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RESEARCH ARTICLE

The influence of exposure approaches to in vitro lung epithelial barrier
models to assess engineered nanomaterial hazard

Kirsty Meldruma, Stephen J. Evansa, Ulla Vogelb , Lang Tranc, Shareen H. Doaka and Martin J. D.
Clifta

aIn Vitro Toxicology Group, Swansea University, Swansea, UK; bThe National Research Centre for the Working Environment,
Copenhagen, Denmark; cInstitute of Occupational Medicine (IOM), Edinburgh, UK

ABSTRACT
Exposure to engineered nanomaterials (ENM) poses a potential health risk to humans through
long-term, repetitive low-dose exposures. Currently, this is not commonplace within in vitro lung
cell cultures. Therefore, the purpose of this study was to consider the optimal exposure
approach toward determining the stability, sensitivity and validity of using in vitro lung cell
mono- and co-cultures to determine ENM hazard. A range of exposure scenarios were
conducted with DQ12 (previously established as a positive particle control) (historic and re-
activated), TiO2 (JRC NM–105) and BaSO4 (JRC NM–220) on both monocultures of A549 cells as
well as co-cultures of A549 cells and differentiated THP-1 cells. Cell cultures were exposed to
either a single, or a repeated exposure over 24, 48- or 72-hours at in vivo extrapolated concen-
trations of 0–5.2mg/cm2, 0-6mg/cm2 and 0-1mg/cm2. The focus of this study was the pro-inflam-
matory, cytotoxic and genotoxic response elicited by these ENMs. Exposure to DQ12 caused pro-
inflammatory responses after 48 hours repeat exposures, as well as increases in micronucleus fre-
quency. Neither TiO2 nor BaSO4 elicited a pro-inflammatory response at this time point.
However, there was induction of IL-6 after 24 hours TiO2 exposure. In conclusion, it is important
to consider the appropriateness of the positive control implemented, the cell culture model, the
time of exposure as well as the type of exposure (bolus or fractionated) before establishing if an
in vitro model is appropriate to determine the level of response to the specific ENM of interest.
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Introduction

The lung is one of the major exposure pathways for
engineered nanomaterials (ENMs) to the human
body (Oberdorster, Oberdorster, and Oberdorster
2005; Yokel and Macphail 2011). A nanomaterial has
been defined via the European Commission as a
“natural, incidental or manufactured material con-
taining either unbound or aggregated or agglomer-
ated and where 50% or more of the particles in the
number size distribution, one or more external
dimensions is in the size range 1 nm–100 nm
“(CELEX 2011). They have a higher surface (area) to
volume ratio when compared to their bulk-sized
(i.e. >100nm) counterparts (Hackenberg et al. 2011).
Both surface area and reactivity have the potential
to cause an inflammatory response, as they are
interconnected (Duffin et al. 2007). A further

consideration of the ENM of interest is their solubil-
ity, and the potential for them to be soluble within
the cell culture exposure medium (Warheit and
Brown 2019). Within these contexts, there is a sub-
stantial amount of literature previously published
investigating the effects on ENMs and the airways,
since this is considered the primary form of human
exposure, particularly within the occupational envir-
onment (Stone et al. 2017). This has been achieved
using a variety of different exposure systems,
including both in vivo and in vitro models. With
increasing advancements in in vitro, and the inten-
tion to move away from in vivo models for ENM
toxicology testing, it is important to utilize
advanced in vitro models and for them to be as
predictive of in vivo as possible. However, there is a
wealth of information in historic in vivo data which
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should not be discarded. An optimal (advanced)
in vitro model would be one that could becom-
pared to in vivo responses, as well being used to
predict in vivo responses. To establish the pulmon-
ary effects of ENM, the region of the lung needs to
be considered. The characteristic size of ENMs indi-
cates that the area of exposure that should be
focused on is the alveolar region (Smith 1998). To
represent a specific region within the lung, such as
the alveoli, various cell types must be used within a
culture, replicating both the barrier and the
immune cells present (Crapo et al. 1982). Both cell
lines and primary cells have their pros and cons
(Kaur and Dufour 2012), and all of these must be
considered (as well as the region of the lung aiming
to be mimicked) when choosing the cells for the
model (Hiemstra et al. 2018; Lacroix et al. 2018;
Upadhyay and Palmberg 2018). As well as ensuring
the correct cells, via both Good In Vitro Method
Practices (GIVIMP) (OECD 2018) and confirming
what cells are present within the area of interest in
the lung (OECD 2018; Lujan et al. 2019), it is also
important to select the correct scaffold and relevant
membrane to grow cells on (B�erub�e et al. 2010;
Bhowmick and Gappa-Fahlenkamp 2016; Dorrello
et al. 2017).

Additionally, it is important to consider the
length, the route and the type of exposure to lung
cell cultures relative to the stability of the in vitro
model. This includes the potential for repeat and
single exposures over the optimal culture time of
the in vitro model. Previously the usefulness of
implementing in vitro models to predict the poten-
tial long-term effects of nanomaterials has not been
fully investigated. Instead, due to a number of
experimental reasons, short-term exposures and
biological impact has been predominantly focused
upon (Clift et al. 2020). Therefore, to deduce truly
the long-term impact of ENMs upon human health,
further work needs to be conducted. For in vitro
models to be considered as a valid replacement of
in vivo models there needs to be an analysis of
their capability to replicate, and/or predict the
in vivo response (Kumar et al. 2017; Clippinger et al.
2016). Thus, long-term impacts need to be eluci-
dated in vitro, either through stable long-term cell
cultures, or via manipulation of the experimental
design and variables.

