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Abstract

Adverse effect of nanoparticles may include impairment of phagocyte function. To identify the
effect of nanoparticle size on uptake, cytotoxicity, chemotaxis, cytokine secretion, phagocytosis,
oxidative burst, nitric oxide production and myeloperoxidase release, leukocytes isolated from
human peripheral blood, monocytes and macrophages were studied. Carboxyl polystyrene (CPS)
particles in sizes between 20 and 1,000 nm served as model particles. Twenty nanometers CPS
particles were taken up passively, while larger CPS particles entered cells actively and passively.
Twenty nanometers CPS were cytotoxic to all phagocytes, =500 nm CPS particles only to
macrophages. Twenty nanometers CPS particles stimulated IL-8 secretion in human monocytes
and induced oxidative burst in monocytes. Five hundred nanometers and 1,000 nm CPS particles
stimulated IL-6 and IL-8 secretion in monocytes and macrophages, chemotaxis towards a
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chemotactic stimulus of monocytes and phagocytosis of bacteria by macrophages and provoked an
oxidative burst of granulocytes. At very high concentrations, CPS particles of 20 and 500 nm
stimulated myeloperoxidase release of granulocytes and nitric oxide generation in macrophages.
Cytotoxic effect could contribute to some of the observed effects. In the absence of cytotoxicity,
500 and 1,000 nm CPS particles appear to influence phagocyte function to a greater extent than
particles in other sizes.
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Introduction

Nanoparticles (NPs) are increasingly finding applications in medicine; for example, in
diagnostic devices, drug targeting, cell tracking and regenerative medicine. Potential adverse
effect of NPs may include interference with the immune system.

The immune system consists of cellular and humoral elements and can be classified into
specific (adaptive, acquired) and unspecific (innate) responses. The effector cells for the
adaptive immune system are B- and T-lymphocytes. Innate immunity consists of anatomical
barriers, phagocytic cells in the blood (monocytes, granulocytes) and in the tissues
(macrophages), and various humoral factors, such as coagulation system, complement
system, lactoferrin, transferrin, lysozyme and interleukin 1, in the blood. Monocytes,
macrophages and dendritic cells, in addition to unspecific phagocytosis, are linked to the
specific immune system and display a variety of physiological reactions. Main functions
include migration to a chemotactic stimulus (chemotaxis), secretion of cytokines,
phagocytosis, processing and presentation of antigens and bactericide reactions (nitric oxide
generation, oxidative burst, myeloperoxidase release etc.).

Existing size-dependent in vivo studies in rodents mainly focussed on the respiratory tract
and investigated a panel of different materials. These data show stronger stimulation of the
immune system by 14 nm carbon black particles than by 95 nm particles (Shwe et al. 2005).
Polystyrene latex particles of 25 and 50 nm had a stronger effect than 100 nm particles
(Inoue et al. 2009), while 50 and 200 nm gold NPs caused similarly little inflammation
(Gosens et al. 2010). These data suggest stronger immune stimulation by smaller than by
larger particles.

In vitro studies on biodegradable and non-biodegradable NPs show that these particles can
interfere with a variety of phagocyte functions. In these studies, mostly either nano- or
micro-sized particles were studied, which prevents conclusions on size-dependent effects.

Non-biodegradable gold (Villiers et al. 2010), amorphous silica (Winter et al. 2011), silver
(Yang et al. 2012), TiO, (Liu et al. 2010), and ZnO (Heng et al. 2011) NPs, but also
biodegradable NPs, such as poly(lactic-co-glycolic acid) (Segat et al. 2011), chitosan (Yue
et al. 2010) and hydroxyl apatite (Scheel et al. 2009) induce secretion of inflammatory
cytokines by phagocytes.
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Pegylated gold, silica and TiO, NPs (Park and Park 2009; Hutter et al. 2010; Scherbart et al.
2011) increased nitric oxide production, whereas silver and CeO, NPs (Hirst et al. 2009;
Shavandi et al. 2011) decreased nitric oxide production. Carbon nanotubes, TiO, NPs and
Al NPs reduced phagocytosis (Hsiao et al. 2008; Witasp et al. 2009; Liu et al. 2010), and
carbon nanotubes, polymethylmethacrylate NPs and TiO, NPs suppressed chemotaxis
(Papatheofanis and Barmada 1991; Witasp et al. 2009; Liu et al. 2010). TiO», Ti, V and
polylactic acid particles of 266 to 3,000 nm induced superoxide production in granulocytes
(Hedenborg 1988; Kumazawa et al. 2002; Mainardes et al. 2009). Fullerenes inhibited the
degranulation of granulocytes, while TiO, NPs had no effect (Jovanovic et al. 2011; Vesnina
et al. 2011).

The fact, that similar effects on phagocytes were caused by quite different types of NPs,
favours the idea that this phenomenon could be studied using model particles.

Carboxylated polystyrene (CPS) particles are used for cellular tracing and studies of size-
dependent NP effects since they lack (heavy metal) contamination, do not interfere with
screening assays, and show only minimal production of reactive oxygen species (Frohlich et
al. 2009). Also, they are available with physically trapped fluorochrome, allowing the
localisation of the particles in cells and tissues (Fréhlich et al. 2012a; Roblegg et al. 2012;
Frohlich et al. 2013). Particle uptake, cytokine secretion, phagocytosis, nitric oxide
generation, superoxide production and myeloperoxidase release served as parameters for
phagocyte function. Cytotoxicity of variable sized CPS particles in differentiated and non-
differentiated monocytes was compared to test the hypothesis that cytotoxicity may be
caused in part by generation of reactive oxygen species accompanying phagocytosis (Olivier
et al. 2003). Although particle shape plays an important role in the interaction of NPs with
phagocytes (Champion and Mitragotri 2009), only spherical particles were investigated. The
investigation aims to identify the effect of particle size on cytotoxicity and on different
phagocyte functions. To this aim, various cell types had to be used because not all
phagocytes are suitable for the assessment of specific phagocyte functions.

