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ABSTRACT

The impact of nanoparticles (NPs) in medicine and biology has increased rapidly in recent years. Gold NPs
have advantageous properties such as chemical stability, high electron density and affinity to biomolecules,
making them very promising candidates as drug carriers and diagnostic tools. However, diverse studies on
the toxicity of gold NPs have reported contradictory results. To address this issue, a triple cell co-culture
model simulating the alveolar lung epithelium was used and exposed at the air-liquid interface.

The cell cultures were exposed to characterized aerosols with 15 nm gold particles (61 ng Au/cm? and
561 ng Au/cm? deposition) and incubated for 4 h and 24 h. Experiments were repeated six times. The mRNA
induction of pro-inflammatory (TNFa, IL-8, iNOS) and oxidative stress markers (HO-1, SOD2) was measured,
as well as protein induction of pro- and anti-inflammatory cytokines (IL-1, IL-2, IL-4, IL-6, IL-8, IL-10, GM-
CSF, TNFa, INFy). A pre-stimulation with lipopolysaccharide (LPS) was performed to further study the effects
of particles under inflammatory conditions. Particle deposition and particle uptake by cells were analyzed by
transmission electron microscopy and design-based stereology.

A homogeneous deposition was revealed, and particles were found to enter all cell types. No mRNA induction
due to particles was observed for all markers. The cell culture system was sensitive to LPS but gold particles
did not cause any synergistic or suppressive effects.

With this experimental setup, reflecting the physiological conditions more precisely, no adverse effects from
gold NPs were observed. However, chronic studies under in vivo conditions are needed to entirely exclude

adverse effects.

© 2009 Elsevier Inc. All rights reserved.

Introduction

During the last years the impact of nanoparticles (NPs) in medicine
and biology has increased rapidly, especially for bioimaging (Jain et
al., 2008), biosensing (Olofsson et al., 2003) and drug delivery (Dhar
et al., 2008; Joshi et al., 2006). Gold NPs are chemically stable, electron
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dense and posses an affinity to biomolecules, such as amino acids
(Selvakannan et al., 2004), proteins (Wangoo et al., 2008) and DNA
(Rosi et al., 2006), making them suitable as drug carriers and imaging
reagents. Promising results have been obtained in cancer research
where conjugated gold NPs have been used for cancer detection and
treatment in vitro (Chen et al., 2007; Khaing Oo et al., 2008; Li et al.,
2009).

Despite the potential medical benefits of gold NPs, it remains
unclear whether their use in biological organisms and humans, in
particular, will be safe. A variety of toxicity tests in vitro were reported
for gold NPs providing controversial results. Most studies have
excluded the toxicity of gold NPs (4 nm-18 nm in diameter) (Connor
et al, 2005; Khan et al., 2007; Shukla et al., 2005), studying cell
viability, pro-apoptotic effects, oxidative stress and inflammatory
response. In contrast, cytotoxic and pro-apoptotic effects of gold
particles <2 nm were reported (Pan et al., 2007; Tsoli et al., 2005), as
well as the impact of the charge of surface coatings on 2 nm particles
on the reduction of cell viability (Goodman et al., 2004). Furthermore,
exposure of fibroblasts to 13 nm gold particles caused morphological
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changes in the cytoskeleton and a reduction in cell proliferation
(Pernodet et al., 2006). A pro-inflammatory response was found after
exposure to bovine serum albumin coated 25 nm gold particles in an
epithelial airway model (Rothen-Rutishauser et al., 2007).

The reasons for these controversial results might include different
experimental set ups and particle characteristics. Recent studies have
identified that a number of important parameters influence the
toxicity of NPs (Nel et al., 2006; Oberdérster et al., 2005), such as dose
(Kwon et al., 2009), size (Kreyling et al., 2006), shape (Oberdorster
et al., 2005), bulk material (Hussain et al., 2005), surface charge (Cho
et al, 2009; Goodman et al., 2004), surface area (Brandenberger et al.,
2009; Stoeger et al., 2006), as well as the composition of the exposure
medium (Herzog et al., 2009b).

All the studies on gold NPs, discussed previously, were performed
in cell cultures under submerged conditions with the particles
suspended in different media. Besides the effects of the media on
agglomeration status, the movements of single NPs in fluids are
mainly driven by diffusion and not by sedimentation (Limbach et al.,
2005; Teeguarden et al., 2007). As a consequence from the latter the
probability of agglomerates to settle down onto the cell culture is
higher than that for single NPs, thus increasing the possibility of
attributing the observations to the wrong kind of particles (Limbach
et al., 2005). A direct deposition of the particles on the cells at the air-
liquid interface has the advantage of minimizing these effects,
resulting in a more reliable dosimetry and less particle agglomeration.
The air-liquid interface exposure scenario not only shows ideal
characteristics to study particle-cell interactions but also mimics
particle deposition in the respiratory tract after inhalation and it is
conceivable that the cellular response to particle exposure is different
for submerged and air-liquid interface culture conditions.