Past studies using ENM (and specifically the lung
exposures) are performed under submerged condi-
tions and the ENM are added directly into the cell
culture medium (Clippinger et al. 2016; Vuong et al.
2017; Zhang et al. 2018). This is the most accessible
model, but it does not represent the lung and is
unrealistic in terms of physiology and exposure
environment(s). Cells within the lung do not exist in
submerged conditions and are covered by a layer
of surfactant which is exposed to air (Griese 1999)
and also has the potential to change the effects of
ENM exposed to the cells (Lesniak et al. 2012;
Mahmoudi et al. 2013; Wan et al. 2015). Therefore,
it is important to use cell systems that mimic this
scenario (Blank et al. 2006; Bruce et al. 2009) and
increase the predictability of the in vitro model
compared to the in vivo. This is something that
could potentially be used to replace or reduce ani-
mal testing of these materials, as outlined in the
“Three Rs” directive from the European Union
(Directive 2010/63/EU) and Burden et al. (2017). To
replicate the physiology, in vitro models must also
be exposed to the air. Multiple studies have com-
pared submerged cultures and those at an air-liquid
interface (ALI) (Hiemstra et al. 2018; Lacroix et al.
2018; Upadhyay and Palmberg 2018). Various stud-
ies were performed in order to investigate if the
enhanced complexity of the ALI exposures com-
pared to submerged exposures is required (Lenz
et al. 2013; Hilton et al. 2019), as it has been identi-
fied that cellular properties are changed upon
switching to an ALI (€Ohlinger et al. 2019). Therefore,
it is important to complete studies at an ALI, and
not at the commonly used submerged conditions.

As well as the exposure method, it is also import-
ant to consider how these models are exposed to
ENMs. Occupational and environmental exposures
consist of repeated exposures of low concentra-
tions, and this combination has been previously
identified to cause lower toxicity than high concen-
trations on vascular endothelium (Wang and Tang
2021). However, this repeated exposure to various
ENMs or larger particles does have the potential to
lead to the sensitization of the airways and the
development of allergic inflammatory diseases
(Joubert et al. 2020; Ma 2020). The majority of the
literature agrees on one component of this
repeated low concentration exposures of ENMs
(through various exposure routes), and that is that
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more work is required to fully determine the poten-
tial health consequences of these exposures (Jiang
et al. 2020; Liu and Liu 2020; Bessa et al. 2020).

The aim of this study therefore, was to identify
the optimal exposure approach toward determining
the stability, sensitivity and validity of using in vitro
lung cells for ENM hazard assessment. Initially the
sensitivity of the model was assessed with a known
positive particle control (DQ12), before further estab-
lishing the biological impact of DQ12 after both sin-
gle and repeated exposures. Additionally, testing of
the optimal model and exposure approach was
conducted with ENMs (i.e. TiO2 and BaSO4) to deter-
mine if these responses are consistent regardless of
particle type used. It is hypothesized that the spe-
cific period of exposure of the ENMs/particles will
be directly related to the sensitivity of the lung
in vitro cell system response.

Materials and methods

All chemicals and reagents were purchased from
Sigma Aldrich (UK) unless otherwise stated.

Cell cultures

A549 (ATCCVR CCL-185TM) and NCI-H441 (ATCCVR

HTB-174TM) cells were obtained from American
Tissue Culture Collection (ATCC, USA) and were cul-
tured at 37 �C, 5% CO2. A549 were cultivated in
RPMI-1640 medium (Gibco, USA) supplemented
with 10% heat inactivated fetal bovine serum (FBS,
Gibco, USA), 2mM L-Glutamine (Gibco, USA), 100U/
mL penicillin and 100 mg/mL streptomycin (Gibco,
USA). NCI-H441 were cultivated in RPMI-1640 ATCC
Modified medium (Gibco, USA) (Herzog et al. 2014),
supplemented with 10% heat inactivated fetal
bovine serum (FBS, Gibco, USA), and 100U/mL peni-
cillin and 100 mg/mL streptomycin (Gibco, USA).
A549 supplemented RPMI-1640 is cited as A549
complete cell medium (A549-CCM), while NCI-H441
supplemented RPMI-1640 is further cited as H441-
CCM. Both cell types were passaged when �80%
confluent and used between passages 5-15 (A549)
and 4-10 (NCI-H441), for all experimentation. Note
that the difference in passage numbers used
between each epithelial cell type examined was
due to the differences in cell doubling time, 22
(A549) and 58 (NCI-H441) hours respectively.

THP-1 (ATCCVR TIB-202TM) cells were obtained
from American Tissue Culture Collection (ATCC,
USA) and were cultured at 37 �C, 5% CO2. THP-1
cells were cultivated in RPMI-1640 medium (Gibco,
USA) supplemented with 10% heat inactivated fetal
bovine serum (FBS, Gibco, USA), 2mM L-Glutamine
(Gibco, USA), 100U/mL penicillin and 100 mg/mL
streptomycin (Gibco, USA). Cells were maintained at
ca. 1� 106 cells/ml.

Epithelial cell monocultures

Either A549 or NCI-H441 cells were seeded on the
apical side of a 6-well (4.2cm2 growth surface area)
Falcon cell culture insert (transparent PET mem-
brane with 3 mm pores; Corning, UK) at a density of
2.78� 105 cells/cm2 in 1.5mL of either A549-CCM
or H441-CCM, with 3mL A549-CCM or H441-CCM in
the basal compartment. On the 4th (A549) or 3rd
(NCI-H441) day respectively after cell seeding, the
medium was changed and cells were switched to
the air-liquid interface (ALI) with 3mL of A549-CCM
or H441-CCM in the basal compartment and apical
compartment exposed to air (i.e. no medium on the
apical layer). The optimal time for exposure and ALI
switching has been previously determined (SI
Figure 1). After switching to the ALI, epithelial cells
were provided 24 hours to equilibrate prior to expo-
sures (Herzog et al. 2013; Klein et al. 2013; Herzog
et al. 2014).

Epithelial-Macrophage cell Co-cultures

Both epithelial cell types were grown as previously
outlined. THP-1 cells were differentiated into a
macrophage-like phenotype (dTHP-1) via exposure
to 20 nM phorbol 12-myristate-13-acetate (PMA) for
48 hours with a further 48 hours of recovery in com-
plete medium (Risby et al. In Preparation). dTHP-1
cells were subsequently seeded onto the apical
layer of the epithelial cell cultures for 2 hours (i.e. to
allow adherence) prior the culture being switched
to the ALI.

ENMs and particle exposures

After characterizing the A549 monoculture daily for
14 days at both submerged and ALI conditions
(implementing viability, membrane integrity and
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pro-inflammatory mediator release) to determine
the stability over time, we were able to establish
the life of the culture and therefore the length of
exposures used herein (SI Figure 1). From this infor-
mation the exposure set-up described in Figure 1
was established. TiO2 (JRCNM01005a) and BaSO4

(JRCNM50001a) were supplied by the European
Commission Joint Research Center Nanomaterial
Repository (https://ec.europa.eu/jrc/en/scientific-
tool/jrc-nanomaterials-repository). The specific phys-
ical and chemical characteristics have previously
been reported (Keller et al. 2020).

