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ARTICLE

Toxicological effects of zinc oxide nanoparticle exposure: an in vitro
comparison between dry aerosol air-liquid interface and submerged
exposure systems

Karin Lov�ena,b , Julia Dobricb, Deniz A. B€ol€ukbasc,d,e , Monica Kåredala,f , Sinem Tasc,d,e ,
Jenny Risslera,b,g , Darcy E. Wagnerc,d,e and Christina Isaxona,b

aNanoLund, Lund University, Lund, Sweden; bErgonomics and Aerosol Technology, Lund University, Lund, Sweden; cLung
Bioengineering and Regeneration, Department of Experimental Medical Sciences, Lund University, Lund, Sweden; dWallenberg Center
for Molecular Medicine, Lund University, Lund, Sweden; eStem Cell Centre, Lund University, Lund, Sweden; fOccupational and
Environmental Medicine, Laboratory Medicine, Lund University, Lund, Sweden; gBioeconomy and Health, RISE Research Institutes of
Sweden, Lund, Sweden

ABSTRACT
Engineered nanomaterials (ENMs) are increasingly produced and used today, but health risks
due to their occupational airborne exposure are incompletely understood. Traditionally, nano-
particle (NP) toxicity is tested by introducing NPs to cells through suspension in the growth
media, but this does not mimic respiratory exposures. Different methods to introduce aerosol-
ized NPs to cells cultured at the air-liquid-interface (ALI) have been developed, but require speci-
alized equipment and are associated with higher cost and time. Therefore, it is important to
determine whether aerosolized setups induce different cellular responses to NPs than traditional
ones, which could provide new insights into toxicological responses of NP exposure. This study
evaluates the response of human alveolar epithelial cells (A549) to zinc oxide (ZnO) NPs after
dry aerosol exposure in the Nano Aerosol Chamber for In Vitro Toxicity (NACIVT) system as com-
pared to conventional, suspension-based exposure: cells at ALI or submerged. Similar to other
studies using nebulization of ZnO NPs, we found that dry aerosol exposure of ZnO NPs via the
NACIVT system induced different cellular responses as compared to conventional methods. ZnO
NPs delivered at 1.0mg/cm2 in the NACIVT system, mimicking occupational exposure, induced
significant increases in metabolic activity and release of the cytokines IL-8 and MCP-1, but no
differences were observed using traditional exposures. While factors associated with the method
of exposure, such as differing NP aggregation, may contribute toward the different cellular
responses observed, our results further encourage the use of more physiologically realistic
exposure systems for evaluating airborne ENM toxicity.
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Introduction

A variety of engineered nanomaterials (ENMs) are

produced and used today, and occupational air-

borne exposure to ENMs are of increasing concern

for the health of the workers (Srivastava, Gusain,

and Sharma 2015). An example is engineered zinc

oxide nanoparticles (ZnO NPs). ZnO NPs are used in

solar cells as well as in optoelectronic and elec-

tronic nanodevices (Ambade et al. 2009; Kumar and

Chen 2008). As ZnO NPs reflect ultraviolet light,

they are also extensively used in sunscreens

(Lewicka et al. 2011), and their antibacterial and
antifungal activity (Sharma et al. 2010) makes them
useful in external antibacterial agents. Around 550
tons are estimated to be produced annually world-
wide (Piccinno et al. 2012), making them a NP of
major interest. The major route of occupational
human exposure during manufacturing and the
handling processes of NPs, is through inhalation
from a dry aerosol (Basinas et al. 2018).

A range of toxicological effects have been seen
after exposure to ZnO NPs (Vandebriel and De Jong
2012). Effects observed after in vivo exposure
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through inhalation in rodents include an increase in
granulocytes (Warheit, Sayes, and Reed 2009), total
protein, monocyte chemotactic protein (MCP-1) and
interleukin 1 (IL-1) concentrations (Chen et al. 2015)
in the lungs. Effects after in vitro exposures in
human alveolar epithelial cells (A549) include
decreased cell viability in submerged cultures
(Thongkam et al. 2017), induced cytotoxicity in
both submerged and air-liquid interface (ALI) cul-
tures (Mihai et al. 2015; Raemy et al. 2012), release
of IL-8 in ALI cultures (Stoehr et al. 2015), and up-
regulation of messenger ribonucleic acid (mRNA)
expression for IL-8, granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IL-6 in ALI cultures
(Lenz et al. 2013). These effects are believed to be
due to critical levels of zinc ions in the lysosomes
(Mihai et al. 2015). When ZnO NPs are taken up by
cells via endocytosis, they are degraded in the
acidic environment of the lysosome, causing release
of zinc ions. This release can in turn cause lyso-
somal destabilization and result in leakage to the
cytoplasm and damage to other organelles (Cho
et al. 2011). In addition to inducing cytotoxic effects
on cells, ZnO NPs can inhibit the lung surfactant
function independently of the dissolution of the
particles into zinc ions, causing acute toxic effects
(Larsen et al. 2020).

In vitro cell models are frequently used as a first
screening method of possibly toxic exposures, to
minimize the use of animal models, and to study
the underlying mechanisms resulting in toxic effects
seen in in vivo studies. Traditional in vitro toxicity
testing is conducted with submerged cell cultures,
where the cells are covered with growth medium
and the NPs are added to the medium. However,
there are some limitations of these types of expo-
sures including changed physicochemical properties
of the NPs when suspended in medium, difficult
assessment of the NP dose, and particle losses to
the lateral walls of the culture dish (Upadhyay and
Palmberg 2018). Additionally, for respiratory expos-
ure models, submerged cells do not resemble the
physiological conditions in the lungs and the cells
cannot be exposed to airborne NPs. Improved tox-
icity testing models for respiratory exposures have
therefore been developed so that a more realistic
exposure of cells at the ALI can be accomplished,
mimicking the conditions seen in the lung in vivo.

