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ABSTRACT: A new prototype air−liquid interface (ALI) exposure system, a
flatbed aerosol exposure chamber termed NAVETTA, was developed to
investigate deposition of engineered nanoparticles (NPs) on cultured human
lung A549 cells directly from the gas phase. This device mimics human lung
cell exposure to NPs due to a low horizontal gas flow combined with cells
exposed at the ALI. Electrostatic field assistance is applied to improve NP
deposition efficiency. As proof-of-principle, cell viability and immune
responses after short-term exposure to nanocopper oxide (CuO)-aerosol
were determined. We found that, due to the laminar aerosol flow and a specific
orientation of inverted transwells, much higher deposition rates were obtained
compared to the normal ALI setup. Cellular responses were monitored with
postexposure incubation in submerged conditions, revealing CuO dissolution
in a concentration-dependent manner. Cytotoxicity was the result of ionic and
nonionic Cu fractions. Using the optimized inverted ALI/postincubation
procedure, pro-inflammatory immune responses, in terms of interleukin (IL)-8 promoter and nuclear factor kappa B (NFκB)
activity, were observed within short time, i.e. One hour exposure to ALI-deposited CuO-NPs and 2.5 h postincubation.
NAVETTA is a novel option for mimicking human lung cell exposure to NPs, complementing existing ALI systems.

■ INTRODUCTION

To overcome the deficiencies of nanotoxicity testing
approaches in inhalation toxicology using submerged in vitro
biological models, as reviewed by Paur and co-workers,1 several
in vitro systems have been developed for exposure of cells at
the air−liquid interface (ALI) to aerosolized nanoparticles
(NPs). This allows for a more realistic interaction between
pulmonary cells and NPs, limits alterations of the phys-
icochemical properties of the NPs, and provides a more
accurate dose determination.2

The available systems are based on different mechanisms of
aerosol delivery, including diffusion,3−8 gravitational cloud
settling,6 impaction (CULTEX/VITROCELL),3−5,9,10 electro-
static deposition11−13 or a combination thereof.14 They have
been used to investigate biological effects of a variety of
aerosols, ranging from combustion-derived particles, such as
diesel exhaust aerosol (DEA),4,13,15−22 cigarette smoke,23,24 and
incinerator fly ash,5 to engineered NP aerosols generated from
nebulized suspensions or dry powders.6,7,25−33

The majority of ALI experiments based on diffusion and/or
gravitational settling as deposition mechanisms typically have
shown a relatively low deposition.3−8 At a later stage,
electrostatic precipitation for uni- or bipolar charged particles

has been introduced as one of the main mechanism to improve
deposition efficiency.11−13,34,35 In these systems the aerosol is
applied either via a vertical flow directly onto the cell cultures
or using a horizontal laminar flow and an electrostatic field
generated by placing electrodes beneath the cell cultures, which
substantially increases deposition efficiencies, but still requires
exposure times of several hours. Referring to existing ALI-
exposure devices, increasing the flow rate would lead to
increased cell damage due to drying effects or shear stress, so
other approaches should be explored.
Physical laws suggest that minimizing the distance the

particles have to be deflected from the direction of the flow
before they deposit onto the cells can help to further improve
deposition efficiency and reduce the introduction of turbu-
lences in the laminar airflow, while simultaneously keeping the
time of exposure low. Using an approach previously described
by Holder et al.29 in which the cells are seeded on the reverse
side of a transwell insert membrane and the inserts are placed
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in an inverted position into the exposure chamber, this distance
can be reduced significantly compared to the normal hanging
setup increasing the likelihood of contact between particles and
cells. Furthermore, as recently shown in a study investigating
DEA-induced biological responses,13 well-controlled exposure
conditions (specifically temperature and relative humidity) are
of utmost importance to maintain cellular functionality.
In the present study, a new in-house ALI exposure module

has been developed. This device has an added value to existing
ALI systems in terms of (1) highly efficient laminar flow
electrostatic deposition of NPs onto cells requiring, (2) brief
exposure times, and (3) simple, rapid detection of cell viability
and in vitro pro-inflammatory effects of NPs using the A549
reporter lines pIL8-luc and NFκB-luc. Reporter cells offer
alternatives to replace complex experimental procedures with
often low throughput, limited parallel measurements, and long
processing times,36−38 and they have previously been used as
cell-based biosensors in nanotoxicological research.39,40 Both
suitability and experimental handling of these cell lines for ALI-
experiments have already been described in detail.13,32 As
proof-of-principle, cell viability and immune responses after
short-term exposure to a nanoaerosol generated from copper
oxide (CuO)-NPs were determined.
Among the manufactured metal oxide NPs, CuO-NPs are

increasingly used in industrial catalysis41 as components of gas
sensors,42 batteries,43 solar energy converters,44 high-temper-
ature superconductors and field emitters.45 CuO-NPs are also
used for their antimicrobial activity with possible applications to
disposable textiles or food containers.46 The toxic effects and
mechanisms of CuO-NPs are reviewed by Chang et al.47