When determining the effects of any ENM it is
important to also have a positive particle control
that has the potential to illicit a heightened
response for the endpoint of interest. Two different
DQ12 particles were implemented within this work.
Historic-DQ12 particles (Clouter et al. 2001) – par-
ticles that have not had their surface manipulated
since collection - were kindly donated by the
Institute of Occupational Medicine (IOM),
Edinburgh, and re-activated-DQ12 particles – re-acti-
vated via grinding - were kindly donated by the

French National Research and Safety Institute
(INRS). Historic-DQ12 was previously characterized as
outlined in (Robock 1973; Clouter et al. 2001), while
re-activated-DQ12 by grinding (10 g) for 15min at
1400 rpm with a vibratory disk mill RS 200 (Retsch)
and tungsten carbide grinding tools was character-
ized as outlined in Valentino et al. (in press).

Endotoxin analysis was completed in house for
all particles (nano)particle types using the PyroGene
Recombinant Factor C Endpoint Fluorescent Assay
(Lonza, UK) kit as per manufacturers guidance. In
addition, spiked positive controls were also included
and no endotoxin was detected in any of the
(nano)particle types tested (EU <0.05). All particles
were dispersed and sonicated based on “The
NANOGENOTOX dispersion protocol” (Hadrup et al.
2017). Particles were dispersed by sonication
(Branson Sonifier 250, Ø 13mm, 400W output
power, 20 kHz) in 0.05% bovine serum albumin. A
stock solution of ENMs was prepared at a concen-
tration of 2.56mg/ml, which was diluted in the rele-
vant CCM to the desired concentration. All
exposure concentrations have been previously

Figure 1. Exposure Scenarios used. An exposure of an ENM (blue arrow) is completed and analyzed at specific time points (green
arrow), either after a single exposure (A.) of 24 hours (A. i), 48 hours (A. ii), or 72 hours (A. iii), or repeat exposures (B) of 48 hours
(B. i) or 72 hours (B. ii). All exposures equate to the same deposited exposure concentration regardless of the exposure scenario
chosen (for scenario B this is a fractionated dose which is equal to the same final concentration as A). Created with
BioRender.com.
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found to induce significant inflammatory effects
in vivo (0–5.2mg/cm2, 0–6 mg/cm2 and 0–1mg/cm2

respectively) after IVIVE calculations have been com-
pleted on the materials (https://www.patrols-h2020.
eu/publications/sops/index.php and https://www.
patrols-h2020.eu/publications/sops/SOP-library-pdfs/
3105_PATROLS-Guidance-Document-for-ENMs-lung-
dosing-consideration.pdf?m=1636040473&) with
higher concentrations (as a comparison to the nor-
mally high concentrations found within the litera-
ture) included (10–200mg/cm2 for TiO2 and both
types of DQ12 and 60–120 mg/cm2 for BaSO4).

Cells were exposed via a quasi-ALI exposure
technique formally described in Endes et al. (2014).
This exposure method allows cells to be exposed
while at the ALI, whilst coating a proportion of the
cells, a closer mimic of an inhalation exposure as
not all lung cells are exposed to the materials
(Geiser and Kreyling 2010). This method entails
exposing the cells apically to 100 ml of the particle
suspension using a 6-well plate setup. Endpoint
analysis was subsequently completed after 24, 48
and 72 hours of single or repeat exposures (at the
same time points) as described in Figure. 1.

Biochemical analysis

Samples were either processed for viability assess-
ment (Trypan blue exclusion assay), or membrane
integrity (Blue Dextran assay), whilst supernatants
were collected and stored at �80 �C for future ana-
lysis of specific pro-inflammatory mediators
(Interleukin (IL)-6 and IL-8).

Trypan blue exclusion assay

Cellular viability was determined using the trypan
blue exclusion assay. Briefly, 10 mL of trypan blue
dye (0.4%) was added to 10 mL of the cell suspen-
sion, before being counted with a hemocytometer
and percentage viability calculated (Barosova
et al. 2021).

Pro-inflammatory response

The pro-inflammatory response of the A549 and
NCI-H441 mono-, and co-cultures following expos-
ure to both types of DQ12, TiO2 and BaSO4 at all
test concentrations was measured by quantifying

the amount of the pro-inflammatory mediators
released into the basal medium via Enzyme-Linked
Immunosorbent Assay (ELISA) of cell supernatants
collected at all experimental timepoints, therefore
negating the potential for the ENMs to interfere
with this biochemical technique. A positive control
of medium spiked with a known concentration of
ENM was also included within these colourimetric
assays to ensure there was no particle interference
(data not shown). Levels of IL-8 (Cat no. DY208) and
IL-6 (Cat no. DY206) were measured using DuoSet
kits from R&D systems (Biotechne, Abingdon, UK)
according to the manufacturer’s instructions.
Samples were analyzed in triplicates, representing
three independent biological replicates (n¼ 3).
Extrapolation of protein concentration was carried
out from a standard curve of known concentrations
(IL-8 0–2000pg/ml and IL-6 0–200pg/ml).

In vitro cytokinesis blocked micronucleus (CBMN)
assay (monoculture)

A549 cells only (and not NCI-H441 cells) were uti-
lized for the CBMN assay due to the cell cycle time
of the NCI-H441 (�56 hours) being too long for the
assay. Cytotoxicity was assessed alongside micronu-
cleus scoring by relative population doubling (RPD)
as described previously (Manshian et al. 2013). This
was to ensure that cytotoxicity of the cell line
remained within the OECD test guideline 487 rec-
ommendation of 55 ± 5% (this ensures any observed
DNA is not a consequence of nuclear break down
during cell death). A549 cells were seeded and
treated with test materials as described above for
24 hours (ca. 1-cell cycle) and 48 hours. Mitomycin-C
(MMC) at 0.01lg/mL was used as a positive control.
After exposure, cells were washed in phosphate
buffered saline (PBS) three times and re-suspended
in fresh media containing 3 lg/mL cytochalasin B
for a further 24 hours. The cells were then trypsi-
nised, pelleted by centrifugation (1200xg for 5mins)
and washed twice in PBS. Slides were prepared and
scored for the presence of micronuclei in
binucleated cells using the automated micronucleus
Metafer image analysis system (Metasystems, Carl
Zeiss Ltd) as described previously by Singh et al.
(2012). All experiments were performed in triplicate
(n¼ 3) and 1000 binucleuate cells per replicate
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were scored (3000 binucleate cells in total) for
each treatment.