A number of different ALI exposure systems have
been introduced recently (Secondo, Liu, and
Lewinski 2017; Upadhyay and Palmberg 2018):
MINUCELL, VITROCELL, CULTEX, XposeALI, ALICE,
NACIVT etc. Most of them (MINUCELL, VITROCELL,
XposeALI) deposit particles by diffusion and/or
gravitational settling (Lenz et al. 2013; Lucci et al.
2018; Ji et al. 2017), while ALICE uses a cloud set-
tling technique (Lenz et al. 2009). To increase the
deposition efficiency of the NPs, a few systems
(CULTEX, NACIVT) use electrostatic deposition
(Aufderheide et al. 2011; Jeannet et al. 2015). One
of these is the Nano Aerosol Chamber for In Vitro
Toxicity (NACIVT) system. The NACIVT system com-
bines a controlled incubation environment (adjust-
able relative humidity (RH) and temperature) with a
high-efficiency electrostatic deposition. The particles
are charged by a unipolar (positive) diffusion char-
ger and the deposition onto the cells is aided by a
unipolar electric field. The NACIVT system has previ-
ously been used to study toxicological responses
after exposure to silver NP (Jeannet et al. 2016;
Svensson et al. 2016; Geiser et al. 2017), carbon NP
(Jeannet et al. 2016; Geiser et al. 2017), palladium
NP, copper NP (Svensson et al. 2016) and e-cigar-
ette smoke (Delaval et al. 2019).

To ensure that the ALI exposure systems can be
used for NP exposures, each system needs to be
evaluated with different categories of NPs, and
comparative studies between traditionally sub-
merged and ALI exposure systems need to be per-
formed. Multiple ALI systems have already been
used in such comparative studies, for example
MINUCELL (Lenz et al. 2013), VITROCELL (Xie et al.
2012; Panas et al. 2014; Mihai et al. 2015; Loret
et al. 2016; Hilton et al. 2019; Medina-Reyes et al.
2020; Mills-Goodlet et al. 2020), XposeALI
(Cappellini et al. 2020), and ALICE (Lenz et al. 2009;
Stoehr et al. 2015), and most of them have reported
more pronounced effects with the ALI exposure sys-
tems than with the submerged at similar dose lev-
els. However, a comparison between the NACIVT
system and traditional submerged exposure systems
has not previously been performed.

The aim of this study was to compare the toxico-
logical responses to ZnO NP exposure in the
NACIVT system with two different submerged
exposure systems for three different doses on
human alveolar epithelial cells. The toxicological
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responses in the NACIVT system were also investi-
gated at three different incubation times including
1, 3 and 24 h.

Materials and methods

Nanoparticles

ZnO NPs were purchased from Sigma Aldrich (cata-
log no. 721077) in a liquid suspension (20wt% in
H2O). According to the manufacturer, the primary
particle diameters were smaller than 100 nm, with a
mean size of maximum 40nm. These particles have
previously been used and characterized in several
studies, for example by Wang et al. (2013) and
Jiang, Aiken, and Hsu-Kim (2015). Wang et al.
reported an average particle size of 67 nm in the
ZnO NP suspension (by dynamic light scattering
(DLS) analysis), and Jiang et al. reported average
primary particle diameters of about 20-30 nm and a
specific surface area (SSA) of 38m2/g of the ZnO
NPs. In the current study, the average primary par-
ticle size was determined to be 35 nm via Scanning
Electron Microscopy (SEM) (Figure S1, supplemental
material) and 34 nm via Dynamic Light Scattering
(DLS) in cell growth media (Figure S2, and Table S1)
and the SSA was estimated to 31m2/g (particle ana-
lysis methodology described in the section
Determination of deposited dose and Particle charac-
terization). These same particles have been used for
both aerosol and submerged cell exposures.

Cell culture

The immortalized human alveolar epithelial cell line
A549 was obtained from ATCC, USA. The cells were
cultured in T75 flasks in growth medium comprised
of Dulbecco’s modified Eagle’s medium (DMEM)
with Ham’s nutrient mixture F-12 (Gibco; Thermo
Fisher Scientific, USA) supplemented with 10% (vol/
vol) fetal bovine serum (FBS) (Sigma, Sweden) and
1% (vol/vol) penicillin/streptomycin (100 units/ml
and 100 mg/ml respectively; Gibco; Thermo Fisher
Scientific) at 37 �C with 5% CO2.

Two days prior to NP exposure, 10,000 cells
(3� 104 cells/cm2) were seeded in 24-well plates on
6.5mm Transwell inserts (polyester membrane, sur-
face area: 0.33 cm2, pore size: 0.4mm, Corning, VWR,
Sweden). In short, 100 ml of the cell suspension was
dispensed on the insert membrane and incubated

(37 �C, 5% CO2) for 30min to allow cell attachment
before 1ml growth medium was added to the well
below the insert membrane (basal side of the cells),
as seen in the first column in Table 1.

Aerosol exposures in the NACIVT system

Particle preparation and aerosol generation
The suspension of ZnO NPs was diluted in 150ml
water (resistivity 1.25 MXcm, produced with
reversed osmosis and capacitive deionization, VWR,
Sweden) to a concentration of 150 mg/ml (low and
medium dose) or 600 mg/ml (high dose), as shown
in Table 2, and bath sonicated for 5min (Elmasonic
S30H, Elma Schmidbauer GmbH, Germany). The
flask with the ZnO NP suspension was connected to
an atomizer (from a Condensation Aerosol
Generator SLG270, Topas GmbH, Germany), through
which filtered compressed air (low dose 1 bar,
medium and high dose 5 bar) was run to generate
the aerosol (Table 2). The aerosol passed through a
dryer and continued to a 5 L mixing volume before
reaching the NACIVT system, in which the particles
passed through a humidifier (RH 85%, 37 �C) before
they were deposited onto the cells by electrostatic
deposition (Jeannet et al. 2015).