Materials and methods

Particles

Carboxyl polystyrene latex beads (20,100, 200, 500 and 1,000 nm), and their respective
fluorescent beads, where dye is physically trapped inside the particle (red FluoSpheres®)
were obtained from Invitrogen. In the fluorescent particles, the dye is integrated in the core,
which has the advantage that fluorescent and non-fluorescent particles have the same surface
properties. CPS suspensions were put into an Elmasonic S40 water bath (ultrasonic
frequency, 37 kHz, 40 W, Elma) for 20 min prior to cell exposure and for physicochemical
characterisation.

Particles were applied plasma-coated and uncoated in PBS (myeloperoxidase, superoxide
formation and chemotaxis) and without plasma coating in DMEM (cellular uptake,
cytotoxicity, nitric oxide generation, phagocytosis and cytokine secretion).
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Isolation of peripheral blood monocytic cells

Cell lines

Peripheral blood monocytic cells (PBMC) were isolated from buffy coat residues obtained
from the University Clinic of Blood Group Serology and Transfusion Medicine after
informed consent from the patients. The buffy coat residue (9 ml) was diluted in sterile
phosphate-buffered saline (PBS; 15 ml). The resulting suspension (8 ml) was layered on
Histopaque 1077 HybriMax solution (3 ml; Sigma). After centrifugation at 400xg for 30
min at RT the cell layer was collected, washed with Hepes-buffered salt solution
(Invitrogen) and centrifuged again 3x10 min at 250xg. The pellet was resuspended in 5 ml
RPMI medium+10 % foetal bovine serum (FBS); 5 ml) and cells were counted in a Coulter
Counter AcT diff AL (Beckmann Coulter Inc).

THP-1 human acute monocytic leukaemia cells (Cell Line Services), DMBM-2 murine
macrophages and U937 human histocytic lymphoma cells (Deutsche Sammlung fir
Mikroorganismen und Zellkulturen) were cultured in the medium recommended by the
producer.

Differentiation of monocytes

THP-1 cells were differentiated into macrophages by exposure to phorbol 12-myristate 13-
acetate (PMA; 1 ng/ml; Sigma) for 48 h in RPMI+10 % FBS prior to exposure to the
lipopolysaccharide (LPS) positive control (100 ng/ml; Sigma) and to the particle
suspensions for 24 h. For U937 cells, differentiation by exposure to PMA (10 ng/ml) for 24
h was used. The optimum concentration and duration of the treatment was identified by
observation of morphological changes (increase in cell size and adhesion to the culture well)
that indicate the differentiation into macrophages.

Physicochemical characterisation

Particles were characterised in terms of size and zeta potential by photon correlation
spectroscopy and laser Doppler velocimetry (scattering angle of 17°) using a ZetaSizer
Nano-ZS (Malvern Instruments, UK). Particles were diluted in the solvents to a
concentration of 200 ug/ml. After equilibration of the sample solution to 25 °C,
hydrodynamic sizes were measured with a 532-nm laser and a detection angle of 173°.
Dynamic fluctuations of light scattering intensity caused by Brownian motion of the
particles were evaluated. The zeta potential was measured by laser Doppler velocimetry
(scattering angle of 17°) coupled with photon correlation spectroscopy (Zetasizer Nano ZS,
Malvern Instruments, Malvern, UK) and calculated out of the electrophoretic mobility by
applying the Henry equation.

Quantification of endotoxin

PYROGENT Ultra (sensitivity=0.06 EU/ml, Lonza) was used for the endotoxin testing.
Each sample dilution was tested in duplicate, and the different endotoxin standards with
Escherichia coli strain 055:B5 in triplicates. The assay was performed first as a yes/no test
and samples with positive endotoxin detection were further tested via a dilution series to
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quantify free endotoxin. The assay was performed according to the instructions given in the
manual.

Determination of cellular dose

DMBM-2 cells (adherent) and THP-1 monocytes (suspension) were exposed to 20 pg/ml of
red FluoSpheres® in DMEM for 24 h. Medium height was 3 mm. DMBM-2 cells were
washed three times with medium, removed from the plastic support by trypsin treatment and
resuspended in medium. THP-1 cells were collected and washed by centrifugation.
Fluorescence of the cells and of serial dilutions of the exposure solution was measured on a
fluorescence plate reader (FLUOstar Optima, BMG Labortechnik) at 584/612 nm. The
exposure solution was diluted with cell suspensions instead of medium alone to account for
autofluorescence or quenching effects caused by the cells. Cell numbers/well were
determined using CASY® Cell Counter+Analyser System Model TT (Roche Innovatis).

Cytotoxicity screening (formazan bioreduction)

Formazan bioreduction by cellular dehydrogenases was assessed using the CellTiter 96®
AQueous Non-Radioactive Cell Proliferation Assay (Promega) after 4 and 24 h of exposure
to CPS according to the manufacturer’s instructions and absorbance was read at 450 nm on a
SPECTRA MAX plus 384 (Molecular Devices). To identify potential interference with the
assay, appropriate controls (particles+assay compounds and particles+cells) were included.