In vitro CBMN assay for multi-cell cultures

Based on the method previously described (Evans
et al. 2019), co-culture treatments were undertaken
for both 24 and 48 hours as completed in the
monocultures. Mitomycin-C (MMC) at 0.01lg/mL
was used as a positive control. Cultures were then
washed in PBS and media containing 3 mg/mL cyto-
chalsin-B was placed in both the apical and basal
transwell chambers and incubated for 24 hours.
Cells were subsequently trypsinised (as above), fixed
in 3% paraformaldehyde and permeabilized with
Triton X100. Cells were washed with PBS prior to
staining with 1 mg/ml of anti-human CD324 (e-cad-
herin) with a conjugated FITC fluorophore
(BioLegendVR , San Francisco, USA). Following wash-
ing and resuspension in 1mL of PBS, cells were
pipetted on to slides and coverslips were attached
with DAPI VECTASHIELD (VECTOR Laboratories,
USA). Cell imaging and micronuclei identification
was undertaken using an Axioimager Z2 fluorescent
microscope with a one megapixel charged coupled
device camera (Carl Zeiss, UK) as previously
described (Evans et al. 2019). Cytotoxicity was
assessed alongside micronucleus scoring by the
cytokinesis-blocked proliferation index (CBPI) as
described previously (Manshian et al. 2013). All
experiments were performed in triplicate (n¼ 3)
and 1000 binucleuate cells per replicate were
scored (3000 binucleate cells in total) for
each treatment.

Data and statistical analysis

All data are presented as the mean± the standard
deviation (SD). All endpoints were assessed upon
three independent cell cultures (n¼ 3). Statistical
analysis was performed using GraphPad Prism 8
(GraphPad Software Inc., La Jolla, USA) software. A
two-way analysis of variance (ANOVA) with subse-
quent Tukey’s multiple comparisons test was per-
formed for each endpoint, except CBMN analysis
which was completed with a one-way ANOVA with
subsequent Dunnett’s post-hoc test. Results were
considered significant if p< 0.05.

Results and discussion

The purpose of this study was to determine, using
different mono- and co-culture in vitro systems, the
time point and exposure approach that would
incite the most sensitive response (in terms of cyto-
toxic, genotoxic and pro-inflammatory effects) of
this specific in vitro model, relevant to in vivo
extrapolated concentrations, following exposure to
the tested (nano)particles (i.e. both types of DQ12,
TiO2 and BaSO4).

Single exposures

24 Hours
As the majority of the literature focuses on 24 hour
exposures, initially in order to attain a baseline level
of understanding of the different cultures and ENM
types, 24 hour exposures were completed using
both the monocultures and the co-cultures of both
A549 and NCI-H441 cells (þdTHP-1) using both his-
toric-DQ12 (previously identified as a positive con-
trol) and TiO2 (known to be an insoluble and active
material (as it can induce inflammation, genotoxic-
ity, and metabolic changes) (Grande and Tucci
2016)). After the analysis of these results, the A549
monoculture had a significantly (p< 0.01) increased
IL-6 concentration when compared to the co-culture
24 hours after exposure to historic DQ12 (100 and
200 mg/cm2) (Figure 2(A)). This was replicated
24 hours after exposure to TiO2 (Figure 2(C)). Both
of these concentrations (100 and 200 mg/cm2) are
higher than the IVIVE extrapolated concentrations
and this high concentration could cause an in vitro
cellular overload effect and therefore induce IL-6
production (Bevan et al. 2018). IL-6 can be pro-
duced by both macrophages and lung epithelial
cells, and where the epithelial layer is damaged
there can be a substantial increase in the concen-
tration of IL-6 produced (Rincon and Irvin 2012).
This decrease in IL-6 concentration in the co-cul-
tures when compared to the monocultures can be
explained by the presence of IL-6 receptors (IL-6R)
on THP-1 cells and the binding of IL-6 via “classical
signaling” (Rincon and Irvin 2012; Wolf, Rose-John,
and Garbers 2014), removing it from the basal
medium. There were also significant increases in IL-
8 concentration when compared to the co-culture
24 hours after exposure to DQ12 (0.5, 1 and 10 mg/
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cm2) (Figure 2(B)). This is the opposite to what
would be expected from the literature (Klein et al.
2013), however, this pattern has been previously
identified after exposure to “poultry dust” in sub-
merged conditions and significant increases in gene
expression of IL-8 in the A549 cells, but not mono-
cyte THP-1 cells (Boggaram et al. 2016).

There was a significant (p< 0.01) decrease in IL-8
production after exposure to 1.3, 5.2 and 10.4mg/
cm2 TiO2 in the A549 monoculture when compared
to the co-culture (Figure 2(D)). This is consistent
with previous studies where the co-culture produ-
ces IL-8 post-exposure to TiO2, but the monoculture
is non-responsive (Loret et al. 2016). This study
used an aerosol exposure system, but with similar
exposure concentrations (1 and 3 mg/cm2). Within
the work of Loret et al. (2016) it was also identified
that these exposures increased the IL-6

concentrations (Loret et al. 2016), which was not
seen in this study.

No pro-inflammatory changes were identified
after exposure to either the NCI-H441 mono- or co-
culture 24 hours after DQ12 or TiO2 exposures
(Figure 2). TiO2 is known to cause toxicity and
induce a pro-inflammatory response in only some
cell types (HepG2, A549 and RAW264.7) and with
only certain surface characteristics, such as plain
particles and some coated with PVP in submerged
conditions (Hansjosten et al. 2018). This suggests
that the NCI-H441 cell line is not highly sensitive to
the effects of particle exposure (either DQ12 or TiO2

– Figure 2). It has also been previously suggested
that NCI-H441 cells do not have the same potential
for pro-inflammatory responses as the A549 cells
when cultured alone and with dTHP-1 cells (Kasper
et al. 2017). However, NCI-H441 were chosen for

Figure 2. 24 hour single exposure of DQ12 (A and B) and TiO2 (C and D) on both A549 monocultures, A549þ dTHP-1 co-cultures,
NCI-H441 mono cultures and NCI-H441þ dTHP-1 co-cultures. Cells were exposed to DQ12 for 24 hours at the ALI, before analyzing
various endpoints. IL-6 (A, and C) and IL-8 (B and D) concentrations were measured in the basal compartment of the ALI culture
after a single particle exposure (onto the apical side). N¼ 3 with all assays performed in triplicate. The data is presented as the
mean± Standard deviation. Significance is denoted as the following: compared to the medium control p< 0.01(�).
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this study as a valid alternative Type-II epithelial cell
to the A549 cell cultures, due to their known gen-
etic instability (Alidousty et al. 2018). Nonetheless,
as seen previously, A549 cells were identified to be
sensitive to the ENM exposures used herein.