Cell preparation and exposure
One day after seeding, the growth medium on top
(apical side) of the cells was removed by flipping
the inserts upside down and pouring out the
growth medium, bringing the cells to the ALI (see
second column in Table 1). Two days after seeding
(24 h at ALI), 24 inserts were moved from the 24-
well plate to the NACIVT chamber and provided
with 400 ml basal growth medium before they were
simultaneously exposed to one of the doses of
aerosolized ZnO NPs for 1 h (see third column in
Table 1). Prior to the particle exposures, 24 separate
inserts were placed in the NACIVT system for 1 h
with filtered air (unexposed controls). Three tech-
nical replicates were performed for each dose. After
1 h in the NACIVT system, the cells were moved
back to the 24-well plate and incubated for 1 h, 3 h
or 24 h (see fourth column in Table 1). At these
time points (for both unexposed and exposed cells),
cell viability (via WST-1 assay described below) was
evaluated for cells on 7-8 inserts. Basal medium was
also collected at all time points from 6 of the
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corresponding wells and 50 ml was directly placed in
a transparent 96-well plate and stored at 4 �C until
cytotoxicity analysis (LDH assay described below),
performed 24 h after exposure. The rest of the basal
medium was stored at �80 �C until analysis of the
released cytokines. As a positive control for viability
and cytotoxicity, one of the unexposed control
inserts, at each analysis time point, were treated
with 20 ml Lysis solution (Cytotoxicity Detection
KitPLUS, Roche Diagnostics GmbH, Mannheim,
Germany), containing TritonX-100, 1 h before
analysis.

Particle characterization
To characterize the ZnO NPs after aerosolization,
the particle number concentration and size distribu-
tion was continuously measured in parallel to the
exposure in the NACIVT, sampled from the mixing
volume with a Scanning Mobility Particle Sizer
(SMPS: DMA model 3071, TSI Inc., USA and CPC
model 3775, TSI Inc., USA) and an Aerodynamic
Particle Sizer (APS: model 3321, TSI Inc., USA). The
SMPS measured particles in the range 10 to 400 nm
with a time resolution of 120 seconds and the APS
measured particles in the range 500 to 20,000 nm
with a time resolution of 5 seconds.

Additionally, to study the morphology and the
primary particle size of the aerosolized ZnO NPs,
silicon (Si) wafers were placed in unused inserts in
the NACIVT chamber and the system was run in the
same way as during the medium and high dose cell
exposure for 1 h to deposit the ZnO NPs onto the
wafers. The wafers were analyzed by Scanning

Electron Microscopy (SEM) using a Hitachi SU8010
Cold Field Emission SEM (Hitachi, Japan) with an
acceleration voltage of 5 kV. Analysis was performed
for two wafers per dose, from wells located at dif-
ferent places on the well plate (i.e. not next to each
other).

Determination of deposited dose
Three different doses, 0.2 (low), 1.0 (medium) and
3.0mg/cm2 (high), were used for the ZnO NP aerosol
exposures, comparable to other studies (Lenz et al.
2009; Lenz et al. 2013; Mihai et al. 2015). By chang-
ing the ZnO NP mass concentration in the suspen-
sion and the pressure of the compressed air into
the atomizer, the three different aerosol concentra-
tions were obtained (Table 2). The deposited mass
dose for each particle size was calculated using the
following equation, adapted from Jeannet et al.
(2015):

D ¼CM � Q � t � DE
A

, (1)

where D is the deposited mass dose onto the cells
(mg/cm2), CM is the aerosol mass concentration (mg/
m3), Q is the air flow to each well (0.025 l/min), t is
the exposure time (60min), DE is the deposition
efficiency and A is the total cell area on the insert
(0.33 cm2). CM was calculated from the SMPS num-
ber concentration and size distribution assuming
spherical particles and a ZnO bulk density of 5.61 g/
cm3. DE was extrapolated from experimentally
determined and calculated values in the NACIVT
system (Jeannet et al. 2015) for each particle size in

Table 2. Exposure parameters in the three exposure systems NACIVT, SUB(iso) and SUB(growth).
Exposure system Low dose Medium dose High dose

NACIVT
ZnO NP suspension concentration (mg/ml) 150 150 600
Compressed air pressure (bar) 1 5 5
Deposited mass dose (mg/cm2) 0.2 1.0 3.0
Deposited surface area dose (cm2/cm2) 0.06 0.31 0.92

SUB(iso)
ZnO NP suspension concentration (mg/ml) 10.0 17.6 70.0
Added suspension volume (ml) 20 20 20
Deposited mass dose (mg/cm2) 0.6 1.1 4.2
Deposited surface area dose (cm2/cm2) 0.18 0.34 1.29

SUB(growth)
ZnO NP suspension concentration (mg/ml) 3.3 5.7 29.8
Added suspension volume (ml) 50 50 50
Deposited mass dose (mg/cm2) 0.5 0.9 4.5
Deposited surface area dose (cm2/cm2) 0.15 0.28 1.38
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the aerosol, fitted by a reciprocal function, see the
deposition efficiency curve in Figure 1.

The deposited surface area dose was calculated
from the mass dose using a SSA of 31m2/g for the
ZnO NPs. The SSA was estimated using the ZnO bulk
density and an estimated average primary particle size
of 35nm. The average primary particle size was deter-
mined from SEM image analysis, described below, of
the raw material (liquid suspension) using ImageJ to
calculate an average size (details in Figure S1, supple-
mental material). The deposited surface area doses
were determined to 0.06 (low), 0.31 (medium) and
0.92 cm2/cm2 (high), as shown in Table 2.

Exposures under submerged conditions

Particle preparation and cell exposure
Two different submerged exposure systems were
used, one with 0.9% NaCl isotonic solution

(SUB(iso)) and one with growth medium
(SUB(growth)), as seen in Table 1. Preparation of
the ZnO NP suspensions was performed a few
hours before the exposures. The ZnO NP suspen-
sions were prepared in isotonic solution and growth
medium (2550 mg ZnO NP/ml) and bath sonicated
for 5min (Elmasonic S30H, Elma Schmidbauer
GmbH, Germany). These ZnO NP suspensions were
further diluted to three concentrations (forming
three different doses) of ZnO NPs in isotonic solu-
tion and in growth medium, as shown in Table 2.

