of 'Nafieehnology'," Proc. Intl.
Conf. Prod. Eng. Tokyo, Part I, Japan Society r@cision Engineering.

TEEGUARDEN, J. G., HINDERLITER, P. M., ORR, G., TARL, B. D. &

POUNDS, J. G. 2007. Particokinetics in vitro: dosing considerations for in
vitro nanoparticle toxicity assessmeniiexicol Sci,95, 300-12.

99



DOI:10.14753/SE.2015.1789

TRICKLER, W. J., LANTZ, S. M., MURDOCK, R. C., SCHRID, A. M,
ROBINSON, B. L., NEWPORT, G. D., SCHLAGER, J. JLMENBURG,
S. J., PAULE, M. G., SLIKKER, W., JR., HUSSAIN, Bl. & ALI, S. F.
2010. Silver nanoparticle induced blood-brain lrrinflammation and
increased permeability in primary rat brain micresel endothelial cells.
Toxicol Sci,118 160-70.

TSAI, C. M. & FRASCH, C. E. 1982. A sensitive sitvstain for detecting
lipopolysaccharides in polyacrylamide gedsal Biochem119 115-9.

U.S. GAO. 2010. Nanotechnology: Nanomaterials Arglély Used in Commerce,
but EPA Faces Challenges in Regulating Risk.

VALLHOV, H., QIN, J., JOHANSSON, S. M., AHLBORG, NMUHAMMED, M.
A., SCHEYNIUS, A. & GABRIELSSON, S. 2006. The impance of an
endotoxin-free environment during the productionnahoparticles used in
medical applicationdNano Lett,6, 1682-6.

VAN VLERKEN, L. E., VYAS, T. K. & AMIJI, M. M. 2007 Poly(ethylene glycol)-
modified nanocarriers for tumor-targeted and irghladar delivery.Pharm
Res,24, 1405-14.

VARELA, J. A., BEXIGA, M. G., ABERG, C., SIMPSON, L. & DAWSON, K.
A. 2012. Quantifying size-dependent interactiongwieen fluorescently
labeled  polystyrene  nanoparticles and mammalian Is.celJ
Nanobiotechnologyl0, 39.

VARGA, B., MARKO, K., HADINGER, N., JELITAI, M., DBMETER, K.,
TIHANYI, K., VAS, A. & MADARASZ, E. 2009. Translodar protein
(TSPO 18kDa) is expressed by neural stem and nalugpmecursor cells.
Neurosci Lett462 257-62.

VENKATESAN, N., YOSHIMITSU, J., ITO, Y., SHIBATA, N& TAKADA, K.
2005. Liquid filled nanoparticles as a drug delywetool for protein
therapeuticsBiomaterials,26, 7154-7163.

VERMA, A. & STELLACCI, F. 2010. Effect of surfacergperties on nanoparticle-
cell interactionsSmall,6, 12-21.

VROMAN, L., ADAMS, A. L., FISCHER, G. C. & MUNOZ, P C. 1980.
Interaction of high molecular weight kininogen, tiacXIl, and fibrinogen in
plasma at interfaceBlood, 55, 156-9.

WANG, F., GAO, F., LAN, M. B., YUAN, H. H., HUANGY. P. & LIU, J. W.
2009. Oxidative stress contributes to silica nanga-induced cytotoxicity
in human embryonic kidney cell§oxicology in Vitro 23, 808-815.

WANG, M., ETU, J. & JOSHI, S. 2007. Enhanced disiaup of the blood brain

barrier by intracarotid mannitol injection duringramsient cerebral
hypoperfusion in rabbitsl Neurosurg Anesthesidl9, 249-56.

100



DOI:10.14753/SE.2015.1789

WIINHOVEN, S. W. P., PEIJNENBURG, W. J. G. M., HERBTS, C. A,
HAGENS, W. I, OOMEN, A. G., HEUGENS, E. H. W., RDEK, B.,
BISSCHOPS, J., GOSENS, I.,, VAN DE MEENT, D., DEKK&RS., DE
JONG, W. H., VAN ZIJVERDEN, M., SIPS, A. J. A. M. &EERTSMA, R.
E. 2009. Nano-silver - a review of available datal &nowledge gaps in
human and environmental risk assessméanotoxicology;3, 109-U78.

WILEY, B., SUN, Y., MAYERS, B. & XIA, Y. 2005. Shapcontrolled synthesis of
metal nanostructures: the case of sil@remistry,11, 454-63.

WIN-SHWE, T. T. & FUJIMAKI, H. 2011. Nanoparticleand Neurotoxicity.
International Journal of Molecular Sciencds, 6267-6280.