Briefly, Cu is an indispensable element for maintaining
homeostasis in organisms.48 Cu may cause toxicity once the
concentration exceeds the physiological tolerance range in
vivo.49 Toxicity assessment studies working with CuO-NPs

have focused on investigating the effects of different exposure
routes, such as the respiratory or gastrointestinal tract. In vivo
studies described lung toxicity of CuO-NPs after intratracheal
instillation in rats.50 Several in vitro studies investigated the
potential toxic effects of CuO-NPs, mainly on airway epithelial
(Hep-2) cells and alveolar epithelial (A549) cells. CuO-NPs
were shown to trigger the production of reactive oxygen species
(ROS), to induce generation of oxidative stress and DNA
damage, to block cellular antioxidant defenses51−56 and to
induce mitochondrial depolarisation in A549 cells.57 CuO-NPs
also induced concentration- and time-dependent cytotoxicity,
and elicited a permeability and inflammation response in
human cardiac microvascular endothelial cells58 and differ-
entiated Caco-2 intestinal cell monolayers.59 The high
cytotoxicity is most likely related to particle characteristics
like the high surface area, which may facilitate redox reactions
either intra- or extracellularly, inducing cell death. Besides the
particle effect, Cu-ions released extracellularly may also
contribute to the cytotoxicity.59−61 In contrast, some authors
state that CuO-NPs toxicity is not dependent on Cu-ions
released by NPs.54,56

Briefly, this study describes the development of a novel ALI
exposure module, termed NAVETTA, allowing simple and
rapid detection of cell viability and in vitro pro-inflammatory
responses upon engineered NP exposure of human lung
epithelial A549 reporter cells grown in inverted transwell setup.
Furthermore, objectives included a high efficient uniform
deposition mediated by electrostatic field from a low laminar
nanoaerosol flow.

■ MATERIALS AND METHODS

Methodological details on the physicochemical characterization
of the CuO-NPs bulk material, dispersion, generated nano-

Figure 1. Schematic diagram of aerosolization setup in fume hood with details like atomizer, dryer, carbon/HEPA filter unit (HEPA/C), corona
charger, mass flow controller (MFC), and novel exposure chamber (NAVETTA) operating with inverted transwell ALI setup for electrostatic field
(EF)-assisted laminar flow deposition of humidified/temperature-controlled nanoaerosol using high voltage (HV), quartz crystal microbalance
(QCM), scanning mobility particle sizer (SMPS), condensation particle counter (CPC), stainless steel (SS) tray, cell culture medium (CCM).
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aerosol, and deposited material are described in the Supporting
Information (SI).
Aerosolization Setup. Nanoaerosols were generated using

a collision-type atomizer (model ATM 220, Topas, Dresden,
Germany) containing a 50 mL CuO suspension and HEPA-
filtered laboratory compressed air (5 bar). Synthetic CuO-NPs
of 22−25 nm (Nanologica AB) were dispersed in Milli-Q water
to prepare a CuO-NP suspension (4 g/L). The bulk material of
CuO powder used for generating the nanoaerosol was provided
by Intrinsiq Materials Ltd. (Farnborough, UK). The suspension
was sonicated in conformity with the standard operating
procedure (SOP) “Dispersion of NNV-011 (CuO) nanoparticle
suspensions for in vitro toxicological testing” developed by the
NanoValid consortium (publicly available from www.nanovalid.
eu) was immediately used for atomization. The NP-containing
air flow leaving the atomizer (at 4 L per minute, lpm) was dried
using a diffusion dryer (Figure 1A). A second air flow of 1 Lpm
laboratory compressed air passed through a carbon and HEPA
filter (HEPA/C) and an ionizer (corona jet charger, operated at
+2.5 kV). Both flow streams were merged in a mixing chamber
where particles in the aerosol flow mixed with the positive ions
carried by the filtered clean air. Using a T-split junction, 0.3 lpm
of the charged aerosol flow entered the NAVETTA, while 4.7
lpm were led into the exhaust of the fume hood using a pump
connected to a mass flow controller (MFC). The exhaust of the
exposure chamber was connected to a scanning mobility
particle sizer (SMPS, model 3936L25, TSI Inc., Shoreview,
MN) that incorporates both a dynamic mobility analyzer
(DMA) and a condensation particle counter (CPC) operating
at a sample flow of 0.3 Lpm measuring in the size range of 15−
661 nm.
NAVETTA Exposure Chamber. The prototype flatbed