Lung epithelial cells represent, along with alveolar macrophages,
the first line of cellular defense against inhaled particles. These cells
participate in the initiation and modulation of the inflammatory
response by the production of chemokines. Of particular interest is the
involvement of dendritic cells, which are present at the base of the
epithelium and are the most competent antigen presenting cells in the
lung (Holt et al., 1990). Therefore, in this study an in vitro co-culture
model of the human epithelial airway barrier was used (Blank et al.,
2007; Rothen-Rutishauser et al., 2005), consisting of human blood
monocyte derived macrophages and dendritic cells as well as the
widely used A549 human alveolar epithelial cell line.

The present study aimed to analyze the inflammatory and
oxidative potential of 15 nm gold NPs in the triple cell co-culture
model exposed at the air-liquid interface with a newly developed
exposure system (Schmid et al., 2009), which allows for efficient,
spatially uniform and dose-controlled exposure of cells to NPs. In
addition, it was investigated whether the gold NPs aggravate or
suppress the response to a pro-inflammatory stimulus, a finding
previously observed by others (Chan et al., 2006; de Haar et al., 2006;
Herzog et al., 2009a; Hofer et al., 2004).

Materials and methods
Air-liquid interface exposure system

The cell cultures were exposed to the particles at the air-liquid
interface with an exposure system (ALICE), described by Schmid et al.
(2009). Briefly, the ALICE consists of three main components, a droplet
generator (nebulizer), an exposure chamber and a flow system with an
incubation chamber, which provides temperature and humidity
conditions suitable for cell cultivation (temperature: 37 °C; humidity:
nearly saturated). A dense cloud of micron-sized droplets (mass
median diameter 4.4-5.4 um; geometric standard deviation: 1.50-
1.65 pm) containing the gold NPs was generated by nebulisation of
1 mL NP suspension using a vibrating membrane droplet generator
(investigational eFlow, PARI Pharma GmbH, Munich, Germany). This

type of droplet generator (TouchSpray™ technology) utilizes a
perforated, piezoelectrically driven vibrating membrane to induce
acoustic pressure waves, which periodically press small amounts of
liquid through the tapered holes of a membrane. The resulting dense
cloud of droplets containing the NPs was transported at a flow rate of
5 L/min into the exposure chamber (20x20x30 cm), where the
cultured cells in standard transwell plates were introduced. The
nebulizer gradually filled the chamber with the droplet cloud and as
soon as the nebulizer was empty, the air flow was stopped and the
droplets settled to the ground onto the cells. The deposition occurred
due to an effect known as cloud settling: the highly concentrated cloud
of droplets (80-130 g/m?) gravitated swiftly within 2 s to the bottom
of the exposure chamber (400 cm?), was further diverted to all sides
by the ground plate of the chamber and formed an almost symmetric
pattern of vortices providing gentle but sufficient mixing to establish a
spatially uniform cloud layer near the bottom of the chamber.

The ALICE allowed for uniform and efficient deposition (57 + 7% of
the suspension reached the bottom plate of the exposure chamber) of
colloidal gold NPs onto the cells at the air-liquid interface. After the
exposure procedure, which lasted for about 20 min, the cells were
kept under air-liquid interface conditions for post-exposure incuba-
tion times of 4 h and 24 h in the cell incubator. The effective dose of
gold NPs deposited on the cells in ng/cm? was measured by gamma
spectroscopy as described below.

Particles

Commercially available aqueous 15 nm colloidal gold particles
from British Biocell International (EM.GC15, Batch 7894, Plano GmbH,
Wetzlar, Germany) in a citrate buffer were used. The particle
suspension had a nominal concentration of 0.004% gold colloids,
corresponding to a mass concentration of 40 pg/mL. A 10-fold
concentration of the colloidal gold was achieved by centrifugation of
the suspension at 19 RCF (relative centrifugal force) for 20 min and
removing 90% of the supernatant without particles. The size of the
particles was analysed in suspension by dynamic light scattering
(HPPS 5001, Malvern Instruments Ltd, Worcestershire, UK) and post-
air-liquid interface exposure by transmission electron microscopy
(TEM; Philips CM12, FEI Co. Philips Electron Optics, Ziirich, Switzer-
land; magnification 15,000x) after placing a TEM grid onto the
ground plate of the ALICE during some of the experiments. The Au
mass deposited on the cells was determined by placing aluminium foil
sheets with a size of 8 x4 cm on the bottom of the exposure chamber
during an exposure run. After neutron activation of Au-197 into Au-
198 for 1 h (the neutron flux was about 6x10'> cm™2s~!) the Au
mass on the aluminium foil was determined from the intensity of the
412 keV gamma line of Au-198 relative to a known standard.