Thus, based on these findings, the decision to
only use A549 co-cultures over NCI-H441 co-culture
was made. Additional factors for this reason also
include; limitations that have been put on the cell
line (NCI-H441) that does not allow them to be
used within an industrial setting (ATCC) (https://
www.atcc.org/products/htb-174#product-permits)
and therefore their inability to be used in a regula-
tory setting; their longer cell cycle time meaning
they could not be used for all end point analysis;
and the variation in medium requirements com-
pared to the THP-1 cells.

No cytotoxicity was observed in A549 cells cul-
tured at the mono- or dTHP-1 co-culture scenario
and treated with historic DQ12 samples (10mg/cm2)
or TiO2 (10.4 mg/cm2) following a 24 hour single
exposure (Figure 3). The CBMN assay demonstrated
no significant (p> 0.05) increase in micronucleus
frequency in monocultured A549 treated with the
same concentrations of historic DQ12, however
there was a significant increase (1%) when treated
with TiO2. This is opposite to what has been previ-
ously identified within the literature (Ohshima, Xu,
and Takahama 1998) in submerged conditions at a
concentration of 100 mg/cm2 of both particle types.
Previous works within the literature has evidenced
internalization of TiO2 NPs in A549 cells (Stringer
and Kobzik 1996; Scherbart et al. 2011), which may
be related to the increased Mn frequency identified
within this study (Figure 3(A)).

It has been reported that A549 cells are more
resistant to the effects of DQ12 when compared to
other cell lines (Schins et al. 2002a) in submerged
conditions. In the co-culture scenario DQ12 signifi-
cantly (p< 0.05) promoted an increase in micronu-
cleus frequency (1.393%) compared to the
untreated control, conversely there was no signifi-
cant response following TiO2 exposure (p< 0.05)
(Figure 3). With the addition of macrophages to the
A549 epithelial layer, the sensitivity of the in vitro
model to the genotoxic effects of DQ12 was
increased and the micronucleus frequency was
increased. This suggests that secondary genotoxicity
is an important mechanism of DNA damage for this

particle type whereby nanomaterial stimulation of
an immune cell type promotes downstream DNA
damage (Doak et al. 2012; Evans et al. 2017). A pre-
vious study exposing a bronchial cell line
(16HBE14o-) to iron oxide (Fe3O4) ENM (10 nm) has
demonstrated these mechanisms of secondary gen-
otoxicity in a co-culture scenario after nanomaterial
exposure in submerged conditions (Evans et al.
2019). Moreover, a recent study (Burgum et al.
2021) implementing type I lung epithelial cells and
dTHP-1 cells grown in a co-culture identified a simi-
lar pattern of increased genotoxicity in the co-cul-
ture compared to the monoculture in
submerged conditions.

From Figure 2 we have identified that DQ12 does
not induce the pro-inflammatory response to be
expected from this positive particle control. As this

Figure 3. Micronucleus frequency (%) 24 hour post a single
exposure of TiO2 or DQ12 on both A549 monocultures, and
A549þ dTHP-1 co-cultures. Cells were exposed to either TiO2

or DQ12 for 24 hours at an ALI, before analyzing various end-
points. Both the monoculture (A) and the co-culture (B) were
analyzed. For all CBMN assays, MMC (0.01mg/ml) was used as
a positive control. N¼ 3 with all assays performed in triplicate.
The data is presented as the mean± Standard deviation.
Significance is denoted as the following: compared to the
medium control p< 0.05(�) and p< 0.01(��).
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response is thought to be due to the surface char-
acteristics of DQ12 and therefore the activation sta-
tus (Albrecht et al. 2002; Duffin et al. 2002; Albrecht
et al. 2005), a comparison between historic DQ12

and re-activated (via grinding) DQ12 was conducted,
since such a re-activation of DQ12 surface has been
previously shown to be important in the cytotoxic
and genotoxic response seen (Schins et al. 2002b).
Following 24 hours exposure to both DQ12 types
(0.5-200mg/cm2) to mono- (A549 cells) and co-cul-
tures (A549þ dTHP-1 cells) the pro-inflammatory
responses were investigated (Figure 4). There was a
significant (p< 0.01) increase in the concentration
of IL-6 (Figure 4(A)) after historic DQ12 exposure at
the highest concentration (200mg/cm2) in the
monoculture only. No changes were observed in

the co-culture (Figure 4(A)). Interestingly however,
with the re-activated DQ12, after 24 hours exposure
significant (p< 0.01) increases in IL-6 were noted
for all tested particle concentrations in the co-cul-
ture when compared to the medium control and
the equivalent historic DQ12 exposures (Figure 4(A)).
This difference could be down to the responses of
the macrophages to the grinded silica alone, as it
has been identified that this exposure has the
potential to generate reactive oxygen species (ROS)
and induce pro-inflammatory effects (including the
production of IL-6 and IL-8) (Ghio et al. 2019). No
changes were observed with the monoculture sys-
tem following exposure to the re-activated DQ12

(Figure 4(A)). Analysis of the IL-8 response indicated
no effects following exposure to the re-activated