aerosol exposure chamber (45 cm length, 11 cm width, 5.5 cm
height) termed “NAVETTA” was constructed of an anodized
aluminum chassis (Figure 1B). A European Patent entitled
“Flatbed air-liquid interface exposure module and methods” was
filed on November 24, 2016 under application number
EP16200571.4 in name of VITO NV and PLUS. Temperature
control was achieved by five equidistantly placed Peltier
elements (with a power rating of 90 W each) on the upper
lid and likewise five at the lower lid of the NAVETTA. The
Peltier elements were operated either in heating- or cooling-
mode via an external controller with a built-in temperature
sensor. To ensure stable thermal conditions (36−37 °C), the
chamber was embedded in a ruggedized polyethylene housing,
allowing only the polyethylene to be in contact with the outside
mounted heat sink. The upper lid could be removed for easy
access to the inverted transwell cell culture. The inside of
NAVETTA consisted of three compartments: the first
compartment after the aerosol inlet represented a water bath,
filled with 50 mL of Milli-Q water, to humidify the aerosol
stream; the second compartment was designed to house a
stainless steel (SS) tray containing cell culture medium (CCM)
with studs to position 12 inverted transwell inserts; in the third
compartment, a gravimetric sensor (quartz crystal micro-
balance, QCM, Novaetech s.r.l., Napoli, Italy) was fitted into
the metallic chassis along with a temperature and humidity
sensor (thin humidity probe model 0636 2135 combined with
thermohygrometer 635-2, Testo, Lenzkirch, Germany) to
monitor air quality inside the chamber. Temperature, relative
humidity (rH), and mass data were logged via an Arduino-
based software interface to an external computer.

To enable electrostatic field (EF)-assisted deposition of the
positively charged CuO nanoaerosols onto the inverted
transwell cell-inserts (Figure 1C), the SS tray was connected
to a high-voltage (HV) source (−1 kV, with the current control
set to minimum). The grounded counter-electrode was
integrated into the upper lid directly above the SS tray. For
electric insulation from both the water bath holding the plate
and the aluminum housing, the SS tray was placed into a 1 mm
thick polystyrene mantle. To shield the CCM-containing SS
tray from the charged CuO-nanoaerosol, a polystyrene top-lid
with 12 well-designed tight openings of 15 mm was used. In
this way, the charged CuO-nanoaerosol was more precisely
oriented onto the air-lifted cell monolayers, thereby avoiding
losses of aerosol through deposition in the intermediate spaces.
A scheme of the whole aerosolization and deposition setup is
shown in Figure 1.

Cell Lines and Culture Conditions. Two A549 (human
alveolar epithelial lung carcinoma) reporter cell lines were used,
possessing a luciferase reporter gene (luc) under the regulation
of the promoter of interleukin (IL)-8 (pIL8-luc) or under
regulation of four copies of the nuclear factor kappa B (NFκB)
response element (NFκB-luc). The establishment of these cell
lines has been described in detail.62 Cell culture conditions and
analysis of the biological end points (cell viability and immune
response) including statistical analysis are described in the SI.