Cell cultures

A549 cell line.  A549 cells, a human alveolar epithelial-like cell line
representing the alveolar type Il phenotype (Lieber et al., 1976), were
obtained from the American Tissue Type Culture Collection (LGC
Promochem, Molsheim, France). Cells (passage number 5 to 30) were
maintained in RPMI 1640 medium (w/25 mM HEPES, Invitrogen
GmbH, Karlsruhe, Germany) with 1% L-glutamine (Invitrogen), 1%
penicillin/streptomcyin (Biochrom, Germany), and 10% foetal calf
serum (FBS Superior Biochrom, Germany). Cells were seeded at a
density of 10° cells in 2 mL on BD Falcon™ 6-well plate cell-culture
transwells (high pore density PET membranes with a growth area of
42 cm? and 3.0 um pores in diameter; Omnilab GmbH, Munich,
Germany). Transwells were placed in BD Falcon™ 6-well tissue
culture plates with 2 mL medium in the upper and 3 mL in the lower
transwell chamber. Cells were grown on transwell membranes under
submerged conditions for 7 days to grow to confluence. The medium
was changed twice a week.
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The triple cell co-culture. A triple cell co-culture system with A549
alveolar epithelial cells (EC), human blood monocyte derived
macrophages (MDM) and dendritic cells (MDDC) was used
(Rothen-Rutishauser et al., 2005). A blood donation of 200 mL was
centrifuged at 1300 g for 20 min to receive a buffy coat which was
further processed according to the method described by Sallusto et
al. (1995). Isolated blood monocytes were cultured for 7 days in
RPMI 1640 medium with 1% L-glutamine, 1% penicillin/streptomy-
cin, and 5% heat-inactivated human serum. The MDDC differentia-
tion was obtained by an addition of 34 ng/mL IL-4 (Sigma Aldrich
GmbH, Munich, Germany) and 50 ng/mL GM-CSF (Sigma Aldrich
GmbH, Munich, Germany), whereas the MDM did not receive any
additional supplements. The setup of the triple cell co-culture was
performed as described previously (Rothen-Rutishauser et al., 2005).
The cells were transferred from submerged to air-liquid interface
conditions, 24 h prior to particle exposure: The cell culture medium
from the upper transwell chamber was removed and the cell culture
medium in the lower transwell chamber was replaced by 1.8 mL of
fresh medium. In a set of experiments, an inflammatory stimulus
was applied 2 h prior to the particle exposure by adding 1 ng/mL
lipopolysaccharide (LPS) (Pseudomonas aeruginosa, Sigma Aldrich
GmbH, Munich, Germany) into the medium of the lower transwell
chamber.

Real-time PCR

RNA isolation was done with the Qiagen RNeasy Mini Kit (Qiagen
GmbH, Hilden, Germany). The cells were removed from the cell
culture membrane with a cell scraper and the lysis buffer provided by
the supplier of the Qiagen RNeasy Mini Kit. The cell lysate was then
centrifuged in shredder columns (QIAshredder, Qiagen GmbH, Hilden,
Germany) for 2 min at 16 RCF. The isolation was performed according
to the supplier's manual including a step of DNA digestion (Qiagen
GmbH, Hilden, Germany). The purified RNA was eluted in 30 pL pure
H,0 and stored at —70 °C.

The RNA concentration was measured with the Nano-Drop-
Photometer (NanoDrop ND100 PeqlLab, Germany). Transcription
was performed with a total amount of 0.5 pg RNA in a volume of
20 pL reaction mixture. Alignment of random nonamer primer (5 pM
final concentration) and RNA in H,0 was done at 70 °C for 5 min,
followed by cooling on ice for 5 min. Mastermix (1x First Strand
Buffer, 10 mM DTT, 8 U/pL Superscript II RT, 2 U/uL RNAse Inhibitor,
Invitrogen GmbH, Karlsruhe, Germany and 0.5 mM 4dNTP, Fermentas
GmbH, St. Leon-Rot, Germany) was added and the mixture incubated
for 1 h at 42 °C, followed by Superscript inactivation for 15 min at
70 °C. Complementary DNA (cDNA) was diluted to a concentration of
66 ng/LL and stored at — 20 °C.

The reaction mixture for quantitative real-time PCR contained
200 ng cDNA, 0.4 uM forward and reverse Primer and Absolute blue
QPCR SYBR Green ROX Mix (Thermo Scientific, ABgene, UK). Primer
sequences are shown in Table 1. The thermo cyclic protocol was: 1x
(50 °C, 2 min; 95 °C, 15 min) 40 x (95 °C, 15s; 60 °C, 1 min) followed
by a dissociation stage of 95 °C, 15s; 60 °C, 20 s; 95 °C 15 s. The thermo
cyclic reaction and software analysis was performed with the 7500
Real-Time PCR System (Applied Biosystem, Darmstadt, Germany).

Bioplex cytokine detection

After 24 h exposure, 1 mL medium from the lower transwell
chamber was sampled and immediately frozen and stored at —70 °C
until the assay was performed. The detection of pro- and anti-
inflammatory cytokines released into the culture medium was carried
out with the Bio-Plex Pro Human Cytokine 8-Plex Panel for the
detection of interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6
(IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), granulocyte mac-
rophage colony stimulating factor (GM-CSF), tumor necrosis factor o

Table 1
Sequences of the used primers.

