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Abstract: This study represents an attempt toward the standardization of pulmonary NAMs and
the development of a novel approach for toxicity testing of nanomaterials. Laboratory comparisons
are challenging yet essential for identifying existing limitations and proposing potential solutions.
Lung cells cultivated and exposed at the air-liquid interface (ALI) more accurately represent the
physiology of human lungs and pulmonary exposure scenarios than submerged cell and exposure
models. A triculture cell model system was used, consisting of human A549 lung epithelial cells
and differentiated THP-1 macrophages on the apical side, with EA.hy926 endothelial cells on the
basolateral side. The cells were exposed to silver nanoparticles NM-300K for 24 h. The model
used here showed to be applicable for assessing the hazards of nanomaterials and chemicals, albeit
with some limitations. Cellular viability was measured using the alamarBlue assay, DNA damage
was assessed with the enzyme-modified comet assay, and the expression of 40 genes related to cell
viability, inflammation, and DNA damage response was evaluated through RT? gene expression
profiling. Despite harmonized protocols used in the two independent laboratories, however, some
methodological challenges could affect the results, including sensitivity and reproducibility of the
model.
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1. Introduction

New approach methodologies (NAMs) are needed for the hazard identification and
characterization of chemicals for next generation risk assessment (NGRA). NAMs in-
clude in silico, in chemico, and in vitro assays, and high-throughput screening and omics
approaches [1]. An important part of NAMs is the development of advanced in vitro
models, like 3D models consisting of several cell types, better representing tissue and organ
structure. Standardization and validation of such advanced in vitro models are of high
importance and in line with the 3R’s principle (replacement, reduction and refinement of
methods which avoid the use of animals) [2].

Inhalation is the most important human exposure route for airborne particular matter
(PM), including nanomaterials (NMs) [3,4]. In vitro models for use in inhalation toxicology
include cell lines or primary cells cultured in 2D and 3D, or cocultures with static or dynamic
medium flow. Human cell lines, such as A549, BEAS-2B, and Calu-3, are commonly used
in models for respiratory toxicology. Increased human pulmonary relevance of the models
is achieved when culturing the cells on permeable inserts at the air-liquid interface (ALI),
due to better physiological conditions with tighter cell-to-cell connections [5,6]. To further
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enhance the physiological relevance and predictivity of the model, the respiratory tract
cells can be cultured in combination with other cell types, like endothelial and immune
cells [6]. ALI culture models are also beneficial for particle exposure, as the physicochemical
properties of NMs are likely to be less affected when exposure in the cell culture medium is
avoided [6].

New methodologies require validation and standardization prior to implementation
in risk assessment, and interlaboratory studies are needed to evaluate the usefulness, ro-
bustness, and reliability of the models [2,6]. The most frequently studied endpoints in
interlaboratory comparisons of the NM effects are inflammatory markers and cytotoxic-
ity [7-9]. A recent interlaboratory comparison study with seven participating laboratories,
studying a mono- and coculture model of Calu-3 cells with and without macrophages,
showed promising results for the transferability of the model and use in cytotoxicity [8].
A study with two participating laboratories evaluated the interlaboratory variability of
submerged and ALI cultured A549 cells and highlighted the need for detailed protocols
and training of personnel [9]. There is a need for more knowledge on interlaboratory
comparison studies on advanced ALI models to establish validated standard operating
procedures (SOPs), especially in relation to the application of genotoxicity test methods.

This study aimed to investigate the properties of the triculture lung model through
a comparative standardization study conducted across two laboratories. For this work,
we used silver nanoparticles measuring less than 20 nm, with NM-300K from the JRC
nanomaterial repository as a reference particle substance. NM-300K has previously been
extensively used in our laboratories with the model [10,11]). We optimized the SOP to
enhance robustness and harmonize the results.

Using a PBS buffer diluted 1:10 in milli-Q water as internal control at the ALI, we
successfully created a nebula in the VITROCELL® cloud chamber. There was no signif-
icant reduction in cell viability compared to the unexposed control in both laboratories.
Despite following the same protocol for the particle suspension and dosing of NM-300K,
discrepancies in cell viability and DNA damage assay outcomes were observed across
the laboratories. To gain further insight, we also performed a medium-throughput gene
expression profiling to evaluate changes in the expression of key genes related to cell
viability, inflammation, and genotoxicity. In the apical A549/dTHP-1 cells, exposure to
NM-300K led to alterations in inflammatory biomarkers. In the basolateral EA.hy926 cells,
we measured an upregulation in the expression of the inflammatory CXCL1 and oxidative
stress HMOX1 genes.