Figure 4. 24 hour single exposure of both Historic and Re-activated DQ12 on both A549 monocultures and A549þ dTHP-1 co-cul-
tures. Cells were exposed to DQ12 for 24 hours at an ALI, before analyzing various endpoints. IL-6 (A) and IL-8 (B) concentrations
were measured in the basal compartment of the ALI culture after a single particle exposure (onto the apical side). N¼ 3 with all
assays performed in triplicate. The data is presented as the mean± Standard deviation. Significance is denoted as the following:
compared to the medium control p< 0.01(�); and compared to the Historic DQ12 p< 0.01(#).
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DQ12 sample at all tested concentrations after
24 hours (Figure 4(B)). Only a significant (p< 0.01)
increase in IL-8 was noted with historical DQ12

exposure to A549 monocultures at 0.5, 1 and 10 mg/
cm2 when compared to the medium control and
the re-activated DQ12 at the same concentrations
tested. The opposite response has been identified
when triple cultures (A549þ THP-1þ Ea.hy 926) are
exposed to two different types of quartz under sub-
merged conditions, with the smaller particle (Si10)
eliciting a higher response than the larger (Min-U-
Sil) at a concentration slightly higher than the IVIVE
concentration used within this study (24 mg/cm2)
(Skuland et al. 2020). As the historic DQ12 is slightly
smaller (BET of 3.5 ± 0.9 vs 10.3 ± 2.6m2/g) than the
re-activated DQ12 it indicates that the size of the
particle is not the only factor in this increase.
Another triple-culture (A549, monocyte-derived
macrophages and dendritic cells) using an aerosol
exposure of a similar concentration (0.14–1.57 mg/
cm2) also identified an increase in the IL-8 concen-
tration measured 24 hours post-DQ12 exposure (his-
toric-DQ12) (Endes et al. 2014), suggesting that it
may be the addition of cells and the advancement
of the model that is inducing this effect. Previous
studies (using a similar dose range) under sub-
merged conditions have identified that different
types of quartz do have the potential to cause vary-
ing effects in both genotoxicity (1.6-200 mg/cm2)
(Cakmak et al. 2004) and inflammatory responses
(Clouter et al. 2001), with this thought to be
explained via the variations in the surface modula-
tions and reactivity of the particulate matter itself
(and not the exposure time).

In vivo exposures have conflicting results regard-
ing DQ12 exposures, depending on the animal used.
Intratracheal instillation into mice lead to a signifi-
cant increase of IL-6 at 24 hours when compared to
3months at the highest exposure concentration
(500 mg/animal) (Roursgaard et al. 2011).
Intratracheal instillation into rats (15.2mg/kg)
showed that there was an increase in lung weight,
and neutrophils in the BAL fluid 90 days post expos-
ure when compared to both the negative control
and 3, as well as 28 days post exposure
(Creutzenberg et al. 2008). DQ12 has also been iden-
tified to behave in the same way as cristobalite sil-
ica and cause an enhanced inflammatory response
in vivo (Housley et al. 2002).

From characterizing the cell systems used herein,
it is known that our A549 mono- and A549þdTHP-1
co-culture models are stable for up to 96 hours at
ALI (24 hours acclimation, and 72 hours exposure
(Figure S1). Thus, subsequent experimentation
focused upon using single exposures with longer
exposure periods; either 48 hours or 72 hours; to
historic DQ12 to confirm the pro-inflammatory
response to this positive control did not require a
longer incubation (than 24 hours). Following this
approach, it was observed that there was a signifi-
cant (p< 0.01) increase in the concentration of IL-6
(Figure 5(A)) after 48 hours in the A549 monocul-
tures, at the two highest concentrations tested.
These findings concur with the response as seen
previously at 24 hours (Figure 4(A)). IL-8 concentra-
tion was significantly (p< 0.01) increased in the co-
culture when compared to the monoculture (Figure
5(B)) after 48 hours at all concentrations (0.5–200mg/
cm2). This is the opposite of what was identified at
24 hours at 0.5, 1 and 10mg/cm2, but it is consistent
with the previously identified literature that investi-
gated pro-inflammatory responses via ELISA and
gene analysis (Endes et al. 2014; Skuland et al.
2020). At 72 hours post-exposure (Figure 5(B)) this
response mimics the 24 hour response (Figure 4(B)),
with the IL-8 concentration higher, but the differen-
ces between the mono- and the co-culture reduced.
The method of differentiation of THP-1 cells is
known to up-regulate certain genes that have the
potential to mask certain responses (Chanput, Mes,
and Wichers 2014; Hetzel, Ackermann, and
Lachmann 2021). The type of macrophage the THP-
1 cells are differentiated to (M0, M1, and M2) also
has the potential to enhance the various functional
responses (Chanput, Mes, and Wichers 2014; Hetzel,
Ackermann, and Lachmann 2021), and the macro-
phage type the THP-1s have been differentiated to
(dependent on the PMA concentration used) and
how sensitive they are to potential stimulation (Park
et al. 2007). IL-8 is an important chemokine in
macrophage and epithelial cell inflammatory
responses. It has been previously established that
IL-6 and the STAT3 pathway is required for the
polarization of M0 to M2 type macrophages. When
this pathway is inhibited, the polarization is toward
M1 type macrophages (Yin et al. 2018). M2 macro-
phages are known to secrete a variety of different
inflammatory mediators (including (but not limited
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to) TNF, IL-6 (creating a feedback loop), IL-1 and IL-
10), while the M1 macrophage secretion profile is
different (IL-12, IL-6, IL-8, G-CSF and IL-1b) (Martinez
and Gordon 2014). It has also been identified that
smaller nanotubes promote polarization to M2
when compared to the larger particles (Yunna et al.
2020) – again reducing the potential for IL-8 pro-
duction. When a co-culture of A549þ THP-1 cells
were exposed to cigarette smoke there were
increases in the IL-6 secretion, but changes in the
IL-8 secretion were undetectable (Holownia et al.
2016). Secretion of IL-8 by A549s is modulated by
IFN-c under the influence of IL-1b, however, IL-6
secretion is not affected by this modulation (Boost
et al. 2008). Taken together, this would suggest
that the secretion of IL-8 of the A549 cells could be
being modulated by the polarization of the

macrophage, and the secretion of inhibitory inflam-
matory mediators by both the A549 and the THP-
1 cells.