GENE Primer forward 5’-3’ Primer reverse 5’-3'

GAPDH  CCATGAGAAGTATGACAACAGCC TGGCAGGTTTTTCTAGACCC

IL-8 ATGACTTCCAAGCTGGCCGTGGTC TCTCAGCCCTCTTCAAAAACTTCTC
TNFo CCAAAGTAGACCTGCCCAGA TCTACTCCCAGGTCCTCTTCA

iNOS GCCCAAGGTCTATGTTCAG TAGTCCTCGACCTGCTCCTC

SOD2 CCTGGAACCTCACATCAACG AACCTGAGCCTTGGACACC

HO-1 AAGATTGCCCAGAAAGCCCTGGAC ~ AACTGTCGCCACCAGAAAGCTGAG

(TNFa) and interferon y (INFy) (BioRad, Munich, Germany). The
assay for interleukin-1p (IL-1B) was added to the panel. For the
cytokine determination 50 pL cell culture supernatant was used and
processed according to the supplier's protocol.

Quantification of MDM, MDDC and EC

The triple cell co-cultures were fixed on the cell culture transwell
with 3% paraformaldehyde in phosphate buffered saline (PBS) for
15 min at room temperature and then treated with 0.1 M glycine in
PBS for 5 min. Before staining, the cells were permeabilized with 0.2%
Triton X-100 in PBS for 15 min at room temperature. MDM were
marked for 1 h with the primary antibody mouse anti-human CD14
(Clone UCHM-1, C 7673; Sigma) and MDDC with mouse anti-human
CD86 (Clone HB15e, 36931A; PharMingen, BD Biosciences). Goat anti-
mouse cyanine 5 (AP124S; Chemicon, VWR International AG, Life
Sciences) was used as a secondary detection antibody. The cytoskel-
eton of all cells was stained with phalloidin Alexa 488 1:100 (R-415;
Molecular Probes, Invitrogen AG, Basel, Switzerland). Preparations for
optical analysis were mounted in PBS:glycerol (2:1) containing
170 mg/mL Mowiol 4-88 (Calbiochem, VWR International AG,
Dietikon, Switzerland). The samples were visualized with an inverted
Zeiss laser scanning microscope (LSM) 510 Meta (Axiovert 200 M,
Lasers: HeNe 633 nm, and Ar 488 nm). Image processing was
performed with the 3D multi-channel image processing software
IMARIS (Bitplane AG, Ziirich, Switzerland). From each experiment 10
random images with a size of 71 umx 71 um were evaluated and the
number of EC, MDM and MDDC per mm? was counted.

Transmission electron microscopy

Intracellular particles were visualized by conventional transmis-
sion electron microscopy (TEM) and quantified with stereological
methods. For TEM analysis, the exposed cells on the transwell
membrane were fixed with 2.5% glutaraldehyde in 0.03 M potassium
phosphate buffer for at least 24 h. Then they were washed with
potassium phosphate buffer, post-fixed with 1% osmium tetroxide in
sodium cacodylate buffer, washed with maleate buffer, and stained en
bloc with 0.5% uranyl acetate in maleate buffer. Afterwards, the cells
were dehydrated in ascending ethanol series, and embedded in epon
(Miihlfeld et al., 2007). From the embedded cells, ultrathin sections
were cut parallel to the vertical axis of the cells, mounted on copper
grids and stained with lead citrate and uranyl acetate. The substances
used in this protocol are hazardous and have to be handled carefully
according to safety guidelines. All procedures were performed in a
hood with additional adequate personal protection. Imaging was done
with a Morgani TEM (FEI Co Philips Electron Optics, Ziirich,
Switzerland).

Intracellular particle quantification by design based stereology

Stereology enables the estimation of three-dimensional structural
features (number, length, surface area or volume) from two-
dimensional sections. All parameters are first determined as densities,
i.e. as estimate per unit reference volume, and are then converted to
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Fig. 1. Particle size distribution of the 15 nm colloidal gold particles prior to exposure (A) and after exposure (B). Size distribution prior to exposure was measured by dynamic light
scattering. The pronounced peak near 15 nm indicates that mainly single particles were present for the 1x (A) and the 10x (A") gold concentration. A distribution of the particles
after deposition in the ALICE onto TEM grids shows a uniform particle distribution of the 1x (B) and the 10 x (B') gold particle deposition (scale bar =500 nm).

the total value by multiplication with the reference volume. As a
reference volume, the cell volume per mm? of transwell membrane of
the upper and of the basal side of the transwell membrane was
estimated. Test fields showing the cells were chosen by systematic
uniform random sampling (Mayhew, 2008) at a magnification of
2,200x. A cycloid test line system for surface density estimations on
vertical sections (Baddeley et al., 1986) was projected onto each test
field with the vertical axis of the test system aligned to the vertical
axis of the cells. Intersections (I) of the cycloid test lines with the
transwell membrane and the number of test points (P) hitting the
cells were counted. The surface density (Sy) of the transwell
membrane per unit cell volume was calculated as follows:

Sy(Transwell membrane/Cell) = 2xI/(LyxP) (1)

from the number of intersections (I), number of points (P) and the
total length of the test line (Lt) see e.g. Weibel et al. (2007). The
amount of particles per cell volume was estimated in random test field
areas of ultra thin sections and considering the section thickness as
the third volume dimension, as described by Griffiths (1993). Test
fields of the cells were taken at a magnification of 22,000x by
systematic uniform random sampling and the number of particles per
test field were counted within a counting frame. The volume of the
test field was calculated from its area (Ar) and the thickness of the
ultrathin section (d), which has been estimated by the method of the
smallest fold (Small, 1968). The numerical density of particles (Ny)
was achieved by:

Ny (Nanoparticle/Cell) = np/(nyxArxd) (2)

from the summed number of particles (np) in n test fields (n)with the
volume Ar x d. The final number of intracellular particles per mm? cell
culture area (Na) was then estimated by:

N, (Nanoparticles/Transwell membrane) = Ny /Sy (3)

The intracellular particle number per area was estimated for the upper
and for the basal side of the transwell membrane. To achieve the total
number of intracellular particles in the co-culture, the numbers at
both transwell sides were calculated. The translocation rate from the
upper to the basal side of the transwell membrane was determined by
comparing the number of intracellular particles at the basal side with
the total intracellular number.

Statistics

The statistical analyzes were carried out with the commercial
statistical package SigmaSTAT 3.5 (Systat Software Inc., Erkrath,
Germany). Due to the small sample sizes (n=4-6), non-parametric
tests were used. Kruskal-Wallis One Way Analysis of Variance
(ANOVA) on Ranks was performed if more than two groups were
compared. Multiple comparisons or multiple comparisons versus
negative control were performed with Dunn's method and pairwise
comparison with Tukey test. Differences were considered significant
at p<0.05. Results are presented as mean 4+ standard deviation.
Outliers were determined by the Nalimov test at a significance level
of p<0.05 and excluded from the studies.

Results
Particle exposure

The particle exposure was performed at the air-liquid interface of
the triple cell co-cultures. Using 1 mL of stock solution (40 ug/mL) a
deposition of 61 ng/cm?+5.5 ng/cm? was obtained, as determined
by gamma spectroscopy, and with the 10 fold higher concentration of
the stock solution a deposition of 561 ng/cm?+48.5 ng/cm? was
reached. This corresponds to a deposition efficiency of 61% and 55%,
respectively. The quality of the particle suspension prior to the
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Fig. 2. Laser scanning micrograph of the triple cell co-culture. The macrophages (red) and the epithelial cells (blue) are located at the upper side of the transwell membrane (A, scale
bar = 5 um), whereas the dendritic cells (yellow) are located at the basal side (B, scale bar = 10 um). An evaluation of the total numbers of cells per mm? resulted in 4382 - 524 epithelial

cells, 107 £ 42 macrophages and 81 + 19 dendritic cells.

exposure was assessed by evaluating the particle size distribution
using dynamic light scattering (HPPS 5001, Malvern Instruments Ltd,
Worcestershire, UK) (Figs. 1A and A") and the state of agglomeration
of the deposited particles was analyzed with TEM by particle exposure
onto TEM grids (Figs. 1B and B'). Fig. 1A shows that the suspended
gold particles have a dominant mode at 15 nm, which is consistent
with single particles or small agglomerates, and a small fraction of
larger agglomerates (100 nm-1000 nm). Since the light scattering
signal from larger particles is stronger than from smaller particles,
Figs. 1A and A' exaggerate the prevalence of larger agglomerates.
Similarly, it can be seen from Figs. 1B and B' that the state of
agglomeration on the bottom plate of the exposure chamber (location
of the cells) is also low. Hence, both analyzes indicate that single
particles and small agglomerates were the dominant fraction of those
particles reaching the cells.

Quantification of the cells of the triple cell co-culture system

The number of MDM, MDDC and EC was evaluated for each
experiment (n=6), since the number and quality of primary
monocytes may vary and influence the response of the triple cell
co-cultures to particles and LPS. Fig. 2A shows the epithelial cells
(blue) grown on the upper side of the transwell membrane with MDM
on top (red) and Fig. 2B shows a MDDC (yellow) attached to the basal
side of the transwell. The cell numbers of all three cell types were
107 + 42 MDM/mm?, 81 4+ 19 MDDC/mm? and 4382 -+ 524 EC/mm?.
No correlation between high and low response towards LPS and the
amount of MDM and MDDC per mm? was observed.