To correlate cytotoxicity to particle number/cell, % uptake as determined with FluoSpheres®
was expressed as particle numbers (according to data sheet provided by the producer) and
divided by the number of seeded cells.

Cytotoxicity screening (quantification of ATP)

Intracellular

ATP detection in healthy mitochondria is based on the ATP-dependent luminescence by
luciferase. The CellTiter-Glo luminescent cell viability assay (Promega) was used according
to the manufacturer’s instructions and luminescence was read on a Lumistar (BMG
Labortechnik). To identify potential interference with the assay, appropriate controls
(particles+assay compounds and particles+cells) were included.

localisation of particles

PBMCs were incubated with red FluoSpheres® (25 pg/ml in DMEM) for 30 min and 24 h.
To differentiate between active and passive processes, incubations for 30 min were
performed at 37 and at 4 °C, respectively. Granulocytes were isolated from human fresh
whole blood by the use of a 3 % dextran/NaCl solution. Alternatively, DMBM-2 cells were
incubated with red FluoSpheres® (40 pg/ml) suspended for 3 h in the presence of
cytochalasin B (10 pM; Sigma) or sodium azide (1 mM).

After the incubations with the particles, cells were washed in PBS, fixed with p-
formaldehyde (4 %) for 10 min at RT and rinsed three times in PBS. Aliquots of PBMC
samples stained with FITC-labelled anti-CD3 (anti-human, 5 ul, BD), FITC-labelled anti-
CD13 antibody (anti-human, 5 pl, BD) and AF488-labelled anti-CD14 (anti human, 5 pl,
BD) for 30 min at 37 °C to discriminate between lymphocytes, granulocytes and monocytes
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and counterstained with Hoechst33342 (1 ug/ml) for 15 min at RT. DMBM-2 cells were
stained with HCS CellMask blue (2 pg/ml, Invitrogen) for 30 min. Extracellular
fluorescence and quenched by the addition of Trypan blue (0.25 mg/ml). Cells were viewed
with a LSM510 Meta confocal laser scanning microscope (Zeiss).

Chemotaxis assay

U937 cells were cultured in “starving medium” (RPMI-1640 medium with 0.2 % BSA, 1.5
g/l sodium bicarbonate, 4 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin
sulphate) for 24 h. For testing, the cells were put into transwells with 3-um filters
(Multiscreen Filtration System, Millipore) and exposed to control chemoattractant (medium
with 20 % plasma), negative control (PBS for uncoated CPS particles, and plasma diluted
1:30 in medium for plasma-coated CPS particles) and medium (background) for 4 h. CPS
particles were coated with human plasma (one part fresh frozen plasma and 29 parts CPS
particles) for 60 min at RT. In a further set of experiments, U937 cells were pre-incubated
with CPS particles for 30 min and, subsequently, exposed to 50 ng/ml PMA as
chemoattractant. Cell migration through the filter was quantified using the ATP-content
assay (see cytotoxicity screening).

Quantification of interleukin-6 and interleukin-8 release

Supernatants of the cells exposed to 10, 20 and 50 pug/ml CPS particles suspended in DMEM
for 24 h or to medium without particles were assessed. The release of IL-6 and IL-8 was
measured using the human IL-6 ELISA set (BD OptEIA™) and the human IL-8 ELISA set
(BD OptEIA™, BD Biosciences) according to the protocol given by the producers.
Absorbance was read at 450 nm on a SPECTRA MAX plus 384 photometer.

Phagocytosis

The Vybrant phagocytosis assay (Invitrogen) uses the amount of ingested fluorescent
bacteria (E. coli K-12 BioParticles) for the assessment of phagocytosis. Medium (50 pl) or
CPS suspension in medium was added to a suspension of DMBM-2 mouse macrophages
(10%/100 pl) and the mixture incubated for 1.5 h at 37 °C. Subsequently, the FITC-labelled
E. coli suspension was added and incubated for 2 h at 37 °C, the extracellular fluorescence
quenched by the addition of Trypan blue (0.25 mg/ml), and the uptake measured on a
FLUOstar Optima (ex 480 nm/em 520 nm).

Superoxide formation

The Phagoburst™ assay (Immunodiagnostics) quantifies the leukocyte oxidative burst in
human whole blood samples and was performed according to the instructions given by the
producer. Upon incubation with the positive control (E. coli) or CPS particles, induction of
reactive oxidants is monitored by the addition and oxidation of dihydrorhodamine 123. The
kit was used according to the instructions in the manual. Plasma-coated and uncoated CPS
particles were incubated with heparinised whole blood samples from healthy human
individuals for 10 min at 37 °C. PMA (8.1 uM) and plasma (1:30 in PBS) without particles
served as positive and negative controls, respectively. Cells were analysed with a
FACSCanto Il cytometer (BD Biosciences) and BD FACSDiva™ software.
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Quantification of nitric oxide

Nitrite (NO,™) is the stable product of the antimicrobial effector molecule nitric oxide (NO).
Thus, to measure nitric oxide production in the mouse macrophage DMBM-2 cells Griess
reagent was used, which detects nitrite. This reagent was obtained by addition of equal
amounts of 1 % sulphanilamide in 5 % phosphoric acid and 0.1 % N-(1-naphthyl)
ethylenediamine dihydrochloride in water. DMBM-2 cells were cultured in phenol-free
RPMI-1640 medium for 24 h and treated with CPS particles suspended in medium for a
further 48 h. In a fresh 96-well plate, the supernatant (50 ul) was added to the Griess reagent
(100 pl). After incubation for 10 min in the dark, absorbance at 520 nm was determined
using a SPECTRA MAX plus 384 photometer.