Due to the significant increase in IL-8 in the co-
culture when compared to the monoculture
48 hours after historic DQ12, we went on to com-
pare this to the re-activated DQ12 (Figure 6). There
was a significant (p< 0.01) increase in the IL-6 con-
centration at all re-activated DQ12 concentrations
when compared to the medium control, which was
not reflected after the historic DQ12 exposure. IL-8
basal concentration (Figure 6(B)) was unchanged in
either the historic or re-activated DQ12 exposures
when compared to the medium control 48 hours
post exposure. Both the IL-6 and IL-8 responses are
consistent at both 24 hours (Figure 3) and 48 hours
(Figure 6). IL-8 is a specific neutrophil

Figure 5. 48 hours (left) and 72 hours (right) single exposure of DQ12 on both A549 monocultures, and A549þ dTHP-1 co-cultures.
Cells were exposed to DQ12 for either 48 or 72 hours at an ALI, before analyzing various endpoints. IL-6 (A) and IL-8 (B) concentra-
tions were measured in the basal compartment of the ALI culture after a single particle exposure (onto the apical side). N¼ 3
with all assays performed in triplicate. The data is presented as the mean± Standard deviation. Significance is denoted as the fol-
lowing: compared to the medium control p< 0.01(�).
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chemoattractant (Bickel 1993), whereas IL-6 is a
much more diverse cytokine and its continual syn-
thesis is known to play a role in chronic inflamma-
tion as well as tissue damage (Tanaka, Narazaki, and
Kishimoto 2014). Both pro-inflammatory mediators
are produced by both epithelial cells as well as
macrophages (Smith et al. 2000; Rincon and
Irvin 2012).

Repeated exposures
The majority of literature on ENM exposures focuses
on a single bolus dose, however in order to try and
replicate a more “real-life” exposure situation, a frac-
tionated exposure was also implemented with this
model. Repeat exposures (fractionated exposures
equating to the same concentration as the single
exposures previously presented) of historic DQ12

over 48 and 72 hours (outlined in Figure 1), lead to
significant increases in the concentration of IL-6
(Figure 7(A)) and IL-8 (Figure 7(B)) in the co-cultures

when compared to the monoculture. There were
however no significant differences when compared
to the medium controls (except at the highest con-
centrations tested of 100 and 200 mg/cm2).

After 48 hours, the exposure produced the same
pattern of IL-8 production regardless of the expos-
ure approach (i.e. single vs. repeated) (Figures 5(B)
and 7(B)). However, there is a significant increase in
IL-6 concentration after 1 mg/cm2 in the co-culture
when compared to the monoculture (Figure 7(A)).
This would coincide with the hypothesis above that
IL-6 is the more appropriate marker of inflammation
to continue to measure. The 72 hour single expos-
ure does not illicit these responses and there are
no changes in the IL-6 concentration at 72 hours
(Figure 5(A)). This suggests that the fractionated
exposure has the potential to continue to induce
an IL-6 response (which is also not seen at 24 hours
(Figure 2(B))). This could be due to the fact the frac-
tionated exposures are made up fresh every day of

Figure 6. 48 hours single exposure of both Historic and Re-activated DQ12 on A549þ dTHP-1 co-cultures. Cells were exposed to
DQ12 for 48 hours at an ALI, before analyzing various endpoints. IL-6 (A) and IL-8 (B) concentrations were measured in the basal
compartment of the ALI culture after a single particle exposure (onto the apical side). N¼ 3 with all assays performed in triplicate.
The data is presented as the mean± Standard deviation. Significance is denoted as the following: compared to the medium con-
trol p< 0.01(�); compared to the Historic DQ12 p< 0.01(#).
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exposure, and although it is a 50% or 60% lower
concentration per exposure (depending on the end
time – either 48 (50%) or 72 hours (60%)) than the
single exposure it is still capable of inducing a
response. When a particle is suspended in medium
its protein corona changes and therefore its poten-
tial toxicity may change (Liu, Tang, and Ding 2020).
By “refreshing” the particles in the fractionated
exposure, the protein corona has the potential to
play a bigger role in the production of these pro-
inflammatory mediators (Park et al. 2021), due to
the surface reactivity of the ENM being refreshed
every day. This difference has been identified
in vivo using organic dust via intranasal instillation
where the repeated exposure over 3weeks induced
the CD11b macrophages as well as the production
of IL-6 when compared to the single exposure
measured 3weeks post exposure (Poole et al. 2012).

These responses were not seen post-exposure to
the re-activated DQ12 (Figure S2), where there were
no significant differences when compared to the
control at either 48 or 72 hours.

No cytotoxicity was observed in A549 cells cul-
tured in mono- or co-culture scenarios treated with
historic DQ12 (10mg/cm2) and TiO2 (10.4 mg/cm2)
following 48 hour fractionated exposure (Figure 8).
There was an increase in the % of cytotoxicity seen
after 48 hours when compared to the 24 hour
exposure (Figure 3) which has also been identified
previously in the literature (Gurr et al. 2005;
Bhattacharya et al. 2009; Jugan et al. 2012). In the
A549 monoculture treatments the CBMN assay
demonstrated a significant (p< 0.05) 2.083%
increase in micronucleus frequency in cells treated
with TiO2 compared to the untreated control. A549
monocultures treated with DQ12 for 48 hours

Figure 7. 48 hours (left) and 72 hours (right) repeat exposure of DQ12 on both A549 monocultures, and A549þ dTHP-1 co-cul-
tures. Cells were exposed to DQ12 twice either over 48 or 72 hours at an ALI, before analyzing various endpoints. IL-6 (A) and IL-8
(B) concentrations were measured in the basal compartment of the ALI culture after the repeat particle exposure (onto the apical
side). N¼ 3 with all assays performed in triplicate. The data is presented as the mean± Standard deviation. Significance is denoted
as the following: compared to the medium control p< 0.01(�).
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repeatedly did not demonstrate a significant
increase in micronucleus frequency (p> 0.05).
Comparatively within the co-culture scenario follow-
ing 48 hour repeated exposure of TiO2, no signifi-
cant increase in micronucleus frequency was
observed. However, co-culture repeated treatment
with DQ12 over 48 hours promoted a significant
(p< 0.05) 2.04% increase in micronucleus frequency
compared to the untreated control. There was an
increase in chromosomal damage at the highest
concentration of historic DQ12 (Figure 8). This
increase in an inflammatory response could be
attributed to the theory of secondary genotoxicity
and this response is consistent with the expected
effect DQ12 would have on an immune cell type
(Scherbart et al. 2011; Wiemann et al. 2016). This
response has been replicated throughout the

literature and it is commonly known that co-cul-
tures are more sensitive, or their responses are
enhanced by the addition of macrophages to a
lung epithelial cell line (Sueki et al. 2014). Co-cul-
tures were identified as being more sensitive to the
pro-inflammatory responses elicited by TiO2 than
the monocultures of A549 cells (Loret et al. 2016).
This was however using a different exposure
method (VitroCell instead of the quasi-ALI approach
used herein). This was mimicked in our models – as
we saw a significant increase in the IL-8 concentra-
tion in the co-cultures when compared to the
monocultures (Figure 3), but this was not replicated
at the repeated 48 hour time point (Figure 9).