Our findings emphasize the importance of further standardizing and validating ad-
vanced in vitro models, like the ALI triculture system, to ensure their reliability for the
safety evaluation of chemicals, including NMs in future implementation in NGRA as an
alternative to animal testing.

2. Materials and Methods
2.1. Cell Cultures

The human alveolar type II lung epithelial A549 cells [12], endothelial EA.hy926
cells [13], and monocytic THP-1 cells [14] were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) or Roswell Park Memorial Institute (RPMI), supplemented with
9-10% fetal bovine serum (FBS, product no. 26140079, ThermoFisher Scientific, Oslo,
Norway; FBS, ultra-low endotoxin product no: S009Y20008, Biowest, VWR, Oslo, Norway)
and 1% penicillin/streptomycin (Pen-Strep, product no. 15070063, ThermoFisher Scientific),
and maintained in an incubator with a humidified atmosphere at 5% CO, and at 37 °C.
The same batch of cells were used for the experiments performed at both laboratories
(Laboratory 1: STAMI, Laboratory 2: NILU). For more information see Camassa and Elje
etal., 2022 [10].

The preparation of tricultures on permeable Falcon 6-well inserts (1 um pores) was
performed as described [10]. In this study, we used a seeding density of 1.1 x 10° cells/cm?
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A549 cells and 2.2 x 10° cells/cm? differentiated THP-1 cells on the apical side, and
1.1 x 10° cells/cm? EA hy926 cells on the basolateral side of the inserts. An identical
differentiation protocol for converting THP-1 cells from monocytes to macrophage-like
cells (dTHP-1) was employed in both laboratories. For the differentiation process, phorbol-
12-myristate-13-acetate (PMA, Sigma-Aldrich, St. Louis, MO, USA, product no. P8139,
EU) was prepared as a stock solution at a concentration of 1 mg/mL in dimethyl sulfoxide
(DMSO). This stock solution was then diluted in Milli-Q (MQ) water to achieve a final
concentration of 10 pg/mL, and aliquots were stored at —20 °C in the dark. PMA was
added to undifferentiated THP-1 cells at a concentration of 50 ng/mL for a duration of
3 days. The dTHP-1 cells were subsequently cultured for 48 h in RPMI complete medium
before harvesting [10].

Harvesting of differentiated THP-1 cells before seeding onto membranes was per-
formed by using Accutase (Sigma A6964) only, without cell scraping as used in the previous
study [10]. We initially employed a ratio of 2 dTHP-1 cells to 1 A549 cell (when at conflu-
ency), as some cells were lost during medium removal or damaged during the detachment
procedure prior to seeding. We observed that the actual ratio of dTHP-1 to A549 was signif-
icantly lower and more closely aligned with the in vivo conditions [10] (Supplementary
Figure S1 and Table S5).

In tricultures, the cells were cultured in a coculture medium consisting of 72% DMEM
high glucose (Gibco 11965-092, Thermo Fisher Scientific, Oslo, NO), 18% DMEM low
glucose (Gibco 31885023, Thermo Fisher Scientific, Oslo, NO), 10% heat-inactivated FBS,
and 1% pen-strep. A549, EA hy926, and THP-1 were used at passages (P) 6-15, 6-15, and
6-21, respectively (details in Table S1). All cell lines, before use, were tested regularly for
mycoplasma contamination and found to be negative.

2.2. Immunofluorescence

The immunofluorescence procedure has been previously described in Camassa and
Elje et al., 2022 [10]. At 24 h postexposure, unexposed and ALI exposed tricultures were
washed in PBS and fixed with a solution of 4% paraformaldehyde (PFA) in PBS for 15 min
at RT. The membranes were removed from the plastic holder with a blade and keptin a 1:10
solution of fixative and PBS. The cells were permeabilized with a solution of 0.01% Triton-X
100 in PBS for 10 min. Unspecific epitopes were saturated in 2% BSA in PBS for 30 min.
Cells were incubated overnight in a humidified chamber with primary antibodies directed
toward cell markers specific to the air-blood barrier (Table S4). The primary antibodies
were diluted in 2% BSA in PBS. The membranes were washed in PBS and incubated with
secondary antibodies conjugated to a fluorescent probe (Table S4). Cells were stained
with the nuclear staining DAPI for 5 min, washed in PBS and mounted on a microscopy
slide with a mounting medium solution (Invitrogen, Waltham, MA, USA) and covered
with a coverslip. The cells were examined with a confocal Zeiss L-10 inverted microscope
(Supplementary Figure S1).