ALI Exposure. For each analysis (i.e., Cu quantification
using ICP-MS, cell viability, pro-inflammatory potential), 12
transwell inserts were exposed to clean air (vehicle control; that
is, carbon- and HEPA-filtered laboratory compressed air), to 12
ppm nitrogen dioxide (NO2, positive control for cell viability)
from a gas cylinder, and to 4 g/L aerosolized CuO-NPs for an
exposure period of 1 h (0.3 lpm, + 2.5 kV corona charger, −1
kV HV). Temperature and rH during exposure were monitored
and found to be stable at 36−37 °C and 99% rH, which thus
achieved the intended agreement with the situation in human
lungs. After 1 h exposure, the biological end point measure-
ments and Cu quantification were conducted. Three
independent biological experiments using different passages
(#3−9) of the cell lines and freshly made CuO-NP suspensions
were performed.
At least three incubator controls, that is, negative control

cultures that were left to stand in the incubator during
exposure, were included in each biological experiment. For this,
inserts were placed in a humidified incubator for 1 h in inverted
position in a tray containing 5.5 mL CCM/well. The same
setup was used to create positive controls for the luciferase
reporter gene (LUC) assays by adding tumor necrosis factor-
alpha (TNF-α, Roche; 250 ng/mL for pIL8-luc, 25 ng/mL for
NFκB-luc cells) in the medium of at least three other inserts.

■ RESULTS
A novel humidified and thermostatized flatbed cell exposure
chamber, termed NAVETTA was constructed for determi-
nation of biological responses to nanoaerosols (Figure 1). As a
proof-of-principle for pro-inflammatory monitoring, two human
alveolar epithelial A549 reporter cell lines were exposed to a
model nanoaerosol of CuO-NPs. Particle deposition from the
laminar air flow was achieved using EF and the effect on cell
viability and pro-inflammatory potential was analyzed.

Characteristics of bulk NPs, Generated Nanoaerosol,
And Deposited Material. The bulk material was charac-
terized by TEM, BET surface area determination, and ICP-MS
based on standardized protocols generated within the Nano-
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Figure 2. Physicochemical characteristics as determined by TEM (bulk material) (A), DLS (dispersion) (B, average of three independent
measurements) and NTA (dispersion) (C). Generated nanoaerosol expressed as difference between particle size distribution at the inlet and exhaust
(with and without EF) of the exposure chamber using the SMPS (D); Dp, particle diameter; N, particle number.

Figure 3. Quantity and agglomeration state of NAVETTA-deposited CuO. Spatial distribution of material deposited within 1 h exposure onto
inverted transwell inserts as captured by photographic imaging (A) and quantified by ICP-MS (in percentage total Cu per well) (B). The flow
direction is indicated by an arrow. Deposited material on position B4 was agglomerated as visualized by STEM images (20 kV) taken at 5000× (C)
and 25 000× (D) magnifications, respectively.
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Valid consortium. The powder contained submicron-sized NP
agglomerates consisting of single primary particles of 22−25
nm, with a surface area of 28 m2/g, and purity >99% (with
minor Ba and Ag contaminations). A standardized ultrasonic
dispersion of CuO powder in water (4 g/L) was prepared for
atomization. As depicted in Figure 2, in the CuO dispersion a
primary particle size corresponding to the above-reported
values was observed. Zeta potential measurements resulted in a
value of +35.9 ± 1.3 mV, and DLS gave a z-average diameter of
154.5 ± 1.7 nm with a polydispersity index of 0.157. This was
found to be in good agreement with a mean particle size of
168.4 ± 3.9 nm by NTA.
The nanoaerosol generated was charged and guided through

the NAVETTA device for EF-assisted deposition onto cells.
Particle size distribution and deposition efficiency inside the
NAVETTA was determined indirectly by SMPS measurements
before and after the nanoaerosol entered the chamber with and
without application of the EF. Figure 2D shows the difference
in particle size distribution at the inlet and exhaust of the
exposure chamber with and without EF applied. The mean
electrical mobility diameter was 89.1 ± 3.3 nm at the inlet,
122.0 ± 4.7 nm at the exhaust without EF applied and 102.0 ±
7.5 nm at the exhaust with EF applied. At the inlet, number
concentrations of 2.7 ± 0.3 × 106 particles·cm−3 were measured
compared to 6.7 ± 1.5 × 105 without EF and 1.3 ± 0.5 × 105

particles*cm−3 with EF at the exhaust. Thus, deposition
efficiency was approximately 95% when the EF was applied,
whereas approximately 75% of the particles at the inlet
deposited without application of the EF.
Visual inspection of the NAVETTA after 1 h exposure with

EF revealed some degree of spatial variability of CuO among
the 12 transwell positions (Figure 3A). This was also confirmed

by direct quantification using ICP-MS as shown in Figure 3B.
The highest total Cu concentrations were measured in the
column that was reached first by the aerosol flow (column 4).
All three rows (A, B, C) experienced decreasing Cu
concentrations with aging flow. A preferential air flow was
noticed for the row in the middle showing highest Cu
concentrations in all four columns (1−4). STEM analysis of the
transwell membranes after NP exposure confirmed these
measurements (Figure 3C and D). Submicron-sized CuO-NP
agglomerates were deposited or formed after impaction and
were distributed rather homogeneously on the grid.