One day after seeding, the apical growth
medium for the SUB(iso) exposure was removed by
flipping the inserts upside down and pouring out
the growth medium, bringing the cells to the ALI
(see second column in Table 1). Two days after
seeding (24 h at ALI for SUB(iso)), the three different
concentrations of ZnO NP suspensions were added
to two inserts each. For SUB(iso) exposures, 20 ml of
the isotonic ZnO NP suspension was added to the
apical side of the cells. For SUB(growth) exposures,
the apical growth medium was first removed by
flipping the inserts and 50 ml of the growth medium
ZnO NP suspensions was then added to the apical
side of the cells (see third column in Table 1, and
Table 2). Equivalent volumes of particle-free solu-
tions were added to three unexposed control
inserts. The low volume of 20 ml in the SUB(iso)
exposures was motivated by the intention of resem-
bling ALI as closely as possible (i.e. minimal liquid
volume at the apical side of the cells). As a positive
control for viability and cytotoxicity, 20 or 50 ml
TritonX-100 (1% in growth medium) was added to
one of the unexposed control inserts 15min before
analysis. Three technical replicates were performed
for both submerged exposure systems. After add-
ition of the ZnO NPs, cells were incubated for 24 h
after which cell viability was evaluated and basal
medium was collected, of which 50 ml was directly
placed in a transparent 96-well plate for cytotoxicity
analysis. The rest of the basal medium was stored
at �80 �C until analysis of released cytokines (see
fourth column in Table 1).

Particle characterization
To characterize the ZnO NPs in suspension, DLS
measurements were performed by using a DynaPro
Plate Reader II (Wyatt Technology, USA). The meas-
urements were performed in a 96-well plate at

Figure 1. (a) Particle number size distributions of the aerosol-
ized ZnO NPs, measured with the SMPS and the APS (left
axis), and the extrapolated deposition efficiency in the NACIVT
system from Jeannet et al. (2015) (right axis), and (b) calcu-
lated corresponding deposited mass dose size distributions.
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37 �C and ZnO NP concentrations of 1.75 ng/ml to
30 mg/ml in serum-containing growth medium, as
described above, and 0.9% NaCl isotonic solution at
discrete concentrations used in the current study.
Measurements at 1.75 ng/ml in serum-containing
growth medium were performed to estimate the
size of potential single ZnO NPs. Measurements
were made 10 times for each concentration and
solvent. All individual measurement outliers were
removed via inspection of the Intensity
Autocorrelation curves and % Intensity versus
hydrodynamic radius were generated with the
DYNAMIC 7 Software (Wyatt Technology, USA).
Maximum intensity peaks of the histograms were
extracted using the DYNAMIC 7 Software.

Additionally, SEM analysis was used to study the
morphology and the primary particle size of the
ZnO NPs in suspension and in the submerged cell
culture systems 24 h after exposure. For morph-
ology visualization, the cells on the membrane
inserts were fixed using 2.5% glutaraldehyde solu-
tion (Sigma Aldrich, EM grade) with subsequent PBS
and water rinsing. The samples then underwent
ethanol series dehydration before chemical drying
with HDMS (TedPella). Samples were subsequently
sputter coated with 5 nm Pt/Pd (80/20) in a
Quorum Q150T ES turbo pumped sputter coater
and examined with the secondary electron detector
at 5 kV and 10 kV in a Jeol JSM-7800F FEG-SEM. To
estimate primary particle size via SEM, ZnO NPs
from the original stock solution were diluted 1:1000
in water. Individual drops were placed on a SEM
stub, allowed to dry, and then imaged using SEM. A
grid was overlayed on the SEM image (Figure S1)
and the size of the particle closest to the center of
each of the 25 squares was measured using ImageJ.
The resulting average primary particle size was
35 nm. Of the 25 squares, three had no visible
(measurable) particle and the average value is
based on 22 measurements.

Determination of deposited dose
The resulting deposited mass doses for SUB(iso)
were determined to be 0.6 (low), 1.1 (medium) and
4.2 mg/cm2 (high). For SUB(growth) the correspond-
ing doses were 0.5 (low), 0.9 (medium) and 4.5 mg/
cm2 (high), as shown in Table 2. The mass doses
were calculated from the ZnO NP suspension con-
centrations multiplied with the added suspension

volume, assuming that all particles in the suspen-
sion sediment and reach the cell surface as shown
by others for ZnO NPs (Lenz et al. 2013; Stoehr
et al. 2015). This assumption is based on the larger
size determination of the aggregates in the suspen-
sion, and the conditions in the current study, with
gravitational settling being more dominant than dif-
fusional displacement (further argued in the
Discussion section).

The deposited surface area doses in the sub-
merged systems were calculated from the mass
doses applying the SSA of the primary particles,
determined as described under the section for the
aerosol exposures. The surface area doses were for
SUB(iso) determined to be 0.18 (low), 0.34 (medium)
and 1.29 cm2/cm2 (high). For SUB(growth) the corre-
sponding doses were 0.15 (low), 0.28 (medium) and
1.38 cm2/cm2 (high), as shown in Table 2.

Viability assay (WST-1)

To evaluate cell viability, as indicated by the level
of metabolic activity, the WST-1 assay (Roche
Diagnostics GmbH, Germany) was used. The WST-1
cell proliferation reagent was mixed with growth
medium (1:10) and after removal of the apical
liquids and collection of the basal medium, 110 ml
of this solution was added on the apical side of the
cells. After 30min incubation (37 �C and 5% CO2),
100 ml of the solution from each well was moved to
a transparent 96-well plate and the absorbance was
measured at 450 nm (Multiskan GO Microplate
Spectrophotometer, Thermo Scientific, USA, for
aerosol exposures, and PHERAstar FS, BMG Labtech,
Germany, for submerged exposures).

Cytotoxicity assay (LDH)

Basal medium was analyzed with the Cytotoxicity
Detection KitPLUS (LDH assay; Roche Diagnostics
GmbH, Germany) to evaluate cytotoxicity. The assay
was performed according to the manufacturer’s
protocol by mixing the catalyst with the dye (1:45)
through vortexing. 50 ml of this solution was then
added to each sample of 50 ml basal medium on
the transparent 96-well plate. After 30min incuba-
tion in the dark (at room temperature), the absorb-
ance was measured at 490 nm (Multiskan GO
Microplate Spectrophotometer, Thermo Scientific,
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USA, for aerosol exposures and PHERAstar FS, BMG
Labtech, Germany, for submerged exposures).