2.3. Nanomaterials

The JRC Repository NM, NM-300K, was provided from Fraunhofer IME (Schmallen-
berg, Germany). NM-300K, as previously described in Camassa and Elje et al., 2022 [10],
consists of engineered spherical silver nanoparticles with a pristine size of less than 20 nm
and was selected as a reference nanoparticle due to its demonstrated toxicity in previous
studies [10,15-17]. NM-300K is suspended in a colloidal dispersion medium composed
of 85% deionized water, 7% stabilizing agent (ammonium nitrate), and 8% emulsifiers
(4% Polyoxyethylene Glycerol Trioleate and 4% Polyoxyethylene Sorbitan Monolaurate,
Tween 20). NM-300K has a nominal silver concentration of 10% (w/w) (Joint Research et al.,
2011). The same batch of NM-300K was utilized by both laboratories.

The NANOGENOTOX protocol was employed for the dispersion of NM-300K. A
solution of 6 mL with a final concentration of 10 mg/mL was prepared in water containing
0.05% bovine serum albumin (BSA) through sonication, as detailed in Camassa and Elje
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et al., 2022 [10]. Following sonication, the NM-300K dispersion solution was diluted in a
1:10 PBS solution using MQ water. Consequently, we further minimized the concentration
of BSA in the solution that we nebulized.

The dispersed NMs were stored on ice and vigorously vortexed before physicochemi-
cal characterization and use for cell exposures shortly after preparation.

The hydrodynamic diameter and size distribution of the NM stock dispersion was
measured by dynamic light scattering (DLS). The dispersion was diluted in ultrapure
water (1:100) by pipetting, transferred to a disposable cuvette (DTS0012), and placed in the
Zetasizer (Zetasizer Ultra Red or Nano ZS, both from Malvern Panalytical Ltd., Malvern,
UK). Measurements were performed as previously explained [10]. Results are presented
as Z-average (Z-ave), which is the intensity weighted mean hydrodynamic size of the
ensemble collection of particles, and polydispersity index (PDI).

Zeta potential (ZP) was measured at the same dilution as for size analysis. The diluted
dispersion was transferred to a disposable folded capillary cell (DTS1070) pre-wetted
with ethanol and water and placed in the Zetasizer. The ZP was measured by mixed-
mode measurement—phase analysis light scattering (M3-PALS) at 25 °C with 3-5 parallel
measurements and 120 s equilibration time.

2.4. Exposure at the Air-Liquid Interface

For exposure of the cells at the ALI, the commercially available VITROCELL® 6
Cloud System (VITROCELL® Systems GmbH, Waldkirch, Germany) with an Aerogen Pro®
(VITROCELL® Systems GmbH, Waldkirch, Germany) vibrating membrane nebulizer was
used. The system was maintained at 37 °C in a laminar flow hood. Transwell inserts with
tricultures were transferred to the VITROCELL® 6 Cloud System, which was filled with
18 mL of cell culture medium/well to let the basolateral side of the insert be in contact with
medium.

The triculture models were exposed at the ALI to aerosols of NM-300K (diluted to
7 mg/mL in sterile milli-Q H,O) as a reference material with a nominal concentration of
20 ug/ cm?, or to PBS 10% (diluted 1:10 in sterile milli-Q H,0) as a negative control. For
calculations on nominal exposure concentrations, see the Supplementary Materials Sec-
tion S2. The deposition of the sample was controlled in semi-real time by a quartz crystal
microbalance (QCM). Before nebulization, the sample was vortexed for 15 s.

The exposure was performed by nebulizing a total volume of 800 uL (4 x 200 pL
with 1 min pause between each) of exposure solution in the chamber, and letting the cloud
settle for 5 min before opening the chamber. The inserts were transferred to 6-well plates
with fresh culture medium (1.5 mL, basolateral side only). Unexposed control cultures
(incubator control) were also transferred to a new plate with fresh culture medium. The
cultures were placed in the incubator for 20-24 h before processing for further analysis. The
QCM measurement was stopped after a stable signal 5-7 min after opening the exposure
chamber.

Cell exposures were performed in the same order in each experiment: first, PBS control
(10% in HyO), then NM-300K. Between each experiment, the nebulizers were rinsed with
milli-Q water for several minutes and sonicated in a water bath followed by an ethanol
bath (70%) for 10 min.