Suitability of NAVETTA for Investigating In Vitro
Biological Responses to Nanoaerosols. Both temperature
and rH values varied within a certain range as a result of
opening the NAVETTA for inserting the A549 reporter cells.
Immediately upon cell culture assembly, typically minimum
temperature values of >33 °C were determined in the air
compartment of NAVETTA. With CCM and water bath fairly
constant at approximately 37 °C, the temperature in the aerial
compartment adjusted quickly after reassembly. Approximately
30 min after closing the NAVETTA, rH values of >99% were
again reached. Having performed preliminary tests and several
follow-up optimizations, an experimental exposure condition of
1 h particle aerosolization and deposition at the ALI (inverted
transwell setup), followed by postexposure incubation under
submerged conditions in the cell culture incubator (20 h for cell
viability, 2.5 h for pro-inflammatory potential) have been
established. The mean cell viability (taking into account all
positions) for both cell types was >85% after exposure to clean
air in the NAVETTA versus incubator controls.
When exposing the cells to a CuO nanoaerosol flow, a

decrease in cell viability of NFκB-luc cells was observed, which

Figure 4. Scatter plot relating % cell viability of NFκB-luc cells relative to clean air (CA) to total amount of deposited Cu in cell culture medium
(CCM) after 20 h postexposure incubation (A); total amounts of Cu deposited on membrane (M), or present in CCM, and % cell viability per
position (B); amounts of ionic and nonionic Cu deposited in CCM and % cell viability per position (C); scatter plot relating cell viability of NFκB-
luc cells and amounts of ionic (open circles, solid regression line) and nonionic (open squares, broken regression line) Cu deposited in CCM after
20 h postexposure incubation (D).
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correlated strongly with the increasing amount of deposited
CuO material, as determined by ICP-MS (R2 = 0.88; Figure
4A). The deposited total Cu concentration (μg/cm2) on a
transwell membrane (M) was found to be lower than the CCM
Cu concentration (Figure 4B) after 20 h post incubation. This
suggests that large amounts of deposited CuO on the cells were
not taken up by the cells, but adsorbed at their cell membrane
and transferred to the CCM during postincubation. The
amounts of Cu ions released by nano-CuO into the CCM are
presented in Figure 4C. Increasing total Cu concentrations
resulted in increasing Cu ion concentrations in the CCM.
Whether Cu ions reduce cell viability to a higher extent than
nonionic Cu could not be determined from the data shown in
Figure 4C and D. Notably, there was a slight but negligible
difference in correlation of the decreased cell viability and ionic
versus nonionic Cu concentration. Using qRT-PCR of IL-8
mRNA, it was determined that untransfected A549 cells induce
a pro-inflammatory immune response within few hours upon
CuO-NPs exposure in the same low μg/cm2 range as deposited
by the NAVETTA (see SI).
Reporter Cell Viability upon Nanoaerosol Exposure in

NAVETTA. To evaluate the effect of CuO-NP deposition on
the viability of pIL8-luc A549 cells the CellTiter-Blueassay was
used. Cell viability of the incubator controls was not
significantly different (p = 0.52 and p = 0.47 for full- and
half-tray analysis, respectively) compared to clean air exposure,
as expected (data not shown). Figure 5A shows the cell viability
percentages after 1 h exposure of pIL8-luc cells at the ALI to
CuO-NPs versus clean air for 3 independent biological
replicates. Each boxplot represents the distribution of the

viability data for 12 cell culture inserts in the tray per replicate.
It was consistently observed that CuO-NP exposure signifi-
cantly (p < 0.01) reduced cell viability compared to clean air
exposure when the 3 repeats were analyzed together. For the
separate repeats, a maximum of ∼85% reduction in cell viability
was observed. The same decrease in cell viability was observed
after exposure to 12 ppm of NO2 as positive control (p < 0.01)
(data not shown). Figure 3 shows a higher CuO deposition in
columns 3 and 4 and a preferential air flow in row ‘B’. The half-
tray analysis (Figure 5B) showed a lower variability in cell
viability (p < 0.01) under CuO-NP exposure for the three
replicates in comparison to the full-tray analysis. In Figure 5C,
each boxplot represents the distribution of the viability data for
3 independent replicates per position in row B. In all B
positions reduced cell viability was observed compared to clean
air exposure, which was significant at position B2 (p = 0.04)
and highest at positions B3 (p = 0.02) and B4 (p = 0.01).
The same CellTiter-Blueassay and analysis approach was