Cytokine analysis (IL-6, IL-8, TNF-a, MCP-1)

Analysis of the interleukins IL-6 and IL-8, the tumor
necrosis factor, TNF-a, and the monocyte chemotactic
protein, MCP-1 levels in basal medium was performed
with Multiplexed Luminex technology on a Bio-Plex
200 Luminex instrument (Bio-Rad, USA). For each
experiment with aerosol exposed and unexposed cells,
collected basal medium samples from three wells at
each time point were pooled and used for the ana-
lysis. For the submerged exposures, the two basal
medium samples for each dose from the unexposed
and exposed cells were pooled. Components for the
assay (plate, standard, antibodies and magnetic beads)
were purchased from Bio-Rad and the assay was per-
formed according to the instructions from the manu-
facturer. Standards, diluted in growth medium, and
basal medium samples, undiluted, were analyzed in
duplicates on the Luminex plate.

Statistical analysis

All toxicological data are expressed as mean± stan-
dard deviation (SD). The toxicological responses
regarding metabolic activity and cytokine analysis
were expressed as percent of unexposed controls.
The response regarding cytotoxicity was expressed
as percent of positive controls (TritonX-100, theoret-
ical maximum LDH release). Significant differences
between exposed and unexposed cells were eval-
uated by a t-test with the hypothetical mean as the
unexposed normalized value. Further statistical ana-
lysis was performed by one-way analysis of variance
(ANOVA). The data was grouped by dose for com-
parison between exposure systems and grouped by
dose and analysis time point for evaluation of the
NACIVT system. All statistical analyses were per-
formed using GraphPad Prism 8 and were based on
three technical replicates per dose.

Results

Aerosolized particle number size distribution and
deposited mass dose in the NACIVT system

In order to determine the doses, the particle num-
ber size distributions of the aerosolized ZnO NPs

used in the NACIVT exposures were measured with
the SMPS and the APS (Figure 1(a)). The count
median diameter (CMD) for the ZnO NP aerosol was
29, 29 and 43 nm for the low, medium and high
dose, respectively. The calculated corresponding
deposited mass dose size distributions are shown in
Figure 1(b). The mass dose estimates are based on
the measured number size distributions, converted
to mass size distributions, and by applying a param-
eterization of the deposition efficiency, seen in
Figure 1(a).

Particle deposition was evenly distributed over
the whole wafer surface, as assessed via SEM and
both single particles and larger aggregates could
be observed (Figure 2(a–d)). In accordance with the
SMPS data, the high dose contained more and
larger particle aggregates (Figure 2(b,d)) in compari-
son to the medium dose, which contained more
single primary particles and smaller aggregates
(Figure 2(a,c)). The estimated primary particle size
agrees with the manufacture’s specifications, with a
primary particle size below 100 nm (Figure 2(c,d)).
The aggregate size was estimated to vary between
100-400 nm. Similar size estimates can also be
observed in Figure 1(b).

Particle size characterization in submerged
conditions

Next, DLS was used to measure ZnO NP sizes in the
submerged conditions. Particle size distributions at
concentrations below 6.0mg/ml in growth medium
were obtained, while it was not possible to extract
reliably quantitative information for particle sizes
above this concentration, in either growth medium
or isotonic solution (Figure S2 and data not shown).
At ultra low concentrations in growth medium (i.e.
1.75 ng/ml), a ZnO NP radius around 34 nm was
observed, in agreement with the measurements
made using SMPS and SEM (Figure 1 and Figure
S1). Larger particle sizes, indicating the formation of
aggregates, were observed with a radius of 55 nm
at 3.5 mg/ml and 34 and 310 nm at 6.0mg/ml.

Comparison of toxicological responses after
exposure in the three exposure systems

First, the toxicity of ZnO NPs was determined across
a range of doses to confirm that ZnO NPs could
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induce toxicity in the available A549 cells. Metabolic
activity was measured in the two submerged sys-
tems and across a total of ten doses which covered
a range of four orders of magnitude (Figure S3).
Dramatic losses of metabolic activity was observed
above applied doses of 10 mg/cm2 ZnO NPs, while
slight increases in metabolic activity were observed
at applied doses below 10 mg/cm2 as compared to
unexposed controls (Figure S3). Furthermore,
changes in cellular morphology following depos-
ition of ZnO NPs was compared via SEM and cellu-
lar blebbing was observed in all exposure
conditions, indicative of cell stress (Calcabrini et al.
2004) (Figure S4). This confirms that ZnO NPs can
induce cell stress, even at lower concentrations and
in the absence of decreased metabolic activity or
obvious cell death.

Next, three concentrations were chosen, which
are in the range of occupational exposure levels
and that could be generated and deposited by the

NACIVT system (Table 2). Differences in metabolic
activity and cytokine release 24h after exposure of
ZnO NPs were compared between the exposure
systems: NACIVT, SUB(iso) and SUB(growth). The
medium dose showed a significant increase in
metabolic activity, compared to unexposed control,
and had higher release of the cytokines IL-8 and
MCP-1 in the NACIVT system, while the two sub-
merged systems did not show this effect (Figure
3(a–c)). A significant decrease from unexposed con-
trols could also be seen in the IL-8 levels for the
high dose in the SUB(growth) exposure system.
Release of IL-8 and MCP-1 was also significantly dif-
ferent between the exposure systems SUB(growth)
and NACIVT (Figure 3(b,c)). Additionally, a significant
difference between SUB(iso) and NACIVT was seen
for MCP-1 release. IL-6 and TNF-a were below the
limit of detection in all systems and doses. The
LDH assay did not show any cytotoxicity at the
studied doses (data not shown).

Figure 2. SEM-images of aerosolized ZnO NP deposited on Si wafers in the NACIVT system. (a) Medium dose (x600 magnification),
(b) high dose (x600 magnification), (c) medium dose (x50,000 magnification), and (d) high dose (x50,000 magnification).
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Toxicological responses after exposure in the
NACIVT system

The toxicological responses were also evaluated at
three different time points after ZnO NP exposures
in the NACIVT system. Exposure to ZnO NPs at the
medium dose showed a significant increase in
metabolic activity from unexposed control 3 h after
exposure. Additionally, the medium dose showed a
significant increase in metabolic activity, and release
of the cytokines IL-8 and MCP-1 24 h after exposure
(Figure 4(a–c)), compared to unexposed controls.
Metabolic activity and the release of MCP-1 were
significantly different between the different doses
24 h after exposure (Figure 4(a,c)). A trend of
decreasing metabolic activity can be seen with
increasing time after exposure to the high doses of
ZnO NPs. Similarly to what we observed at the 24 h

time point, IL-6 and TNF-a were below the limit of
detection for all doses and time points, and the
LDH assay did not show any cytotoxicity at the
studied doses (data not shown).