2.5. AlamarBlue Assay

After 20-24 h of exposure, the cellular viability was measured by the metabolic activity
assay alamarBlue on both the apical and basolateral sides of the triculture inserts. The cul-
tures were washed with PBS before being incubated with 1-1.5 mL of alamarBlue solution
(10%, v/v) for 1-1.5 h followed by fluorescence reading and analysis. Positive controls
for cytotoxicity were included in both laboratories before incubation with alamarBlue. In
Laboratory 1, separate lung triculture inserts were treated with a lysate solution (10x)
(ThermoFisher) for 45 min. In Laboratory 2, separate triculture inserts were exposed for
20-24 h to 100 uM chlorpromazine hydrochloride (cat. no. C8138, Sigma-Aldrich) in the
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basolateral culture medium. For further details on the procedure and interference control,
see Camassa and Elje et al., 2022 [10].

2.6. Harvesting of Cells from the Lung Triculture Model

Immediately after performing the alamarBlue assay, the lung cell cultures were gently
washed with PBS (1 mL on the apical side, 2 mL on the basolateral side). The cells
were wet trypsinized for 5-10 min in the incubator, with 500 pL trypsin (0.25%, Sigma-
Aldrich, St. Louis, MO, USA) on the apical side and 1 mL trypsin (0.05%, Sigma) on the
basolateral side of the membrane. The trypsin was neutralized by 2 mL of medium in
each compartment. The cells were resuspended by gentle pipetting and transferred to
separate Eppendorf tubes. The cells were centrifuged at 300x g for 10 min before the
pellet was resuspended in 2 mL of PBS. The total number of cells and the cell viability was
measured by trypan blue staining in Countess 3 (Invitrogen, Waltham, MA, USA). The cell
suspensions were further used for the comet assay (Section 2.6) in both laboratories and for
RNA extraction (Section 2.7) in Laboratory 2. In Laboratory 1, 24 h after exposure, lung cell
cultures were gentle washed with cold PBS (1 mL on apical side and 2 mL on basolateral
side), and cells from the apical and basolateral sides of the inserts were scraped with lysis
buffer (Qiagen, Hilden, Germany) and kept at —80 °C until RNA extraction.

2.7. Comet Assay

The miniaturized 12-gel enzyme-modified version of the comet assay was performed
to measure DNA damage (strand breaks, SBs) and oxidized base lesions in the ALI-cultured
cells, as described previously [10,18]. The cells from tricultures were harvested as explained
above and stored on ice for a maximum of 3 h. The comet assay was performed by
NorGenoTech for samples from Laboratory 1 and by NILU for samples from Laboratory
2, by application of the same SOP [10,18,19]. The cells were centrifuged, resuspended,
and diluted in PBS to approximately 200.000 cells/mL. Aliquots of the cell suspension
were mixed with low melting point agarose (0.8% w/v, Sigma-Aldrich, 37 °C) to a final
agarose concentration of 0.64% w/v. Mini-gels (10 uL) with approximately 400 cells were
made on cooled microscopic slides pre-coated with 0.5% standard melting point agarose
(Sigma-Aldrich), with a maximum of 12 gels per slide. Slides were placed in Coplin jars
and submerged in lysis solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 1% v/v Triton X-100,
pH 10, 4 °C) for a maximum of three days. As a positive control for DNA strand breaks
(SBs), separate slides were submerged in 100 uM H,O, (in PBS, 4 °C) for 5 min, rinsed
twice with PBS, and then submerged in a separate Coplin jar with lysis solution.

The modified comet assay was used with the bacterial repair enzyme formamidopy-
rimidine (Fpg) DNA glycosylase (NorGenoTech, Oslo, Norway) for detection of oxidized
or alkylated bases. Fpg converts oxidized or alkylated purine bases to SBs [20]. Further
steps of the comet assay were performed as described previously, including details on
incubation with Fpg, DNA unwinding (20 min), electrophoresis (1.25 V/cm, 20 min),
and neutralization in PBS and H,O [10,18]. Internal control cell samples were included
for positive control of Fpg (cells with and without Ro 19-8022 and light treatment), as
described previously [10]. Comets were scored using the software Comet assay IV 4.3.1
(Perceptive Instruments, Bury St Edmunds, UK). Median DNA tail intensity, proportional
to the number of SBs, was calculated from 50 comets per gel as a measure of DNA SBs.
Medians were averaged from 2 to 4 gels per cell culture insert. A total of 3—4 independent
experiments were performed with single or duplicate inserts per experiment. Control for
possible interference between NM-300K and analysis of comets has been tested previously
and no interference was found [10].