WOEHRLE, G. H. & HUTCHISON, J. E. 2005. Thiol-fummalized undecagold
clusters by ligand exchange: synthesis, mechan&d, propertiesinorg
Chem 44, 6149-58.

WU, J., WANG, C., SUN, J. & XUE, Y. 2011. Neurotoity of silica nanopatrticles:
brain localization and dopaminergic neurons danpaglewaysACS Nanob,
4476-89.

XIA, T., KOVOCHICH, M., BRANT, J., HOTZE, M., SEMPH]., OBERLEY, T.,
SIOUTAS, C., YEH, J. I, WIESNER, M. R. & NEL, A..E2006.
Comparison of the abilities of ambient and manufia nanoparticles to
induce cellular toxicity according to an oxidatisteess paradigniNano Lett,
6, 1794-807.

XIA, T., KOVOCHICH, M., LIONG, M., ZINK, J. I. & NH_, A. E. 2008. Cationic
polystyrene nanosphere toxicity depends on celtiipeendocytic and
mitochondrial injury pathwayACS Nano2, 85-96.

XU, L., SHI, C., SHAOQO, A., LI, X., CHENG, X., DIN&R., WU, G. & CHOU, L. L.
2014. Toxic responses in rat embryonic cells twesilnanoparticles and
released silver ions as analyzed via gene expregsadiles and transmission
electron microscopyNanotoxicology1-10.

YAMASHITA, K., YOSHIOKA, Y., HIGASHISAKA, K., MIMURA, K.,
MORISHITA, Y., NOZAKI, M., YOSHIDA, T., OGURA, T.,NABESHI,
H., NAGANO, K., ABE, Y., KAMADA, H., MONOBE, Y., IMAZAWA, T.,
AOSHIMA, H., SHISHIDO, K., KAWAI, Y., MAYUMI, T., TSUNODA, S.,
ITOH, N., YOSHIKAWA, T., YANAGIHARA, 1., SAITO, S. &
TSUTSUMI, Y. 2011. Silica and titanium dioxide ngaoticles cause
pregnancy complications in middat Nanotechnolg, 321-8.

YU, Y., LI, Y., WANG, W., JIN, M. H., DU, Z. J., LIY. B.,, DUAN, J. C,, YU, Y.

B. & SUN, Z. W. 2013. Acute Toxicity of Amorphougli€a Nanoparticles in
Intravenously Exposed ICR MicBLoS One8.

101



DOI:10.14753/SE.2015.1789

ZAYATS, M., KATZ, E., BARON, R. & WILLNER, I. 2005Reconstitution of apo-
glucose dehydrogenase on pyrroloquinoline quinametfonalized au
nanoparticles yields an electrically contacted &ialyst. J Am Chem Soc,
127, 12400-6.

ZHANG, L., GU, F. X., CHAN, J. M., WANG, A. Z, LABER, R. S. &
FAROKHZAD, O. C. 2008. Nanoparticles in medicinehetapeutic
applications and developmen®in Pharmacol Ther83, 761-9.

ZHANG, Q., LI, N., GOEBL, J., LU, Z. & YIN, Y. 2011A Systematic Study of the
Synthesis of Silver Nanoplates: Is Citrate a “Madreagent?ournal of the
American Chemical Society33 18931-18939.

ZHANG, Q., LI, W., WEN, L.-P., CHEN, J. & XIA, Y.@10. Facile Synthesis of Ag
Nanocubes of 30 to 70 nm in Edge Length with CF3@Q@s a Precursor.
Chemistry — A European Journdlg, 10234-10239.

ZLOKOVIC, B. V. 2008. The blood-brain barrier in &t and chronic
neurodegenerative disordeleuron,57, 178-201.

102



DOI:10.14753/SE.2015.1789

. The publications related to the PhD thesis

Kumarasamy Murali, Kata Kenesei, Yang Li, K. Demgtés. Kornyei,

Madarasz Emilia, Uptake and bio-reactivity of ptyyene nanoparticles is
affected by surface modifications, ageing and LBSbgption: in vitro studies
on neural tissue cells, Nanoscale, 2015, 7, 414®10. Impact factor: 6.789.

Izak-Nau E, Kenesei K, Murali K, Voetz M, Eiden Byntes VF, Duschl A,
Madarasz E. Interaction of differently functionakz fluorescent silica
nanoparticles with neural stem- and tissue-typks.chlanotoxicology. 2014,
8(1), 138-148. Impact factor: 7.336.