Quantification of myeloperoxidase

Blood from healthy volunteers (after informed consent) was collected by venipuncture and
collected in lithium heparin tubes. An equal volume of CPS particles suspended in PBS and
blood was mixed and incubated for 1 h in the dark; PMA (100 nM; Sigma) served as
positive control. Samples were centrifuged to remove platelets, initially for 15 min at
1,000xg at 4 °C and subsequently for 10 min at 10,000 g. MPO activity was quantified in
the diluted supernatant (1:20-1:50) using a human MPO ELISA kit (Hoelzel Diagnostics)
and absorbance was measured at 450 nm on a SPECTRA MAX plus 384 photometer. In
parallel to the quantification of MPO, lactate dehydrogenase activity was measured in the
supernatant to exclude cytotoxicity by using the CytoTox-ONE™ homogeneous membrane
integrity assay (Promega). Fluorescence was recorded on a FLUOstar Optima (ex 560
nm/em 590 nm). After subtraction of the blank value the average fluorescence from the
samples was normalised to the LDH release of the solvent-treated controls.

Statistical analysis

Results

Data were subjected to statistical analysis and are represented as means = SD. Data were
analysed with one-way analysis of variance (ANOVA) followed by Tukey-HSD post hoc
test for multiple comparisons (SPSS 19 software). Nonparametric data were analysed with
ANOVA on Ranks followed by Dunn’s post hoc test. For the identification of correlation to
particle size, Jonckheere Trend (Jonckheere-Terpstra) Test was used. Results with p values
of less than 0.05 were considered to be statistically significant.

Prior to the assessment of activation, particles were physico-chemically characterised, tested
for biological and chemical contaminations and cytotoxicity of the particles investigated.

Particle characterisation

Particle sizes and charge densities in water were obtained from the producer and compared
to characterisation in the media used for the exposures (Table 1). The small 20 nm CPS
particles showed twice the size that was indicated by the producer when suspended in PBS
or DMEM, while larger CPS particles showed smaller increases. When plasma-coated, the
size of 20, 500 and 1,000 nm CPS was similar to the uncoated particles, while particle sizes
of 100 and 200 nm CPS increased. Charge densities indicated by the producer increased
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markedly from 20 and 100 nm CPS to particles 2200 nm. The zeta potential of the uncoated
large CPS suspended in PBS and DMEM, however, was less negative than that of the small
ones. After coating with plasma this trend was even more pronounced; while 20 nm CPS
had a zeta potential of —47.2 mV that of 1,000 nm CPS was -10.8 mV.

The presence of bacterial wall compounds (endotoxin) has to be excluded because it is a
strong stimulant of inflammation. In the stem suspension (1 mg/ml) of 100 and 200 nm CPS
particles traces of endotoxin were detected, at lower concentrations (0.2 mg/ml) endotoxin
levels were below detection threshold (<0.06 EU/mI). According to the producer’s
information surfactant and other low molecular weight substances, which may impair cell
viability, are absent. Nevertheless, the biological effect of the solution, in which the particles
were provided, was evaluated for the 500 and 1,000 nm particles (all others were too small
to be removed from the solution by centrifugation). This data is not mentioned for each
assay because these samples reacted similar to the solvent controls.

Cellular uptake

To link particle uptake to biological effects, the amount of ingested particles was quantified
in DMBM-2 cells and THP-1 monocytes. While cells contained roughly similar amounts of
all particles in terms of % applied dose and mass, this corresponds to roughly 50,000 times
more 20 nm CPS particles than 1,000 nm CPS particles in DMBM-2 cells (Table 2). When
plasma-coated CPS particles were tested, this difference was smaller (Factor only ~20,000).
Plasma-coating decreased the number of ingested particles per DMBM-2 cell dramatically
for 20 nm CPS particles to about 50 % for 20 and 100 nm CPS particles, while only small
effects were seen for the larger particles. THP-1 monocytes ingested much lower fractions
of CPS than DMBM-2 cells (e.g. 1.5 % compared to 25.5 % of 20 nm CPS particles).
Plasma-coated 20 nm CPS particles were also taken up to much lower (three times) degree
than uncoated ones, while the effect of plasma-coating on uptake was less pronounced for
the larger CPS particles (Table 2s, Supplementary Material).

Cellular uptake was also studied by microscopy to differentiate between active and passive
mechanisms. Decrease in viability of peripheral blood monocytic cells after 24 h exposure to
20 nm CPS particles shows high variations (100-500 pg/ml), depending on the donor (data
not shown). After incubation with particles for 30 min at 37 °C, lymphocytes (CD3-
positive), granulocytes (CD13-positive) and monocytes (CD14-positive) have ingested 20
nm fluorescently labelled CPS particles (Fig. 1). Two hundred nanometers CPS particles
show slower uptake and, after 30 min of incubation, were seen only inside monocytes and
granulocytes. Incubations at 4 °C showed that 500 nm CPS particles were mainly taken up
actively and 20 nm CPS particles passively. Uptake of 200 nm CPS particles was only partly
blocked by incubation in the cold (Fig. 1) and after 24 h of incubation, 500 nm fluorescently
labelled CPS particles were also seen in lymphocytes (Fig. 1), suggesting that 500 nm CPS
particles can also be taken up passively. In another approach, the active uptake inhibitor
cytochalasin B was used to differentiate between active and passive uptake. Uptake of 1,000
nm CPS particles by DMBM-2 macrophages was reduced, while no inhibition of the uptake
of 20 nm CPS particles was seen, also suggesting mainly passive entry of the small CPS
(Fig. 1s, Supplementary Material).
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Cytotoxicity