2.8. Gene Expression Profiling RT?

RT? is a highly sensitive and reliable method to investigate gene expression. RT? profile
PCR arrays combine the RT-PCR performance with the ability to detect the expression
of many genes simultaneously. A customized plate of forty genes was investigated in
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two exposure sets in two laboratories. The forty genes analyzed can be divided into five
pathway groups of biomarkers involved in inflammation, fibrosis, cell death, cellular
oxidative stress, and DNA damage.

The profile RT? array was run on cell lysates from the apical and basal side of the
3D lung model after 24 h post-exposure in ALI of 1:10 PBS, NM-300K at 20 pg/cm? and
unexposed control (NC). The cell lysates of the apical and basal side of the 3D lung model
were compartmentalized in the analysis.

At 24 h post-exposure, triculture samples were washed twice in PBS and cells were
lysed with 350 pL of buffer RLT (Qiagen AllPrep RNA/DNA kit, Qiagen, Hilden, Germany)
with 20 mM of dithiothreitol (DTT, Sigma-Aldrich) from the apical compartment (A549
/dTHP1) and the basolateral compartment (EA.hy926) (Section 2.5). The cell lysates were
frozen at 80 °C before further analysis. Total RNA from the cell lysates was isolated with
Qiagen AllPrep RNA/DNA kit (Qiagen).

The nanodrop ND1000 spectrophotometer (Thermo Fisher Scientific, Oslo, NO, USA)
was used to determine the purity of the extracted RNA. The concentration of RNA was
measured using the Qbit 4-Fluorometer (Thermo Fisher Scientific) following manufacture’s
guidelines.

Opverall, 400 ng of total RNA was used for a 384 plate and was reverse transcribed with
RT? first strand kit cDNA synthesis (Qiagen). The kit includes a buffer to eliminate any
potential genomic DNA contamination that would cause false positive signals. An ulterior
reverse-transcription control (RTC) is present inside each of the 384 plates. Samples that
result positive for the genomic contaminations were excluded from the gene expression
analysis. A customized setup for the 48 genes in the 384-well plate was provided. Each
set of 48 genes contained 5 reference genes and 3 internal control genes: RTC, GDC, a
genomic DNA control specific for the species, hGDC, and a PCR positive control (PPC),
which consists of a DNA sequence detected by the polymerase.

The 5 reference genes used in the analysis are peptidylprolyl isomerase A (PPIA),
phosphoglycerate kinase 1 (PGK1), hydroxymethylbilane synthase (HMBS), transferrin
receptor (TFRC), and peptidylprolyl isomerase A (PPIA). The analysis was made into
an RT? Profiler PCR Array Data Analysis Web portal (Qiagen) to upload files exported
from the QuantStudio 5 Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA), Thermo Fisher Scientific). Gene expression analysis was done on the cycle threshold
(Ct) values, defined as the cycle where a statistically significant increase in fluorescence
above the background signal is detected. The Ct values are inversely proportional to the
concentration of the genes. The geometric mean of the reference genes expression (Ct of
the reference genes) was used to normalize the expression of the other genes in all the
groups (ACt). Ct values > 33.5 were set as undetermined and not considered in the analysis.
AACt are raw data and are defined as the ratio of the relative gene expression between
the control group and the exposed group. Changes in genes expression were analyzed
in fold change (2~22¢t). Numbers equal to or greater than 2-fold indicate a biological
upregulation or increase in gene expression, and numbers equal to or lower than 0.5-fold
indicate a biological downregulation or decrease in gene expression, and a fold change of
+1 indicates no change in gene expression [21].

2.9. Statistics

A total of n = 3-5 independent experiments were performed in each laboratory, each
with 1-2 culture inserts per treatment group. In Laboratory 1, n = 5 for alamarBlue assay,
and n =4 for comet assay SBs, n = 4 for comet assay SBs + Fpg, and n = 3 for gene expression.
For each condition, 2 culture inserts were used. In Laboratory 2, n = 4 for alamarBlue assay,
comet assay and gene expression. For each condition, 2 culture inserts were used, except in
two experiments for NM-300K where 1 culture insert was used.

AlamarBlue and comet assay: Results are presented as mean with a standard devi-
ation (SD) of n = 3-5 independent experiments. Statistical analysis of alamarBlue and
comet assay results was performed by comparing the mean of each sample to the mean
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of negative control (inserts exposed to PBS 10% in milli-Q water) by one-way ANOVA
with multiple comparisons and post-test Tukey using GraphPad Prism version 9.3.1 for
Windows, GraphPad Software, San Diego, CA, USA. The statistical analysis of comet assay
results with reference cells with and without Ro 19-8022 treatment was performed using
one-way ANOVA with multiple comparisons and post-test Tukey. The level of significance
was set to p < 0.05.