Quantitative particle uptake

In order to assess cellular effects upon exposure to particles, it is
important to know if the particles can enter the cells or whether they
stay attached to the cell membrane. The number of intracellular
particles per mm? cell culture was evaluated by stereological analysis
of TEM micrographs at 4 h and 24 h after exposure, resulting in
intracellular numbers of particles per mm? of 10.7 x 10° +4.0x 10° at
4 hand 11.2x10%°+7.3x10° at 24 h for the lower and 29.2x 10° +
20.3x10% at 4 h and 35.4+4+15.2x10°% at 24 h for the higher
concentration. As shown in Fig. 3A, the particle uptake was about
60% (57.8% at 4 h and 60.4% at 24 h) of the exposed amount for the
lower concentration, whereas only about 20% (17.6% at 4 h and 21.3%

at 24 h) of the exposed particles were taken up at the higher
concentration. Comparison between the number of particles at the
upper side and at the basal side of the triple cell co-culture shows that
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Fig. 3. Particle uptake (A) and translocation (B) in the triple cell co-culture system. The
particles have been taken up by the cells and were translocated to the basal side. The
particle uptake (A) of both exposure concentrations and incubation times (white and
grey bars) has been evaluated by means of design-based stereology and has been
compared to the total number of particles deposited (black bar). The degree of uptake
was 17.6410.7% at 4 h (white bar) and 21.347.3% at 24 h (grey bar) for the high
exposure concentration and 57.8 4 19.6% at 4 h (white bar) and 60.4 +42.7% at 24 h
(grey bar) for the low exposure concentration. The translocation rate (B) from the
upper transwell membrane side with epithelial cells and macrophages towards the
basal side with dendritic cells is 5.2 +£4.8% at 4 h (white bar) and 5.24+5.6% at 24 h
(grey bar) for the high exposure concentration and 0.540.3% at 4 h (white bar) and
3.9+3.9% at 24 h (grey bar) for the low exposure concentration.
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Fig. 4. TEM micrograph of intracellular particles in an epithelial cell (A) at the upper side and dendritic cell (B) at the basal side of the transwell membrane (scale bar =2 pm). Figures
A’ and B' show a higher magnification of the black marked box of the left pictures (scale bar =500 nm). The arrows are pointing towards the particles. The particles were mainly

localized in vesicles.

between 0.5% and 5.2% of the particles were translocated from the
upper to the basal side and that particle transport occurred at all time
points and exposure concentrations (Fig. 3B). However, there was only
0.5 £ 0.3% translocation rate after 4 h incubation time with the lower
particle dose but 3.9 4 3.9% after 24 h, although due to high standard
deviation no significant difference could be observed, neither for the
higher exposure dose (5.2 4-4.8% at 4 h and 5.2 4 5.6% at 24 h).

Gold NPs were found in all three cell types; however a
quantification of particles per cell type was not possible because of
the absence of convenient cell markers at an electron microscopic
level. Particles were mostly found in intracellular vesicles as shown in
Fig. 4 in an A549 cell (A) and a dendritic cell (B). When counting the
number of particles per cell, the largest diameter of single particles
and particle agglomerates was also measured. The relative frequency
of the agglomerate size at both time points and exposure concentra-
tions is shown in Fig. 5. There was a tendency for more single particles
in the cells after exposure to the lower concentration. For both
exposure concentrations, an increase of agglomerates, larger than
100 nm in diameter, was observed between 4 h and 24 h.

Cellular responses

The cellular response induced by exposure to the two gold NP
concentrations (1x=61 ng/cm? and 10x =561 ng/cm? gold
particles) was analyzed after post-exposure incubation times of 4 h
and 24 h. The pure buffer solution (10 mM aqueous citrate solution) of
the particle suspension without the particles was used as a negative
control. In some experiments a pre-stimulation with LPS (1 pg/mL)
was performed 2 h prior to particle exposure to study particle effects
under inflammatory conditions. Induction of mRNA (Fig. 6) of three
(pro)-inflammatory markers, namely TNFa, IL-8 and inducible nitric
oxide synthase (iNOS), as well as of the oxidative stress markers
hemeoxygenase-1 (HO-1) and superoxide dismutase 2 (SOD2) were
measured. In addition, the protein expression of pro- and anti-
inflammatory cytokines, such as IL-1p, IL-2, IL-4, IL-6, IL-8, IL-10, GM-
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Fig. 5. Relative frequency of the mean agglomerate diameter after 4 h (A) and 24 h (B)
incubation times as determined by TEM analysis. At both incubation time points, there
are relatively more single particles present at the low exposure concentration
compared to the high exposure concentration. However, when comparing the two
time points (A vs. B), a shift towards larger agglomerates of more than 100 nm in
diameter becomes visible for both exposure concentrations.
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Fig. 6. Gene expression (fold-induction) of inflammatory markers (A) and oxidative stress markers (B) quantified by means of real-time PCR. All results are expressed relative to the
negative controls (neg) at 4 h and 24 h. There is no significant increase of pro-inflammatory and oxidative stress markers. LPS leads to a significant induction (*p<0.05) of mRNA
after 4 h incubation time, which has vanished after 24 h. No significant synergistic or suppressive effects of particles were observed at any time point.

CSF, TNFa, INFy were analyzed after 24 h incubation time with a
multiplex ELISA method (Fig. 7).