Discussion

This study aimed to evaluate and compare the toxi-
cological responses to ZnO NP exposure in the
NACIVT system with two different submerged
exposure systems, SUB(iso) and SUB(growth), for
three different doses. Due to differences in the
anatomy between the lungs of animals and
humans, the applicability of aerosol toxicity studies
across species is unclear and therefore there is
extreme interest in the development and validation
of new models which might better represent

Figure 3. Comparison of toxicological responses after ZnO NP exposures in the three different exposure systems NACIVT, SUB(iso)
and SUB(growth) 24 h after exposure. a) Metabolic activity measured with the WST-1 assay, b) IL-8 release measured in basal
medium with Multiplexed Luminex, and c) MCP-1 release measured in basal medium with Multiplexed Luminex. The WST-1, IL-8
and MCP-1 results were normalized to the unexposed controls. The symbol (�) indicates significant difference from unexposed
control levels at p< 0.05 and (��) at p< 0.01. The symbol (#) indicates significant difference between exposure systems at
p< 0.05 and (# #) at p< 0.01. The doses corresponded to 0.5, 0.6 and 0.2mg/cm2 (low), 0.9, 1.1 and 1.0mg/cm2 (medium), and
4.5, 4.2 and 3.0mg/cm2 (high) for SUB(growth), SUB(iso) and NACIVT respectively.
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human physiological responses. The NACIVT system
allows introduction of particles to cells cultured at
ALI via aerosolization which more closely resembles
the dry exposure of particles often encountered in
occupational exposure and pollution settings. Many
previous studies have used nebulization based sys-
tems which introduces particles in liquid droplets
which may also alter particle aggregation and
deposition. However, for each of these potential
models systems, combinations of particles and cell
types need to be validated and compared to trad-
itional submerged culture systems.

In the current study, we showed that the
medium dose used in the NACIVT system resulted
in a significant increase in the metabolic activity
and in the release of the cytokines IL-8 and MCP-1,
compared to the unexposed controls. With the
same particle size distribution of the aerosol but

with different particle number concentrations, a
dose-response relationship for the low and medium
dose was found. However, no increase in metabolic
activity and cytokine release was further seen for
the high dose. Comparing the three exposure sys-
tems, a significant difference between the NACIVT
and the SUB(growth) exposure system was found
for release of the cytokines IL-8 and MCP-1, indicat-
ing that the ALI exposure system NACIVT induces
different cytokine release levels as compared to the
submerged.

In addition to changes in cytokine release, we
also observed a significant increase of metabolic
activity, compared to unexposed controls, seen for
the medium dose ZnO NP exposure in the NACIVT
system (Figure 3(a)). However, we did not see fur-
ther increases at higher doses and did not observe
increases in cell death at any of the concentrations

Figure 4. Toxicological responses measured after ZnO NP exposures in the NACIVT system at three different time points after
exposure. a) Metabolic activity measured with the WST-1 assay, b) IL-8 release measured in basal medium with Multiplexed
Luminex, and c) MCP-1 release measured in basal medium with Multiplexed Luminex. The WST-1, IL-8 and MCP-1 results were
normalized to the unexposed controls. The symbol (�) indicates significant difference from unexposed control levels at p< 0.05
and (��) at p< 0.01. The symbol (#) indicates significant difference between different doses at 24 h after exposure at p< 0.05
and (# #) at p< 0.01. The doses corresponded to 0.2 (low), 1.0 (medium), and 3.0mg/cm2 (high).
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tested, as assessed by the LDH assay. Therefore, this
may indicate an initial survival response to subtoxic
doses of NPs and a subsequent increase in meta-
bolic activity (Fulda et al. 2010). Increases in meta-
bolic activity at subtoxic levels could be attributed
to attempts by the cells to clear NPs which have
been internalized, but further studies are needed to
better characterize this phenomenon in this expos-
ure system and with these NPs. The high dose
exposure in the NACIVT system trended toward a
time dependent decrease in metabolic activity
(Figure 4(a)) which could suggest that impairment
of cellular viability may occur at later time points
after ZnO NP exposure. Future studies should
include longer timepoints to further assess this.

Increased release of the cytokines IL-8 and MCP-
1 after NP exposure is an indication of a toxic
response. IL-8 recruits inflammatory cells such as
neutrophils (Baggiolini, Walz, and Kunkel 1989),
while MCP-1 recruits monocytes/macrophages as a
response to inflammation (Deshmane et al. 2009).
Only the medium dose exposure of ZnO NPs in the
NACIVT system generated an increase of IL-8 and
MCP-1 release significantly different to unexposed
controls (Figure 3(b,c)). Comparing the exposure
systems revealed a significant difference between
NACIVT and SUB(growth) for both release of IL-8
and MCP-1, and additionally between NACIVT and
SUB(iso) for release of MCP-1.