Gene expression profiling RT?: We calculated the fold change (2724¢t) and their
corresponding p-values for each gene using a linear mixed model of the log-fold values
(ACt). This model included groups as a fixed effect, enabling a comparison of each exposed
group with a control group. Additionally, a random intercept was included for each
experiment. The significance level was defined as p < 0.05. Each group consisted of
n = 6 samples. For some genes that were up- or downregulated based on the criteria, a
Student’s t-test was subsequently conducted between the exposed group NM-300K and
the PBS-exposed group. The number of independent experiments per group was n = 3,
with 2 replicates per group. The Student’s t-test was performed on the mean values of fold
change (2722%t) with a 95% confidence interval (CI) and two-tailed p-values.

3. Results
3.1. Nanomaterial Characterization

The NM-300K was characterized in both laboratories using the same protocol. The
physicochemical properties are shown in Table 1, indicating a broad size distribution and
a semi-stable dispersion. The particle size distribution of most dispersions had multiple
peaks, indicating the presence of some aggregated particles.

Table 1. Nanomaterial physicochemical characterization data of NM-300K stock dispersion (10 mg
Ag/mL in 0.05% BSA water, diluted to 7 mg/mL in sterile Milli-Que water) measured by DLS.
Results are presented as mean with standard deviation of the defined number of experiments (n).
BSA: bovine serum albumin; DLS: dynamic light scattering; ZP: zeta potential in millivolt (mV); w/w:
weight/weight; PDI: polydispersity index in arbitrary units (a.u.); Z-ave: average of aerodynamic
size in nanometer.

NM-300K 1, Physicochemical Characterizations by DLS Before Exposure

Parameters Laboratory 1 Laboratory 2

Z-ave (nm) 719 +29 (n=4) 107.4 £ 471 (n=23)
PDI (a.u.) 0.372 £ 0.068 (n = 4) 0.396 + 0.078 (n = 3)
ZP (mV) —-16.1+£0.9 (n=3) —18.6 £ 0.4 (n=23)

1 NIM-300 silver nanoparticles from JRC. Stability, homogeneity; JRC scientific and technical report [11].

3.2. Cellular Viability and DNA Damage

Exposing the cells at ALI to the PBS negative control (PBS 10% in Milli-Que (MQ)
water) induced an expected small reduction in the relative cell viability, compared to the
incubator unexposed control (NC), in both laboratories (+20%) (Table S2 and Figure S1). In
Laboratory 1, this reduction was significant (Table S2). In Laboratory 1 and 2, respectively,
the viability was 77.6% = 20.8% and 78.3% =+ 10.1% for apical cells, and 76.7% =+ 7.4%
and 75.8% =+ 20.4% for the endothelial cells (Figure 1). Positive controls (PC) induced
a significant reduction in the relative cell viability in both laboratories (Table S2 and
Figure 1A,B). In Laboratory 1, exposure to 20 pg/cm? NM-300K reduced cell viability at
the apical (A549/THP1) and basolateral side (EA.hy926) compared to PBS controls, but not
in Laboratory 2 (Table S2 and Figure 1A,B).
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Figure 1. Relative cell viability (%) toward NC (set at 100%) measured by the alamarBlue assay at the
apical and basolateral sides of the lung triculture cell model in Laboratory 1 (A) and Laboratory 2
(B). The analysis was conducted 24 h post-exposure with NM-300K (20 pg/cm?) and PBS negative
control (PBS 10% in MQ water) at the air-liquid interface (ALI). PC = positive control, which for
Laboratory 1 was Triton X-100, and for Laboratory 2 was chlorpromazine hydrochloride at 100 uM.
The columns represent the mean values and the bars standard deviation from a total of n =5 (A) and
n = 4 (B) independent experiments with n = 2 replica culture inserts in each experiment. Statistics
conducted by one-way ANOVA with post-test Tukey with a significance level of * p < 0.05. Additional
data are presented in Supplementary Table S2.