Inflammatory markers showed a significant induction of mRNA
due to LPS at 4 h incubation time (Fig. 6A). This increase was no longer
observable after 24 h incubation. No significant effect due to particle
exposure was revealed, and also not in an inflammatory stimulated
environment (pre-stimulation with LPS). The oxidative stress marker
SOD2 was also significantly induced by LPS at 4 h, but HO-1 did not
react upon LPS exposure (Fig. 6B). No adverse particle effects were
measured at any time point and concentration and no synergistic
effects could be observed in combination with LPS stimulation. The
same findings were observed for inflammatory cytokine release
measured by ELISA (Fig. 7).

Discussion

In this study the uptake and possible adverse effects of 15 nm gold
particles were analyzed in a triple cell co-culture model exposed at
the air-liquid interface. The particles were found to enter the cells in a
concentration dependent way and were translocated through the
epithelium to dendritic cells located at the basal side. No significant
induction of oxidative stress or inflammatory response due to the gold
NPs was observed, neither any synergistic or suppressive effect in an
inflammatory stimulated system.

The two gold concentrations applied via the nebulizer in these
experiments resulted in a deposition of 61 ng/cm? and 561 ng/cm? on
the cells. A further increase in the exposure concentration was limited,
since multiple exposures would increase the liquid layer (14 pm for
1 mL of colloidal gold) and hence mitigate or abolish the air-liquid
interface effect. Compared to submerged exposure conditions these
concentrations might seem to be low. However, it has to be
considered, that the dynamics of gold NPs with a diameter <40 nm
in suspensions is driven by diffusion and not by sedimentation
(according to equations published by Limbach et al. (2005) which
drastically reduces the number of particles deposited on the cells
under submerged conditions. It is therefore considered that the
exposure concentrations used in the current experiments are in a
comparable range with other studies and any absent cellular response
can not be related to a too low NP exposure concentration. Table 2
shows a comparison between different gold NP concentrations and
their effects, used in different published experiments. Furthermore,
the dispersal of mainly single particles onto the cells was confirmed:
the measurement of the particle size distribution prior to exposure
showed only low agglomeration in the suspension (Fig. 1A) which
was also qualitatively observed after particle deposition on TEM grids
(Fig. 1B).

In order to evaluate the total particle uptake and the translocation
rate towards the basal side where the dendritic cells were localized,
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the uptake of particles was estimated per mm? cell layer of the upper
and the basal side of the triple cell co-culture. The results show a 60%
particle uptake rate for the lower exposure concentration but only a
20% uptake rate for the higher exposure concentrations, which might
be due to a concentration dependent saturation in particle internal-
ization. Between 4 h and 24 h there was only a marginal increase in
intracellular particle numbers for both exposure concentrations,
inferring that either most particle uptake occurred during the first
four hours or an established equilibrium between endo- and
exocytosis. The translocation through the transwell membrane
could be confirmed and particles could be identified in dendritic
cells (Fig. 4B). It is postulated that particles are either sampled by
macrophages and delivered to dendritic cells, or that the dendritic
cells themselves extend processes between epithelial cells through
the tight junctions to collect the particles (Blank et al., 2007). While
the translocation rate remained equal at 4 h and 24 h after exposure to
the higher concentration, almost no particles could be detected at the
basal side 4 h after exposure to the lower concentration. This effect
had vanished after 24 h, which probably means that the translocation
process at lower particle dose was slower. A further increase in
agglomerate size with time was observed (Fig. 5), which may be
explained by particle agglomeration within the cells with time. Since
particles were observed in vesicles, it is very likely that this effect
occurs due to intracellular vesicle trafficking and fusion after particle
uptake.

An evaluation of quantitative particle localization within the
different cells could not be performed, since conventional TEM does
not allow an exact differentiation of the cell types. The comparison of
the average cell number per mm? and the number of intracellular
particles per mm? shows that approximately 2400 and 7000 particles
per cell were found after exposure to low and high NP concentration,
respectively. The correlative particle distribution between the three
cell types was previously described with fluorescent polystyrene NPs
(Rothen-Rutishauser et al., 2007), showing a preferential uptake by
MDM and MDDC.

In the present study, the potential cytotoxic effect of gold particles
was investigated by measuring gene expression of inflammatory
cytokines and oxidative stress markers at 4 h and 24 h and protein
induction of pro- and anti-inflammatory cytokines at 24 h. These two
time points were chosen after pre-experimental studies with different
incubation times. Effects due to the exposure method have been
excluded in previous studies (Schmid et al., 2009) and a internal
negative control with cells which were not exposed in the ALICE, were
added to the study for each experiment, to factor out side effects (data
not shown). The results clearly showed, that no oxidative or
inflammatory effects due to particle exposure could be observed in

Table 2
Published results on size, concentration and effects in vitro for gold NPs in suspension.