applied for NFκB-luc A549 cells. Cell viability of the incubator
controls was not significantly different (p = 0.83 and p = 0.90
for full- and half-tray analysis, respectively) compared to clean
air exposure, again as expected. Figure 5D shows that CuO-NP
exposure significantly (p < 0.01) reduced cell viability
compared to clean air exposure with a maximum of ∼50%
reduction of cell viability. This was also observed after NO2

exposure (p < 0.01) with a maximum of ∼90% reduction in cell
viability (data not shown). Evaluation of columns 3 and 4
resulted in smaller variability of the data (p < 0.01) in each
boxplot compared to full-tray analysis (Figure 5E). In Figure

Figure 5. Cell viability (as % compared to cleanclean air, CA) of pIL8-luc (left panel) and NFκB-luc (right panel) A549 cells after 1 h exposure to
CuO nanoaerosol at the ALI or CA exposure for three independent biological replicates (R1−R3). Boxplots represent analysis of the full tray (A, D),
columns 3 and 4 (B, E), and individual positions of row “B” (C, F). In A B, D, and E each boxplot represents the distribution of the viability data for
the 12 versus 6 cell culture inserts in the tray per replicate. In C and F each boxplot represents the distribution of the viability data for the three
independent repeat experiments per position (positions B1 to B4 of tray); *p < 0.05; **p ≤ 0.01; O: outliers.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b00493
Environ. Sci. Technol. 2017, 51, 5259−5269

5264

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b00493/suppl_file/es7b00493_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b00493


5F, all B positions showed significantly reduced cell viability
compared to clean air exposure.
Reporter Cell Pro-Inflammatory Response to Nano-

aerosol Exposure in NAVETTA. Effects of CuO nanoaerosol
exposure on gene promoter activation of the pro-inflammatory
cytokine IL-8 were analyzed using the stably transfected pIL8-
luc A549 reporter cells. The same analysis approach was applied
as for the CellTiter-Blue assay, that is, analysis of the full tray,
analysis of only column 3 and 4, and only row “B”. IL8
promoter activity of the incubator controls was not significantly
different (p = 0.39 and p = 0.55 for full- and half-tray analysis,
respectively) compared to clean air exposure, as expected (data
not shown). Figure 6A shows induction of IL8 promoter
activity after 1 h exposure to clean air versus CuO-NPs for 3
independent biological replicates. Each boxplot represents the
distribution of the promoter activity data for 12 cell culture
inserts in the tray per replicate. IL8 promoter activity was
decreased after CuO-NPs exposure for replicate 1, but an
increase was observed for replicates 2 and 3 with a maximum
induction factor ∼2.9. The overall change in IL8 promoter
activity after CuO-NPs exposure was statistically significantly (p
= 0.04) different from clean air exposure. As a positive assay
control TNF-α (250 ng/mL) was tested in parallel and was
observed to induce IL8 promoter compared to incubator
controls with a factor >50 (data not shown). Evaluation of
columns 3 and 4 (i.e., six technical replicates) resulted in a
smaller variability of the data (p = 0.21) compared to full-tray
analysis (Figure 6B). No change in IL8 promoter activity was
observed for all B positions (data not shown).
Assuming that cells that are still viable after 20 h

postexposure incubation contribute most to IL8 promoter

induction after 2.5 h postexposure incubation, we normalized
the data of IL8 promoter activity for % cell viability. Figure 6C
shows a significantly (p < 0.01) increased IL8 promoter activity
after CuO-NP exposure compared to clean air for all three
replicates.
The same LUC assay and analysis approach was applied for