NM-300K induced a significant increase in DNA strand breaks (SBs) and on oxidized
DNA lesions in EA hy926 cells, while no effect was observed in A549/dTHP-1 cells (Table
53 and Figure 2B). In Laboratory 1, no significant effect was seen in DNA strand breaks
(SBs) or on oxidized DNA lesions when exposed to NM-300K in both apical or basolateral
sides (Table S3 and Figure 2A). The positive controls to test the activity of the Fpg enzyme
were Ro 19-8022 exposed cells (TK6 cells in Laboratory 1 and A549 cells in Laboratory
2 showed induction of strand breaks as expected based on historical control data in the
laboratories) (Table S3 and Figure 2). The positive control H,O, resulted in a high level of
SBs (>80%) in accordance with our historical control data.

A. Laboratory 1 B. Laboratory 2

©
=1
1

Hm SBs
60 SBs + Fpg

DNA tail intensity (%)
»
o
L
e

S
o(‘

¥ Qﬁe “:“Q{- Y QQ;’ @S{' o
& N 2 <

EA.hy926 Internal controls A549 / dTHP1 EA.hy926 Internal controls
TK-6 cells A549 cells

Figure 2. DNA strand breaks (SBs) (black) and oxidized DNA lesions (SBs + Fpg) (gray) determined
by the enzyme-modified comet assay on apical (A549/dTHP-1) and basolateral (EA.hy926) cells from
the lung triculture model at the air-liquid interface as % of DNA in tail, in two laboratories (A,B).
The columns represent the mean values, and the bars show standard deviation from a total of n = 4
independent experiments with n = 2 replica inserts for each experiment. Statistics were conducted
using one-way ANOVA with post-test Tukey with a significance level of * p < 0.05. Additional
numbers and statistics are presented in Supplementary Table S3.
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Inflammation

Fibrosis

Cell death

Oxidative stress

DNA damage

IL-1B

VEGF

IFNy

IP-10 0.66097513
RANTES 1.13079560
MIP 1a

MIP 18

G-CSF

SP-A

SP-D 116074385
Cd11b1 0.75160717
CCl-16

MINA 53

TGFB1

PDGFA

CcxcL1

RIPK1

TNFR1

FAS

BCL-2

BAX

Caspase 3

Caspase 8

Caspase 9

NF-kB 0.73203966
ATR 0.78222981
SOD2

CAT 1.01486566
GSTK1 1.05(
MAPK 0.85561962
AP-1 178650498
ATM 2.40370440
p53

MDM2

Chk1

OGG1

PARP1

HMOX1

PRKDC

BRCA2 1.04665428

3.3. Gene Expression Profiling RT?

A customized panel of forty genes was investigated using medium-throughput gene
expression profiling RT2. The forty genes analyzed can be divided into five groups of
biomarkers involved in inflammation, fibrosis, cell death, cellular oxidative stress, and
DNA damage.

The gene expression profiling RT? array was performed on RNA samples isolated
from cell lysates at the apical and basolateral sides of the lung triculture cell model after
24 h NM-300K post-exposure. The fold changes in gene expression were compared to the
PBS exposure control group apical or basolateral sides (Figures 3 and 4). Genes with a more
than 0.5-fold decrease in expression were classified as downregulated, while those with a
more than 2-fold increase in expression were classified as upregulated.
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25
1.85514218
0.63636664 B.
2.0
CXCL1 - APICAL ATM - APICAL
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Figure 3. Gene expression RT? array analysis of different groups of genes involved in inflammation,
fibrosis, cell death, oxidative stress, and DNA damage. The data shown are from Laboratory 1. The
number of independent experiments is n = 3, with 2 replicates per group. (A) Mean values in the
heatmap correspond to fold change (2-8ACY in the expression of 40 genes in the NM-300K 20 pg/ cm?
exposed groups, both apical (A549/THP-1 cells) and basolateral (EA.hy926 cells), compared to their
respective expression in the PBS control group, for Laboratory 1. The heatmap is based on a double
gradient: the largest value on the scale 2.5, on the left of the heatmap in vertical, is indicated in
red, the baseline value of 1 in black, and smallest value of 0 in green. Values larger than 2 are in
bright red and are upregulated genes, while values smaller than 0.5 shows downregulated genes in
green. Ct-Threshold (cycle threshold) = 33.5; x-box = low or not expressed. (B) Among the 40 genes

expression in fold change (2744t

of CXCL1 and ATM were significantly upregulated at the apical
side after exposure to NM-300K. At the basolateral side, significant upregulated gene expression
in fold change (2~22¢t) was measured for CXCL1, NF-kB, HMOX1 and PRKDC Statistical analysis
(GraphPad): student’s t-test of mean values of fold change (2~2ACt) with a 95% confidence interval
(CI) and two-tailed p-values indicated in each graph. (*) indicates significance. Boxes and whisker
plots respectively indicate variance and minimum to maximum values, with the line in the box