Several previous studies have compared expos-
ure of ALI cultures to submerged cultures, though
not in the NACIVT system. However, the significant
increase in release of IL-8, seen for the medium
dose (1.0 mg/cm2) exposure in the NACIVT system in
this study, is comparable to previous results pre-
sented by Stoehr et al. (2015). They also showed a
significant increase in IL-8 release from A549 ALI
cultures (ALICE system) after exposure to ZnO NPs,
but not in the submerged cultures, though their
deposited dose was higher (6.2mg/cm2). The
increases in IL-8 release was around 2.5-fold (from
control cells) 3 h after exposure (non-significant)
and about 7-fold 16 h after exposure. The same
trend was seen in the current study for the medium
dose, where a slight (non-significant) increase could
be observed 3 h after exposure and a stronger
(about 20%) significant increase was seen 24 h after
exposure. The high dose used in the current study
(3.0 mg/cm2) did however not show this increase,

which could be due to a high presence of large
aggregates, as we observed in both the SMPS
measurements and SEM image analysis of the aero-
solized particles. In the report by Stoehr et al.,
mRNA expression of IL-8 was also investigated and
an increase (non-significant) could be observed for
both ALI and submerged cultures 3 h after exposure
to the high dose (6.2 mg/cm2), though with slightly
higher levels in ALI cultures. The ALI cultures were
also the only ones where increased levels could be
found 16 h after exposure (non-significant). Lenz
et al. (2013) investigated the mRNA expression of
the proinflammatory markers IL-8, IL-6 and GM-CSF
in A549 cells after ZnO NP exposure and found
higher levels in the ALI cultures (MINUCELL system)
compared to the submerged for both doses (0.7
and 2.2mg/cm2) and both time points tested (0 h
and 2 h after exposure). Slight increases in mRNA
expression of the oxidative stress markers GCS,
SOD-2 and HMOX-1 could also be observed in the
ALI cultures after exposure to ZnO NPs, while only
HMOX-1 increased upon ZnO NPs exposure at the
highest dose 2 h after exposure in submerged cul-
tures. In the study by Lenz et al. (2013), multiple
proinflammatory and oxidative stress related genes
were elevated upon ZnO NP exposure at ALI and
HMOX-1 was the only gene that increased its
expression in the submerged condition 2 h after
exposure to ZnO NPs. Similarly, in Stoehr et al., only
one submerged exposure condition resulted in a
more pronounced result in submerged versus ALI
(i.e. LDH release 16 h after the high dose exposure
(6.2 mg/cm2)). The increased LDH levels were how-
ever, only slightly higher, with about a 3-fold
increase in submerged cultures compared to about
a 2-fold increase in ALI cultures. The current study,
together with the Stoehr et al. (2015) and Lenz
et al. (2013) studies, all indicate that ALI culture
models are more sensitive to ZnO NP exposure
compared to submerged cultures, regardless of
which type of ALI exposure system that is used.

A few other studies have compared effects of
ZnO NP exposure in ALI and submerged cultures.
However, in these studies no clear trend of a stron-
ger ALI sensitivity was observed, but rather different
effects were seen after exposure under ALI and sub-
merged conditions respectively (Lenz et al. 2009;
Xie et al. 2012; Mihai et al. 2015). In one study,
mRNA expression of IL-8 were similar in A549 cells
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under ALI (ALICE system) and submerged condi-
tions, except for the highest dose (5.0mg/cm2)
where higher levels were observed under sub-
merged conditions. In contrast, higher levels of
mRNA expression for the oxidative stress marker
HO-1 were found under ALI conditions (Lenz et al.
2009). In two other studies, mouse alveolar epithe-
lial cells (C10) were used for comparative ALI
(Vitrocell systems) and submerged exposures. Xie
et al. (2012) showed that the doses needed to
achieve a significant deterioration in membrane
integrity and cell viability were in the same order of
magnitude for both types of exposures. The effects
were, though, slightly stronger in the submerged
cultures. Mihai et al. (2015) observed similar LDH
release levels for both exposure conditions.
However, an important finding in this study was
the difference in the intracellular Zn2þ dynamics
between the different exposure conditions, poten-
tially causing differences in the toxic response to
ZnO NP exposure. As suggested by these studies,
different exposure conditions (ALI versus sub-
merged) could result in differences in the toxicity
assessment, which is important to consider when
designing and comparing studies and assessing NP
toxicity.

Several other more recent studies have also
investigated differences between ALI and sub-
merged cultures after exposure to other types of
NPs. More pronounced effects were observed in
submerged cultures compared to ALI cultures
(Vitrocell systems) in two studies after exposure to
SiO2 NPs (Panas et al. 2014; Mills-Goodlet et al.
2020). Higher IL-8 and LDH release from A549 cells
were seen in Panas et al., although much higher
mass dose was used in ALI than in submerged (52
and 15.6 mg/cm2, respectively). Increased expression
of multiple cytokines, for example IL-8, in hAELVi
(human alveolar epithelial lentivirus immortalized)
cells was seen in Mills-Goodlet et al., but where
similar dose levels as in the current study were
used. However, two other studies showed similar
cellular responses in both ALI and submerged cul-
tures, except for in the release of LDH, where
higher levels were found in the ALI cultures
(Cappellini et al. 2020; Medina-Reyes et al. 2020).
These similarities were seen even though several
study parameters varied between the two studies.
Cappellini et al. exposed co-cultures of A549 and

THP-1 (macrophages) cells to CeO2 NPs and
observed higher LDH levels at a dose of 5 mg/cm2

in the ALI cultures (XposeALI system), while
Medina-Reyes et al. exposed A549 cells to TiO2 NPs
and nanofibers (NFs) and observed higher LDH lev-
els at a dose of 10mg/cm2 in the ALI cultures
(Vitrocell system). Additional studies have observed
different results in ALI cultures (Vitrocell systems)
compared to submerged, with exceeding responses
in ALI cultures. Increased cytokine levels (of for
example IL-8) were seen at lower doses in ALI than
in submerged (1 and 3 mg/cm2, respectively) after
TiO2 and CeO2 NP exposure to co-cultures of A549
and THP-1 cells (Loret et al. 2016). Expression of
several proteins (for example SOD-2, associated with
an oxidative stress response) were found to be sig-
nificantly increased in ALI cultures, but not in sub-
merged after MWCNT (multi walled carbon
nanotube) exposure to co-cultures of A549, THP-1
and MRC-5 (fibroblasts) (Hilton et al. 2019). These
increases were detected even though a lower dose
was used in ALI compared to in submerged (10 and
18 mg/cm2, respectively). Taking all these compara-
tive studies together, it could be argued that the
use of ALI exposure systems provide a more sensi-
tive assay for toxicity assessment of ENM exposure,
and since they seem to respond to lower doses,
they could be more realistic for occupational
exposure.