NFκB-luc A549 cells which allows evaluating effects on
induction of NFκB response elements. NFκB activity of the
incubator controls was not significantly different (p = 0.44 and
p = 0.08 for full- and half-tray analysis, respectively) compared
to clean air exposure, as expected. Figure 6D shows NFκB
activity after 1 h exposure to clean air versus CuO-NP for 3
independent biological replicates. NFκB activity increased after
CuO-NP exposure compared to clean air exposure for replicate
1, but a decrease was observed for replicates 2 and 3. The
overall change in NFκB activity after CuO-NP exposure was
not significantly (p = 0.44) different from clean air exposure.
The positive control TNF-α (25 ng/mL)) induced NFκB
compared to clean air with a factor >3 (data not shown).
Evaluation of columns 3 and 4 resulted in a smaller variability
of the data in each boxplot compared to full-tray analysis (p =
0.77) (Figure 6E). No change in NFκB activity was observed
for all B positions (data not shown). Also here, NFκB activity
assessed after 2.5 h postexposure was normalized for % cell
viability (determined after 20 h postexposure incubation).
Figure 6F shows an increased NFκB activity, in particular for
replicate 1. Overall, a significantly increased (p < 0.01) NFκB
activity after CuO-NPs exposure compared to clean air for all 3
replicates was found.

Figure 6. IL8 promoter activity of pIL8-luc A549 cells (left panel) and NFκB activity of NFκB-luc A549 cells (right panel) after 1 h exposure to CuO
nanoaerosol compared to clean air (CA) exposure for three independent biological experiments (light (repeat 1), medium (repeat 2), and dark gray
(repeat 3)) for analysis of the full tray (A, D), and columns 3 and 4 (B, E). Normalization of promoter activity for % cell viability was performed in
(C, F) for analysis of the full tray. O: outlier.
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■ DISCUSSION

The current study is a follow-up of Stoehr et al.13 reporting on
biological effects observed upon EF-assisted deposition of a
diesel exhaust aerosol using a cylindrically shaped acryl glass
precursor exposure chamber without control of temperature,
humidity, and aerosol turbulences. In order to improve the
deposition efficiency, a novel humidified and thermostatized
flatbed cell exposure chamber was constructed for in vitro cell
exposure and fast and simple determination of biological
responses to nanoaerosols (Figure 1). Two human alveolar
epithelial A549 reporter cell lines cultured on an inverted ALI
setup for assessing triggering of pro-inflammatory IL-8 and
NFκB pathways were used for exposure to a nanoaerosol of
CuO-NPs. Efficient NP deposition from the laminar air flow
was mediated by EF, and the effect on cell viability and pro-
inflammatory potential was analyzed by direct read-out of
luminescence. Importantly, the generated nanoaerosol was
thoroughly characterized during all experimental steps from the
primary CuO-NPs using TEM, upon dispersion in water by
DLS and NTA, upon aerosolization with/without EF applied
by SMPS, and finally after deposition by SEM and ICP-MS.
During optimization of the exposure conditions, different
exposure times, ranging from 30 min to several hours, and
several postincubation periods, up to 24 h, were tested in terms
of cell viability and variance between different positions. No
long-term stability of the inverted ALI setup was achieved, most
probably due to the lower hydrostatic pressure of the CCM in
the inverted compared to normal ALI setup by which cells were
not sufficiently supplied with nutrients. For establishing stable
pH conditions, required for optimal cell viability under
exposure conditions of inverted ALI-cultured reporter cells,
25 mM HEPES buffer was included in the CCM. The
nanoaerosol was generated by atomization from well-
characterized CuO-NPs dispersed by ultrasonication under
reproducible conditions strictly following a SOP carefully
elaborated within the European Union NanoValid project
(www.nanovalid.eu). Atomization from the wet state was
selected from different aerosolization techniques in order to
achieve highest deposition efficiency and minimal particle
agglomeration of the aerosol. It enabled higher particle number
concentrations within the nanosized range compared to dry
generation producing fewer particles of a bigger size due to
agglomeration. Improvement of NP polydispersity following
atomization was investigated by using electrospray aerosol
generation, but this turned out inadequate due to precipitation
of CuO in suitable buffer solutions. Upon drying the
nanoaerosol after atomization, the CuO-NPs were charged
and deposited using EF assistance, a procedure which
represents a common technique in particle aerosol studies in
vitro63,64 and which we previously used for intrinsically charged
diesel exhaust particles.13 Notably, the deposition efficiency of
∼75% obtained without EF in the NAVETTA exceeded the
value previously reported for 25 nm Cu-CuO2 core−shell NPs
using impaction-mediated deposition,10 while using EF
assistance this value could be increased to ∼95% in our study.
Several construction optimization steps were done to obtain