To reveal a potential correlation of cytotoxicity and phagocytic activity, viability after
exposure to CPS particles in different sizes was measured. After 4 h of incubation to 200
pg/ml 20 nm CPS viability of differentiated and non-differentiated THP-1 cells, and of U937
cells was significantly decreased to 1442, 14+5 and 15+2 %, respectively. Murine DMBM-2
macrophages were more resistant to the cytotoxic action of CPS particles than the human
monocytic cell lines U937 and THP-1. Only at the highest concentration of 20 nm CPS
tested the viability of DMBM-2 cells decreased to 43+10 %. One hundred nanometers CPS
decreased viability in no experimental condition and 500 nm CPS caused significant loss of
viability at the highest concentration tested (6219 and 72+7 % in differentiated and non-
differentiated THP-1 cells, respectively). A similar pattern was also seen at 24 h of exposure
(Fig. 2). In all cells, 20 nm CPS particles, but not 100 nm CPS particles, decreased viability
(Fig. 2a). Differentiated THP-1 cells, where monocytes differentiated to macrophages
according to microscopic features (larger cells, adherence to the plastic well), showed a
significantly lower sensitivity to the action of 20 nm CPS particles at 25 and 50 ug/ml.
Conversely, cytotoxicity of 500 and 1,000 nm CPS particles was significantly higher (except
for 500 pg/ml) in differentiated than in non-differentiated THP-1 cells (Fig. 2b).

The greater cytotoxicity of 20 nm CPS was due to higher cellular uptake. At similar
numbers of ingested particles, however, cytotoxicity of 500 nm and 1,000 nm CPS was
much higher than that of CPS in smaller sizes (Fig. 3). All cytotoxic effects were more
pronounced in THP-1 monocytes (Fig. 3b) than in DMBM-2 macrophages (Fig. 3a): greater
decreases in viability were seen at about 100 times lower doses.

Interference with monocyte/macrophage function

Main functions of phagocytes include chemokine-guided extravasation of leukocytes
(chemotaxis), secretion of cytokines in monocytes and phagocytosis of pathogens in
macrophages.

Chemotaxis, oxidative burst and cytokine secretion—Plasma-coated and non-
coated CPS particles of all sizes did not act as chemotactic stimuli for U937 cells (data not
shown). Pre-incubation with 1,000 nm CPS particles significantly increased chemotaxis of
U937 cells towards PMA as chemoattractant while neither plasma-coated nor uncoated 20
nm CPS particles had a significant effect on chemotaxis (Fig. 4). One thousand nanometers
CPS particles reacted significantly different from 20 nm CPS and from 200 nm CPS
particles. At 50 pg/ml, also significant differences between 20 and 200 nm CPS particles
were noted.

Secretion of the inflammatory cytokines IL-6 and IL-8 was determined upon stimulation
with 10-50 pg/ml CPS particles. Similar effects for all concentrations were obtained and
effects of exposures to 20 pg/ml are shown. While CPS particles at sizes 2200 nm appeared
to increase the secretion of IL-6 by THP-1 cells, this effect was not significant (Fig. 5a,
yellow bars). IL-8 levels were significantly increased upon incubation of THP-1 cells with
20 nm CPS particles (Fig. 5b, yellow bars). After differentiation of THP-1 monocytes with
PMA to macrophages 20 pg/ml 500 and 1,000 nm CPS particles significantly increased IL-6
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releases (Fig. 5a, red bars). IL-8 secretion was significantly increased after incubation with
CPS particles of 20 and 500 nm (Fig. 5b, red bars). Although relative increases in cytokine
secretion induced by CPS particles in non-differentiated and PMA-differentiated monocytes
were similar, basal levels of cytokine secretion were higher in the differentiated cells than in
the non-differentiated cells. For comparison, basal secretions of 3.0+1.3 pg/ml for IL-6 and
3.5+1.9 pg/ml for IL-8 in non-differentiated THP-1 cells increased to 15.0+4.8 pg/ml for
IL-6 and 67.5+10.6 for IL-8 in differentiated cells. A significant correlation of interleukin
secretion to CPS particle size is seen for IL-6 secretion in THP-1 monocytes and
differentiated THP-1 cells, while I1L-8 secretion shows a size-dependent trend only for
THP-1 monocytes, not for differentiated THP-1 cells.

In U937 cells CPS particles of all sizes caused only small, insignificant changes of
interleukin levels (data not shown). The higher sensitivity of THP-1 cells to particle
stimulation relative to that of U937 cells has already been reported (Allermann and Poulsen
2002).

Phagocytosis and nitric oxide generation—DMBM-2 mouse macrophages are used
because they present a homogenous population in contrast to monocytes after differentiation
with PMA. The phagocytosis of bacteria (E. coli, 2x0.5 um in size) by DMBM-2 cells was
completely inhibited at cytotoxic concentrations =100 pg/ml 20 nm CPS particles, while
non-cytotoxic concentrations inhibited phagocytosis only non-significantly (Fig. 6). Pre-
incubation with =500 nm CPS particles significantly increased uptake of bacteria.

Concentrations <200 pg/ml did affect nitric oxide generation while most CPS particles in
concentrations 2200 pg/ml and sizes =200 nm induced significant increases in nitric oxide
generation. Highest nitric oxide production was seen for 500 nm CPS particles. Since effects
seen at concentrations of =200 um/ml CPS particles are not physiologically relevant, data
are presented as Supplementary Material (Fig. 2s).