A few other studies have also indicated larger
effects in ALI compared to submerged cultures after
exposure to different chemicals (not NPs), such as
sodium metavanadate and carbendazim (Gohlsch
et al. 2019; Tollstadius et al. 2019; Hu et al. 2020).
Additionally, Ohlinger et al. (2019) have shown that
culturing A549 cells at ALI increased the expression
of several alveolar type II specific genes (for
example SLCO2B1, ALB, CYP3A5, CFI) compared to
when cultured in submerged, further indicating the
advantages with ALI culture exposures, which more
readily allows the effects of NPs on alveolar type II
cell behavior. Future developments of ENM respira-
tory exposure models could also combine ALI cul-
tures with mechanical stretch (simulating breathing)
for even more realistic evaluations (Doryab et al.
2019). Another approach could be to use primary
lung epithelial cells and other lung resident cell
types (for example fibroblasts, macrophages etc.) or
those derived from induced pluripotent stem cells.
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Primary cells are known to be more sensitive to
external stimuli than cell lines, such as A549, and
may therefore be a preferred cell type if they can
be sourced.

Some limitations of the current study design
exist for the submerged as well as for the NACIVT
system experiments. In the two submerged systems,
different suspension liquids were used in SUB(iso)
and SUB(growth): 0.9% NaCl isotonic solution and
serum-containing growth medium, respectively.
According to Peng et al. (2017), micro-sized ZnO
aggregates form at NaCl concentrations higher than
6 meq/l. In the current study, a 0.9% NaCl isotonic
solution was used (corresponding to 154 meq/l),
indicating that there was potential formation of
micro-sized aggregates in the isotonic suspension.
DLS analysis indicated the presence of large aggre-
gates in both the isotonic and the serum-containing
growth medium suspensions. Additionally, to
achieve the same deposited dose, different concen-
trations had to be used in the two submerged sys-
tems, potentially leading to higher aggregate sizes
in the isotonic solutions as compared to aggregates
in the growth medium at similar applied doses. A
lower volume of ZnO NP suspension in the SUB(iso)
system was chosen to resemble cells at the ALI as
closely as possible. The difference in particle con-
centrations as well as the differing degree of aggre-
gation due to the different suspension liquids could
have resulted in different aggregate sizes which can
affect several parameters such as the deposited
mass dose and the type of cellular uptake (i.e.
endocytosis, phagocytosis, macropinocytosis and
pinocytosis). Together, the deposited dose and par-
ticle uptake mechanism have a major impact on
the final toxicological effect in these two exposure
systems. Another factor influencing the final depos-
ited mass dose in these two systems was the ratio
of available cell to wall area, calculated by estimat-
ing the height of the liquid pillar on the apical side
of the cells. In the SUB(iso) system, this ratio was
2.67 while in the SUB(growth) system only 1.07.
This could have affected the possibility for particle
losses due to diffusion and adhesion to the insert
walls (Upadhyay and Palmberg 2018), possibly lead-
ing to an overestimation of the final deposited
mass dose. However, as described previously, the
gravitational settling of the ZnO NPs is expected to
be more dominant than diffusional displacement

(Stoehr et al. 2015) and ZnO NPs have been previ-
ously shown to be deposited with nearly 100% effi-
ciency after 1 h through a 50mm liquid depth (Lenz
et al. 2013). The current study anticipated the same
behavior based on large aggregation sizes deter-
mined by DLS measurements (which was also indi-
cated in the SEM images, Figure S4), a lower depth
of the suspensions (0.6mm and 1.5mm for SUB(iso)
and SUB(growth) respectively) and a longer expos-
ure time (24 h). Even if the sedimentation rate in
reality would be lower than what we assumed here
– if for example considering the fact that the shape
of the aggregates would result in a lower effective
density than the bulk material, as exemplified by
Deloid et al. (2014) – it is still reasonable to assume
a particle deposition of 100% in the current study.
This since the total gravitational settling time would
be well in the time frame of the 24 h exposure.

In the NACIVT exposures, different aerosol aggre-
gate sizes were seen both with the SMPS (Figure 1)
and in the SEM (Figure 2) for the high dose com-
pared to the low and medium dose. For the high
dose, the aggregate sizes were larger than for the
low and medium doses and fewer single particles
were present. The small size of the individual ZnO
NPs or the dissolution of aggregates into single
ZnO NPs for cellular uptake could have influenced
the cellular responses, since smaller particles have
been shown to induce greater toxicological
responses (Wang et al. 2018).

To calculate the surface area doses, the SSA was
determined from an estimated primary particle size,
which introduces an uncertainty in the used SSA.
Another uncertainty introduced in these calcula-
tions is applying the SSA determined for the pri-
mary particles also to the aggregates formed. If the
primary particles are at point contact, this approach
will not introduce any errors, however, if the pri-
mary particles are partly fused, the SSA is overesti-
mated. Based on the discussion and calculations
made by Svensson et al. (2015), the overestimation
of the SSA would however be less than 20% (20%
corresponds to when the diameter of the bridge is
60-70% of the diameter of the primary particles, for
open aggregates). Another error possibly intro-
duced is assuming that the densities of the primary
particles are equal to that of the ZnO bulk.
Typically, due to the high curvature of the surface
of nanoparticles, the density is somewhat lower.
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This may lead to an underestimation of the SSA.
The argument regarding the density of nanopar-
ticles also applies to the mass dose calculations for
the NACIVT system, which can lead to an overesti-
mation of these mass doses.

In this study, metabolic activity, cytotoxicity and
release of the cytokines IL-8, MCP-1, IL-6 and TNF-a
were evaluated after ZnO NP exposure in the ALI
exposure system NACIVT, and compared with two
different submerged exposure systems, SUB(iso)
and SUB(growth). Our findings suggest that expos-
ure via the NACIVT system induces different cellular
responses (metabolic activity and cytokine release)
than exposure in the two submerged systems at
similar exposure doses, with toxicity reactions at
lower doses in the ALI cultures than in submerged.
The agreement between our results and several
previous studies (Lenz et al. 2013; Stoehr et al.
2015; Loret et al. 2016; Hilton et al. 2019), encour-
ages the future use of more physiologically realistic
exposure systems for testing cellular responses to
ENMs, as well as continued comparisons with trad-
itionally submerged systems.
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