Monocultures vs co-cultures
Taken together (Table 1) this indicates that the
24 hour single exposure and the 48 hour repeat
exposure elicited the highest response in pro-
inflammatory release for the more “advanced” co-
culture (A549þ dTHP-1 model) using re-activated
positive control particles. Subsequent to the previ-
ously described data sets, it was important to deter-
mine if such responses could be identified after
exposure to engineered nanomaterials (ENMs), and
if this model would therefore be suitable for ENM
hazard assessment for a variety of materials. TiO2

and BaSO4 was investigated at these time points in
the A549 mono- and co-cultures, since these par-
ticles are widely investigated, and further represent
a key physico-chemical characteristic of ENMs; both
are a non-soluble and soluble ENM.

There was a significant increase in the IL-6 con-
centration (Figure 9(A)) after exposure to TiO2 (100
and 200 mg/cm2) of the A549 monoculture when
compared to the medium control and the co-cul-
ture. After 24 hours it has been identified that these
particles have been internalized by A549 cells
(Stearns, Paulauskis, and Godleski 2001), this could
lead to this significant increase in IL-6 production.
There were no changes in the concentration of IL-6
(Figure 9(C)) after exposure to BaSO4 at any concen-
trations. IL-8 concentrations after both TiO2 and
BaSO4 were increased in the monoculture when
compared to the co-culture, however they were not
significant (p> 0.05) when compared to the
medium control.

BaSO4 has been shown in vivo to not induce as
many inflammatory and oxidative stress related

Figure 8. Micronucleus frequency (%) 48 hour post a repeat
exposure of TiO2 or DQ12 on both A549 monocultures, and
A549þ dTHP-1 co-cultures. Cells were exposed to either TiO2

or DQ12 repeated for 48 hours at an ALI, before analyzing vari-
ous endpoints. Both the monoculture (A) and the co-culture
(B) were analyzed. For all CBMN assays, MMC (0.01mg/ml)
was used as a positive control. N¼ 3 with all assays performed
in triplicate. The data is presented as the mean± Standard
deviation. Significance is denoted as the following: compared
to the medium control p< 0.01(�).
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Figure 9. 48 hours repeat exposure of TiO2 (A and B) and BaSO4 (C and D) on both A549 monocultures, and A549þ dTHP-1 co-
cultures. Cells were exposed to TiO2 and BaSO4 twice over 48 hours at an ALI, before analyzing various endpoints. IL-6 (A and C)
and IL-8 (B and D) concentrations were measured in the basal compartment of the ALI culture after the repeat particle exposure
(onto the apical side). N¼ 3 with all assays performed in triplicate. The data is presented as the mean± Standard deviation.
Significance is denoted as the following: compared to the medium control p< 0.01(�).

Table 1. Table Summarizing responses of each particle 24, 48 and 72 hours post exposure to a single bolus dose and 48 and
72 hours post exposure to a fractionated exposure. Arrow indicates increase ("), no change ($) and the significance (p< 0.01) is
indicated by �.

Particle

Single Exposure

24 hours 48 hours 72 hours

IL-6 IL-8 Genotoxicity IL-6 IL-8 IL-6 IL-8

Historic DQ12 "� mono "� mono "� co "� mono "� co "� mono "� mono
Re-activated DQ12 "� co $ n/a "� co $ $ $
TiO2 "� mono "� co "� mono n/a n/a n/a n/a

Particle

Repeat Exposure

48 hours 72 hours

IL-6 IL-8 Genotoxicity IL-6 IL-8

Historic DQ12 "� co "� co "� co "� co "� co
Re-activated DQ12 "� mono $ n/a $ $
TiO2 "� mono $ "� mono n/a n/a
BaSO4 $ "� mono n/a n/a n/a

Mono dictates the monoculture (A549 cells alone) showed the effect observed, while co indicates it is the co-culture (A549þ dTHP-1) in which the
response is noted.
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genes as other ENMs (specifically CeO2) (Schwotzer
et al. 2018), as well as found to be non-toxic
in vitro, especially when compared to various TiO2

ENMs under submerged conditions (Louro et al.
2019). This would suggest that this reduced concen-
tration of IL-6 in this study is consistent with the lit-
erature. Where there is also no significant change
(p> 0.05) in the IL-8 when compared to the
medium control (Figure 9(B,D)), suggesting the
background concentration for the monocultures
may just be higher than the co-culture. Neither TiO2

nor BaSO4 induced significant increases in the
inflammatory responses when compared to the
DQ12 exposures. However, there was an increase in
chromosomal damage in the A549 monoculture
after TiO2 exposure which was not identified in the
co-culture. There is a significant increase in IL-8 pro-
duction between the co-culture and the monocul-
ture (Figure 2) 24 hours post exposure. This could
indicate that the macrophages are internalizing the
TiO2 (Stringer and Kobzik 1996; Scherbart et al.
2011) within the co-culture, causing an increase in
IL-8 production (compared to the monoculture, but
not compared to the medium control) and there-
fore there is no increase in chromosomal damage
in the co-culture after TiO2 exposure.

Conclusion

To conclude, implementation of a positive control
needs to be carefully considered as exposure to
DQ12 (historic and re-activated) suggests that the
surface area changes are identified between the
two particle types. Exposure method must also be
considered when investigating the toxicity of any
particulates, with a consideration of ALI exposures
over submerged exposures being made (due to
increased sensitivity and physiological relevance for
in vitro lung cell cultures). The pro-inflammatory
and genotoxic response of this (A549þdTHP-1)
alveolar model is particulate dependent. This is an
important consideration when implementing these
models as an early screening method of ENM tox-
icity (before or instead of in vivo exposures). This
model could be used to compare and contrast to
historic in vivo data completed with the same par-
ticulate exposure to determine their predictive cap-
ability further (Danielsen et al. 2020; Cosnier et al.
2021). For the positive control particles, we have

identified the use of an A549þdTHP-1 model using
repeated exposures over 48 hours as the optimal
model when establishing the potential pro-inflam-
matory responses in vitro due to the increase in the
IL-6 concentrations identified. This model could be
further advanced (using the addition of other
immune and structural cells (such as dendritic and
endothelial cells) and comparisons to in vivo expo-
sures) to determine the predictive capacity of the
in vivo response following ENM exposure.
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