Influence with granulocyte function

Activation of granulocytes can be identified by increase in superoxide production (oxidative
burst) and by release of myeloperoxidase. Granulocyte effects can only be detected in
primary cells. Since generation of superoxide is also seen in monocytes, both reactions were
detected together in blood samples to compare the effect induced by smallest and largest
CPS particles.

Effects of 25 pg/ml uncoated and plasma-coated CPS particles were highest for both cell
types. Twenty nanometers CPS particles induced generation of superoxide in monocytes of
the peripheral blood significantly, while 1,000 nm CPS particles caused no effect (Fig. 7a).
Superoxide generation by 20 nm CPS particles was strongly enhanced by coating with
plasma. Generation of superoxide by granulocytes was significantly induced by plasma-
coated 1,000 nm CPS particles but not by plasma-coated or uncoated 20 and 200 nm CPS
particles (Fig. 7b).

Release of myeloperoxidase was assessed up to very high particle concentrations (2 mg/ml)
because no effects were seen at lower concentrations. To exclude cytotoxicity at these
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concentrations, release of LDH was determined in parallel. Myeloperoxidase levels were
increased in the supernatant of blood cells after exposure to 20 and 500 nm CPS particles.
These (not statistically significant) increases occurred only at high (2 mg/ml) concentrations
for 20 nm CPS particles and at 200 pug/ml for 500 nm CPS particles. Since effects at these
concentrations are not physiologically relevant, they are supplied as Fig. 3s, Supplementary
Material.

An overview on cell types used for the assays, concentrations and sizes of CPS particles, and
obtained significant effects, is presented in Table 3.

Discussion

In vitro screening, when possible, prefers cell lines because they usually show smaller inter-
assay variations than primary cells. For functional assays, however, the use of cell lines is
not always possible because cells tend to lose physiological functions during
immortalisation. Functional assays for immune functions often require either primary cells
or specific cell lines. Therefore, in this study, several different cell types were used to assess
specific phagocyte functions. To study the role of the protein corona, in addition to uncoated
particles, also plasma-coated CPS particles were tested. The different exposure conditions
limit inter-assay comparisons and physicochemical characterisation of uncoated and plasma
coating was used to identify the effect of the coating on size and surface charge.

Although charge densities of the particles (indicated by the producer) increased markedly
from 20 to =200 nm CPS particles, the zeta potential as relevant parameter for the
interaction with cells, decreased from 20 to 1,000 nm CPS, in both uncoated and plasma-
coated particles. Polystyrene particles show a high tendency to agglomerate, for instance in
medium +10 % FBS. These larger particles are no more cytotoxic (Fréhlich et al. 2009).
Particles were, therefore, coated to mimic the physiological situation, namely the formation
of a protein corona (Lundgqvist et al. 2008), while preventing size increases observed in
medium +10 % FBS.

Despite similar sizes of uncoated and plasma-coated particles, 20 nm uncoated CPS particles
were taken up to a higher degree than the plasma-coated particles. Protein coating of
nanoparticles may prevent interaction of nanoparticles with plasma membranes by reduction
of surface reactivity. Lack of protein coating with subsequent membrane damage could also
explain energy-independent uptake of 20 nm CPS particles observed in this study. Uptake
experiments were performed using incubation of peripheral blood monocytic cells with 25
ug/ml CPS particles. Significant decrease in viability after 24 h of exposure to 20 nm CPS
particles showed inter-donor variations and were observed at concentrations of 100-500
ug/ml. Since non-cytotoxic concentrations were used for the uptake study, it appears less
likely that membrane damage could explain the energy-independent uptake. Mechanisms
different from phagocytosis and endocytosis could be involved in this energy-independent
uptake (Rothen-Rutishauser et al. 2006). Variety of the composition and the rapid exchange
of proteins bound to the particle (Tenzer et al. 2013) also raises the question to which extent
the particles used in this study were covered by plasma proteins. On the other hand, an
increased uptake of plasma-coated =500 nm CPS particles compared to the non-plasma-
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coated ones was seen in this study. This trend is opposite to the observed decrease in particle
uptake of plasma-coated 20 nm CPS particles and can be explained by binding of plasma
proteins (opsonisation) and receptor-mediated uptake by phagocytes in combination with
unspecific adherence of phagocytes to surface-absorbed serum proteins facilitating
phagocytosis (Nie 2010).

Cytotoxicity was assessed in protein-free medium to avoid agglomeration of CPS particles.
Phagocytes grown in suspension (monocytes) were more sensitive to the cytotoxic action of
20 nm CPS particles than the adherent DMBM-2 cells. This higher sensitivity of adherent
cells compared to cells growing in suspension is consistent with previous studies (Fréhlich
et al. 2012b), where estimated ICsq values for 20 nm CPS particles were 182498 pg/ml in
adherent cell lines and 33+ 10 pg/ml in suspension cells. The higher sensitivity is not due to
an increased uptake of these particles because THP-1 monocytes ingested almost 100 times
less CPS particles than DMBM-2 macrophages (Table 2 and Table 2s). It is more likely that
the greater membrane surface area of suspension cells exposed to the reactive nanoparticle
surface is responsible for the increased cytotoxicity (Fig. 3). A stronger disruptive effect on
plasma membrane can be explained by the fact that the membrane area available for particle
contact in suspension cells is larger than for adherent cells, where particles cannot get access
to the part of the cell adhering to the plate. It has been hypothesised that the higher
cytotoxicity of particles in protein-free media is caused by the higher surface energies in the
absence of protein (Lesniak et al. 2012). Thus, in itself size is not necessarily the only
parameter to be taken into account when one observes biological consequences (Lesniak et
al. 2013). The higher cytotoxicity of =500 nm CPS particles to macrophages suggests that
their toxicity may be linked to phagocytosis. This effect, however, was observed only at
high particle concentrations, rendering its physiological relevance questionable.