Kata Kenesei, Kumarasamy Murali, Czéh Arpad, JBidlla, Victor Puntes,
Emilia Madarasz, Effects of surface modifications the distribution of
polystyrene nanoparticles in mouse tissues, Nanmmed(under review
2015).

The publications not related to the PhEhesis

S. Bhattacharya, Subhas S. Karki, R. Suresh, L. ihadan, G. P.
Senthilkumar, M. Gupta, Upal K. Mazumder, R. Balajid K. Murali, In
vitro cytotoxicity and induction of apoptosis by ruth@mi(ll) complexes in
HL-60 and K-562, Med. Chem. Res., 2012, 21(7), 112P6.

K. Murali, R. Avinash, R. Kirthiga, Scott G. Franzblau Synibes
antibacterial, and antitubercular studies of someeh isatin derivatives,
Med. Chem. Res., 2012, 21(12), 4335-4340.

V. Alagarsamy; M., Gopinath; P., Parthiban; B., BaliRao;_K., Murali, V.
Raja Solomon"Synthesis and analgesic, anti-inflatorgaactivities of 3-(3-
methoxyphenyl)-2-substituted amino-quinazolin- 4¢3-ones"” Medicinal
Chemistry Research, 2011, 20 (7), 946-954.

103



DOI:10.14753/SE.2015.1789

9. Acknowledgements

There are many people | would like to acknowledwetheir help and support. First
and foremost, it gives me immense pleasure to tinaypknentor Prof. Dr. Madarasz
Emilia for giving me the opportunity to carry outymesearch project as a Marie
Curie fellow.

| would also like to thank Ms Kata Kenesei for hetpme with microscopic studies
and her suggestions and | could not forget to ¢ivge thanks to all the past and
present members of the Laboratory of Cellular amsdlopmental Neurobiology |
have met along this “fantastic trip” for the greathusiastic research and friendly
atmosphere rendered, Especially | would like tokhidatalin Gaal, Lia Barabas and
Piroska Nyamandi, for their excellent technicaisiasce.

| thank to my fellow ‘NanoTOES members’, especidiyilia 1zak Nau and Yang i,
for their research contributions.

My sincere thanks are also goes to Prof Albert BugCoordinator, “EU FP7 Marie
Curie Actions, and Network for Initial Training ,ldaTOES” project) and Elisabeth
Eppacher for their administrative support.

| would also give great thanks to my collaboratiesearch labs at Bayer Technology
Services GmbH (Leverkusen) at ICN (Barcelona),ait® for BioNano Interactions
(CBNI), University College Dublin, Belfield, Dubljdreland and at NILU (Oslo) for
the great research environment.

Dr Diana Boraschi (Laboratory of Innate Immunityda@ytokines, Institute of
Protein Biochemistry, National Research Council1®8D Naples, Italy) for the
critical reading and correcting the manuscript gffirst authorship paper.

| sincerely thank the EU FP7 Marie Curie Actionstiork for Initial Training
NanoTOES (PITN-GA-2010-264506) for the financial siagance.

(www.nanotoes.eu)

| wish to thank the Nikon Microscopy Center of Nikéustria GmbH, and Auro-
Science Consulting Ltd operating at the Institufe Experimental Medicine of
Hungarian Academy of Sciences, (Budapest, Hungary),

Dr. Jorge MEJIA, PMR-LARN, Faculty of Sciences, \dmisité de Namur ASBL,
Belgium for CPS measurements.

104



DOI:10.14753/SE.2015.1789

Sincere thanks are also to Széles Csilla, Rad¢ I&tikoBenko gabriella, and
Seregély Sara for their administrative support ulgout my project and to the staff
from Secreatry office of Doctoral School of Semmabwniversity, Hungary.

Last but not the least | am also very thankfullte éxperimental animals for their
sacrifices without which the study would not haeeib possible, may god keep their
soul in peace.

A warm thanks to all my friends in Hungary who haveiched my life abroad.

| am grateful for the love and tolerance of my dsaMritti.

Last, but certainly not least, | would express apdsense of gratitude especially to
my dearest mom, who has sacrificed her life forgrowth and success and to whom
| owe my life for her constant love, encouragemembral support and blessings.
Although, she is miles away from me, but her lond aupport were always with me.
Finally, 1 would like to dedicate this thesis to ngyandpa and all my uncles,
personally they have shown me unconditional lovd ampport during my school
days and they have played an important role inddheslopment of my identity and
shaping the individual that | am today.

| would like to finish with a quote that has help®@@ through the tough times over

the last few years;

“Nothing is permanent in this wicked world, not evaur troubles”.

-Charlie Chaplin.

105