uM Au
0.2-2.5*

Particle size Effects (cell line) Reference

1.4 nm Reduced cell viability after (Tsoli et al., 2005)
24 h, with ICsq values
dependent on cell lines
(0.3-2.3 pM) (various cell
lines e.g. HeLa, Hek-12,
MV3)
Particles below 2 nm are
cytotoxic and cause
apoptosis within 12 h;
1.4 nm particles show
the lowest IC5q value
(40-60 uM) (cell lines:
Hela, 929 fibroblasts,
SK-Mel-28, JJ4A1)
Vesicle leakage and
reduced cell viability after
1 h in positively charged
particles only (LCsq: 1 uM)
(COS-1 cell line)
No reduction in cell
viability after 72 h or
pro-inflammatory
cytokine release at 24 h
(RAW264.7 murine
macrophage-like cells)
Apoptosis and
morphological
deformation at 2 days-
6 days (CF-31 human
dermal fibroblast cells)
Nitric oxygen release in
fresh plasma serum after
5 min (fresh human
plasma serum)
No reduction in cell
viability after 72 h (K562
human leukemia cell)
No changes in gene
expression after 6 h (HeLa
cervical cancer cells)
200-2000 No induction of oxidative
0.3-2.3 pg/ stress markers and
6-well inflammatory cytokines
(human triple cell
co-culture including
primary cells)

08,1.2,14,
1.8, 15 nm

10-6300* (Pan et al., 2007)

2 nm positive  0.4-7.4*
and negative

charged

(Goodman et al., 2004)

4 nm 10-100* (Shukla et al., 2005)

500-4000
(100-800%
pg/mL Au)

13 nm (Pernodet et al., 2006)

13 nm 10-80* (Jia et al., 2009)

18 nm with 0.1-250*

coatings

(Connor et al., 2005)

18 nm 48-480* (Khan et al., 2007)

15 nm ALICE Current study

Except for the study by Jia et al. (2009) all studies were completed with cell culture
lines. The gold particle concentration values given in the publications are indicated *,
other values were approximately calculated by the molar mass of gold. Values of 50%
lethality (LCso) and 50% inhibition (ICso) and were given in some studies.
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this experimental setup for all time points and all gold exposure
concentrations. Inflammatory pre-stimulation with LPS resulted in an
mRNA induction of marker genes which are known to be regulated by
inflammatory stimuli. The oxidative stress marker SOD2 also showed
an up regulation after LPS simulation whereas HO-1 did not, although
diverse studies have shown an increase of HO-1 after LPS stimulation
in macrophages (Srisook and Cha, 2004) as well as in lung tissue
(Zhan et al., 2006). We assume that the observed oxidative stress
response of SOD2 was mainly triggered by the response of epithelial
cells toward TNFa (Xu et al.,, 1999), which is not involved in the
induction pathway of HO-1 (up to 25 pg/mL) (Wijayanti et al., 2004).
LPS primarily acts on macrophages and dendritic cells potentially
initiating a HO-1 induction, however we assume that the reaction was
under the detection limit in our triple cell co-culture system with a
low ratio of MDM, MDDC towards ECs. The primers have been tested
previously and HO-1 induction could be measured after air-liquid
interface exposure of A549 cells on ZnO particles (personal commu-
nication with A.-G. Lenz), and therefore methodological artefacts are
excluded.

Cytokine release after 24 h post-exposure showed similar results
as mRNA induction at 4 h. All cytokines were expressed in an
increased amount after LPS stimulation, but neither the particles
themselves nor any synergistic or suppressive effects could be
observed.

Since the experiments were performed with primary cultures of
MDM and MDDG, it is not surprising that the experiments showed
quite a high standard deviation, although experiments were repeated
six times. A correlation between the number of MDM and MDDC per
transwell and the immune response due to LPS could be excluded by
comparing high response and low response experiments with their
respective number of MDM and MDDC in the triple cell co-culture
system.

It can be summarized that although the gold particles enter the
cells of the triple cell co-culture model, no adverse effects could be
observed, not even in an inflammation stimulating environment.
Comparing the current results with those from other studies
(summarized in Table 2), we conclude, that non functionalized
gold particles with a size of 13-20 nm in diameter do not cause
acute adverse effects. However, toxic effects have been shown for
smaller particles with a diameter of 2 nm or less (Pan et al., 2007;
Tsoli et al., 2005). This size effect could be explained by an
increased catalytic activity for particles with less than 3-5 nm as
described by Hvolbaek et al. (2007) or by potential interaction with
the DNA for particles equal or smaller than 1.4 nm (Liu et al., 2003).
A short term effect of NO release with 13 nm particles as observed
by Jia et al. (2009), could not be detected in the triple cell co-
culture system after 4 h of incubation when measuring mRNA
expression of iNOS. The question remains as to whether morpho-
logical changes would also occur after 6 days of incubation at
similar exposure concentrations as described by Pernodet et al.
(2006). It is not possible to answer this question with our triple cell
co-culture system since it can not be maintained for more than
48 h. Therefore, long term in vivo studies are needed to entirely
exclude adverse effects of gold NPs before applying them in
nanomedicine.
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