Cytokine secretion was also assessed in the protein-free medium. IL-6 secretion increased
with particle size, while IL-8 secretion showed the opposite trend in THP-1 monocytes.
Changes were observed after exposure to a concentration of 20 pg/ml particles, where
release of interleukins due to membrane damage by 20 nm CPS particles cannot be
excluded. Cytokine releases obtained by incubation with 10 pg/ml 20 nm CPS, however,
were almost identical to secretions obtained by incubation with the potentially cytotoxic
concentrations. This could be due to the fact that polystyrene particles can bind proteins and
binding to more particles could decrease measured interleukin levels. On the other hand,
interleukin levels might not be increased in cells with decreased viability because the
compromised cells did not produce interleukin. Increases in interleukin secretion induced by
micro- and nano-sized CPS particles were of a similar order of magnitude. For carbon black
particles and silica particles, particle size was inversely correlated with cytokine secretion:
small, 14 nm carbon black particles produced higher increases in cytokine levels than 95 nm
particles (Shwe et al. 2005); 70 nm silica NPs induced cytokine release but 300 and 1,000
nm particles did not (Nishimori et al. 2009) and 50 nm silica NPs had a more potent effect
on IL-1p release than the 500 nm particles (Sandberg et al. 2012). The higher reactivity of
the nano-sized particles may be due to the generation of reactive oxygen species, which has
been reported for these materials but only occurs to a small extent in CPS particles (Frohlich
et al. 2009). In contrast to the reaction to carbon black and silica particles, cytokine release
from macrophages was higher for 0.5 and 4.3 pm ceramic particles than for 0.2 and 7.2 pm
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particles (Catelas et al. 1998). The finding that 500 nm and 1000 nm CPS particles in this
study significantly increased phagocytosis, suggests that the release of inflammatory
cytokines by microparticles may be linked to phagocytosis.

Reported effects of ultrafine particles and carbon black and of micro-sized cobalt-chrome
wear and poly(lactic co-glycolic acid) particles on phagocytosis are predominantly
inhibitory (Garrett et al. 1983; Renwick et al. 2001; Jones et al. 2002; Bernard et al. 2007).
In contrast to that, significant increases in phagocytosis of E. coli indicator particles induced
by rather high concentrations of 500 and 1,000 nhm CPS particles were identified in this
study. Since increases in phagocytosis induced by these particles at lower concentrations
were smaller, a contribution of cell damage to the observed effect cannot be excluded.

In this study, 20 nm CPS particles displayed no effect, while large CPS particles increased
chemotaxis. Nano-sized superparamagnetic iron nanoparticles showed no effect on
chemotaxis (Walter et al. 2008), whereas carbon nanotubes, polymethylmethacrylate NPs,
and TiO, NPs, suppressed chemotaxis (Papatheofanis and Barmada 1991; Witasp et al.
2009; Liu et al. 2010). Since cytotoxicity and interaction with the cytoskeleton (carbon
nanotubes) were not excluded in these studies, inhibition of chemotaxis might be a
manifestation of cytotoxicity. Activation of chemotaxis by 1,000 nm CPS particles is similar
to increased chemotaxis caused by polyethylene microparticles in vivo (Frokjaer et al.
1995).

While TiO,, Ti and V nanoparticles and polyethylene wear particles increased superoxide
production in granulocytes (Hedenborg 1988; Kumazawa et al. 2002; Bernard et al. 2007;
Jovanovic et al. 2011), only the larger CPS particles showed this effect in this study. The
absence of stimulation by the 20 nm CPS particles in this study could be explained by the
absence of metal ions and endotoxin, which could be involved in the effect caused by TiO»,
Tiand V NPs.

Some effects, namely generation of nitric oxide and degranulation of granulocytes were only
detected at high, not physiologically relevant concentrations. Generation of nitric oxide has
been reported for pegylated gold NPs, silica NPs and TiO, NPs (Park and Park 2009; Hutter
et al. 2010; Scherbart et al. 2011). Lack of influence on granulocyte degranulation has been
reported for TiO, NPs (Jovanovic et al. 2011; Vesnina et al. 2011).

The presented data suggest that cytotoxicity of 20 nm CPS particles might be caused by
ingestion of a higher number of particles with concomitant plasma membrane damage.
Membrane damage could also be involved in increased interleukin secretion or oxidative
burst in monocytes. Although 100 nm CPS particles are taken up in higher numbers than
500 and 1,000 nm CPS particles, their cytotoxicity was much lower. While the larger CPS
particles induced oxidative burst with ROS generation and cell damage, CPS particles in the
size range between 20 and 500 nm were taken up without obvious interference with cell
viability and function. At non-cytotoxic concentrations, it appears that micro-sized CPS
particles show stronger interference with phagocyte function (chemotaxis, interleukin
secretion, phagocytosis and oxidative burst of granulocytes) than nano-sized CPS particles.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Ugtake of fluorescently labelled carboxyl polystyrene particles (FluoSpheres®, FS) in
PBMCs exposed in DMEM. After short incubation at 37 °C, lymphocytes (CD3-
immunoreactive) take up 20 nm FS but not larger particles. Granulocytes (CD13-
immunoreactive) and monocytes (CD14-immunoreactive) also ingest 200 and 500 nm FS
after this time. Uptake of 2200 nm FS is inhibited by low temperature. After 24 h
incubation, lymphocytes also contain 500 nm FS. Asterisks indicate FS taken up by platelets.
Scale bar 10 ym
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Viability of human monocytic U937 and THP-1 cells, differentiated THP-1 cells (THPdiff)
and murine DMBM-2 macrophages after incubation with carboxyl polystyrene particles
(CPS particles) of <200 nm (a) and =500 nm (b) for 24 h exposed in DMEM (n=4)
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Fig. 3.