maximal nanoaerosol deposition. A water bath was used and
found to be sufficient for chamber humidification, which was
monitored by cell viability and baseline reporter responses. To
avoid losses of NPs in the water bath a metal bridge was
included for separating the humidification and deposition
compartments, optimized in width to provide a laterally most

even spatial nanoaerosol distribution upon EF application. Still,
a longitudinal gradient of deposited material was observed
(determined by ICP-MS), which seems useful for the
acquisition of dose−response curves when optimized in future.
Special stub electrodes underneath the cells inside a SS tray, a
counter electrode on the opposite side, and a polystyrene lid to
circumvent CuO-NPs loss into the CCM established a highly
directed EF-assisted deposition onto the ALI-cultured reporter
cells within short time. As evidenced by cell viability and
baseline reporter responses, the applied EF per se did not affect
the cells. We found that due to the laminar aerosol flow and the
inverted orientation of transwells, much higher deposition rates
were obtained compared to a normal ALI setup.
After 1 h exposure to the CuO nanoaerosol, the cells were

submerged again for postexposure incubation (2.5 h for LUC
assay, 20 h for CTB assay) required for the induction of cellular
responses. During the postincubation period of 20 h, CuO-NPs
dissolved in a concentration-dependent manner, as determined
using ICP-MS (Figure 4D). Thus, the observed cytotoxicity
observed in our study seems to be a result of both fractions, the
ionic and nonionic fraction. It has been reported before that
toxicity of CuO-NPs depends on dissolution, at least to a
significant extent.59−61,65,66

Using the optimized inverted ALI exposure and post-
incubation setup described here, pro-inflammatory immune
responses, in terms of IL8 promoter and NFκB activity, were
observed within a short time, that is, One hour exposure to
ALI-deposited CuO-NPs and 2.5 h postincubation. Immune
activity read-outs displayed less pronounced effects upon CuO-
NP exposure at the ALI compared to the marked reduction in
viability, and higher variabilities were found. Thus, further
construction optimizations (e.g., leak tightness, flow path) will
be needed to enhance reproducibility and reduce spatial
variability when measuring immune responses resulting from
nanoaerosol exposure. Nevertheless, upon normalization for
cell viability (Figure 6C), statistically significant pro-inflamma-
tory effects were detectable in the low microgram range of
deposited material. To corroborate these results we tested for
IL8 mRNA transcription in untransfected A549 cells cultured
under submerged conditions using qRT-PCR and found that
the low μg/cm2 amounts of CuO-NPs necessary for inducing a
pro-inflammatory response within these exposure periods
correlated well with the data obtained from NAVETTA-
exposed reporter cells (see SI).
In conclusion, the flatbed aerosol exposure chamber

NAVETTA is capable of mimicking more realistic human
lung cell exposure to nanoparticles compared to other ALI
systems. Commercially available ALI exposure systems like
VITROCELL,67 CULTEX,68 and P.R.I.T.69 expose cells seeded
in normal transwell ALI setup to a perpendicular flow, while
NAVETTA is designed for a horizontal flow combined with
cells cultured in an inverted transwell ALI setup. Natural
conditioning (humidification and warming) of the aerosol flow
being delivered to the cells is achieved with a water bath and
Peltier elements, minimizing lung cell damage. In-line
conditioning of the aerosol flow is not commonly integrated
in commercially available systems, but is often added as an
independent component when it is used. A common
phenomenon in normal transwell ALI setup is flooding of the
cell surface with CCM due to hydrostatic pressure which
neutralizes the ALI advantage. The inverted transwell ALI setup
used in the NAVETTA prevents this from happening, but so far
shows limited stability that can be overcome when combining
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the setup with rapid biological read-out systems, such as
reported cell lines.
The major progress of the present study is to highly

efficiently and directly deposit a charged metal oxide nano-
aerosol supplied in a low laminar horizontal flow onto reporter
cells, and to read-out immune responses within short-term.
Exposure conditions were optimized for cellular performance
and to mimic an exposure scenario as realistic as possible to the
situation in the human lung. Currently the NAVETTA is
operated at a nominal rate preset by the SMPS’ intrinsic
operational flow rate of 0.3 lpm. By adjusting the throughput to
higher or lower rates, the NAVETTA is able to mimic lung
depositions that cover the wider bronchial as well as the acinar
regime. The NAVETTA device has features that can comple-
ment existing test options for assessing toxicity of nanoparticles
upon inhalation.
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