Viability of DMBM-2 macrophages (a) and THP-1 cells (b) dependent on particles/cell
(n=4). CPS particles decrease viability of monocytic THP-1 cells at lower numbers than
viability of DMBM-2 macrophages

Cell Biol Toxicol. Author manuscript; available in PMC 2015 May 18.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Prietl et al.

Page 20
500
— 450 *#
X
% 400
3 350
o
300
§
S 250 BECPS20
% 200 * BCPS200
» 150 BCPS1000
8
2
=

10 50
Concentration (pg/ml)

Fig. 4.

Cr?emotaxis of U937 cells towards a positive chemotactic stimulus (PMA) after incubation
for 30 min with plasma-coated CPS particles (n=3). Significant changes to the solvent-
treated controls (p<0.05) and between different particles linked by brackets are indicated by
asterisk. A hatch indicates significant difference of one particle to the others
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Fig. 5.

Reglease of cytokines IL-6 (a) and IL-8 (b) from monocytic THP-1 cells upon stimulation
with 20 pg/ml CPS particles suspended in DMEM for 24 h (n=6). THP-1 cells were also
assessed after differentiation with PMA and releases were normalised to solvent-treated
controls as 1. a IL-6 secretion was increased by incubations with CPS =500 nm. b 20 nm
CPS stimulated 1L-8 secretion in differentiated and monocytic THP-1; 100 ng/ml LPS
served as positive control. Significant changes to the solvent-treated controls (p<0.05) and
between different particles linked by brackets are indicated by asterisk
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Fig. 6.

Phgagocytosis of bacteria by DMBM-2 macrophages after pre-incubation with CPS particles
suspended in DMEM (n=3). Twenty nanometers CPS particles inhibited phagocytosis, while
1,000 and 500 nm CPS particles stimulated the uptake. Data are normalised (100 %) to the
uptake of indicator particles in medium. Significant changes to the solvent-treated controls
(p<0.05) are indicated by asterisk
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Fig. 7.

ngeration of superoxide in monocytes (a) and granulocytes (b) in human blood samples
exposed to 25 pg/ml CPS particles suspended in PBS (n=4). E. coli provided in the assay kit
served as positive control (PC) and PBS as negative control (NC). Data are normalised to
the generation of superoxide in cells exposed to buffer. a Uncoated and plasma-coated 20
nm CPS particles increase the production of superoxide by monocytes while 1,000 nm CPS
particles display only a marginal effect. b In granulocytes, plasma-coated 1,000 nm CPS
particles increase the production of superoxide while 20 nm CPS particles display only a
marginal effect. Significant changes to the solvent-treated controls (p<0.05) are indicated by
asterisk. u uncoated, ¢ plasma coated
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Overview of physico-chemical characterisation of the CPS particles (size and surface charge) in water (data
given by the producer) and in suspension media used in the assays assessed by photon correlation
spectroscopy and laser Doppler velocimetry

Particle  Particle Sizein  Sizein Size Charae densit a( Clem?)producer Zeta Zetapot.  Zeta pot.
size? (nm PBS DMEM (coated) 9 Y M p pot. in in (coated)
| M) hm)y  (m) in PBS PBS DMEM  inPBS
producer (nm) mv)y  (mv) (mV)
CPS20 26 41 42b/300 375 0.5 -44.9 -41.2 -47.2
CPS100 140 135 158 247 2.7 -40.0 -36.8 -16.5
CPS200 160 165 230 357 16.8 -35.6 -36.6 -27.6
CPS500 450 563 550 578 14.6 -37.6 -35.7 -20.4
CPS1000 1,100 1,106 1,271 1,494 12.5 -28.8 -29.2 -10.8

PBS phosphate-buffered saline, DMEM Dulbecco’s modified eagle medium

aData for the lot of CPS particles used for the experiments, provided by the producer

bTwo peaks of distribution with predominant peak (70 %) indicated first
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Table 3

Overview of assays, cell types, concentrations, and particles and obtained effects

Page 26

Assay

Cells

Concentrations (ug/ml)

Particles (sizes, nm)

Sign. effect at
concentrations of <100
pg/mi

Viability

Chemotaxis (pre-incubation)

Cytokine release I1L-6/IL-8

Phagocytosis

Nitric oxide generation

Oxidative burst

Myeloperoxidase

U937, THP-1, THPdiff,
DMBM-2

U937

THP-1, THP-1diff,
U937, DMBM-2

DMBM-2

DMBM-2

Granulocytes, monocytes

Granulocytes

25-50-100-200-400-500

10-50
10-20-50

10-50 (only CPS20)
100-500

50-100-200-500-1,000
25-50-100

50-200-2,000

20-100-500-1,000

20-200-1,000
20-100-200-500-1,000

20-200-500-1,000

20-200-500-1,000
20-1,000

20-200-500

THPdiff 20, U937 20, THP
20, THPdiff 500, decrease

CPS1000, increase

IL-6: THPdiff 500, THPdiff
1000; IL-8: THPdiff 20,
THPdiff 500, THP 20,
increase

CPS500, CPS1000, increase

None

CPS1000c granulos, CPS20c
monos, increase

None
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