representing the mean of the values.
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Figure 4. (A) Gene expression RT? array analysis of different groups of genes involved in inflamma-
tion, fibrosis, cell death, oxidative stress and DNA damage. Data shown are from Laboratory 2. The
number of independent experiments is n = 3; with 2 replicates per group. (A) Mean values in the
heatmap correspond to fold change (2~22¢) in the expression of 40 genes in the NM-300K 20 pg/cm?
exposed groups, both apical (A549/THP-1 cells) and basolateral (EA.hy926 cells), compared to their
respective expression in the PBS control group for Laboratory 2. The heatmap is based on a double
gradient: the largest value on the scale is 2.5, on the left of the heatmap in vertical, indicated in
red, with the baseline value of 1 in black, and the smallest value of 0 in green. Values higher than 2
are in bright red and are upregulated, while values lower than 0.5 are downregulated and in green.
Ct-Threshold = 33.5; x-box = low or not expressed. (B) On the apical side, gene expression of IL
1B, IP10, RANTES, Cd11b1, and BCL-2 were significantly downregulated. On the basolateral side,
gene expression of CXCL1, RIPK1, Caspase 9, and HMOX1 were upregulated. Statistical analysis
(GraphPad): student’s t-test of mean values of fold change (2~2ACt) with a 95% confidence interval
(CI) and two-tailed p-values indicated in each graph. (*) indicates significance. Boxes and whisker
plots indicate variance and minimum to maximum values, respectively; the line in the box represents
the mean of the values.

For Laboratory 1, Figure 3A showed a heatmap indicating the expression profiling
RT? of all forty genes at the apical and basolateral sides of the lung triculture cell model.
Statistical analysis was performed on genes where the expression at the apical and baso-
lateral sides showed either up- or a downregulation compared to their expression in the
PBS-exposure control groups (Figure 3B). At 24 h NM-300K post-exposure, in Laboratory 1,
CXCL1 gene expression showed an upregulation of 3.78-fold at the apical side and 3.99-fold
on the basolateral side. At the apical side, the ATM gene expression was upregulated
by 2.43-fold. At the basolateral side, the NF-kB gene was upregulated by 2.74-fold, the
HMOX1 gene was upregulated by 16.17-fold, and the PRKDC gene was upregulated by
2.28-fold compared to their expression in the PBS control (Figure 3B).

Gene expression profiling using RT? array for Laboratory 2 is depicted in the heatmap
in Figure 4A. Figure 4B displays the statistics of the genes which expression, at the apical
and basolateral sides of the lung triculture model, was up- or downregulated compared to
the PBS controls (Figure 4B).
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Downregulated gene expression was found at the apical side for the inflammation
marker genes IL1-3 by 0.27-fold, IP-10 by 0.22-fold, and RANTES by 0.45-fold, the fibro-
sis marker gene cd11b1l by 0.3-fold and the cell death marker gene BCL-2 by 0.43-fold
(Figure 4B). At the basolateral side, the inflammation marker gene CXCL1 was upregulated
by 2.36-fold), the oxidative stress marker gene HMOX1 by 10.9-fold, and the cell death
marker genes RPK1 by 1.8-fold and Caspase 9 by 1.6-fold (Figure 4B).

Summaries of the results for the gene expression changes, cytotoxicity (alamarBlue),
and DNA damage (comet assay) for Laboratories 1 and 2 are shown in Tables 2 and 3,
respectively.

Table 2. Summary of results for Laboratory 1 (Lab 1). Changes in gene expression (RT? profiling
assay) and in cytotoxicity (alamarBlue), and DNA damage (comet assay), 24 h after air-liquid interface
exposure with PBS at 10% and 20 pg/cm? of NM-300K. Exposure groups are compared to NC from

Laboratory 1.
RT? Profiling Assay Lab 1
NM-300K Exposure Toward PBS 10% Lab 1
Apical Basolateral
Regulation
Down- Up- Down- Up-
Inflammation CXCL1
Fibrosis CXCL-1
Cell death
Oxidative stress ATM NEF-«B
HMOX1,
DNA damage PRKDC
alamarBlue and Comet assay toward NC (unexposed) Lab 1
PBS 10% NM-300K exposure
Apical Basolateral Apical Basolateral
Cytotoxicity — — + +
DNA damage — — — —

Table 3. Summary of results for Laboratory 2 (Lab 2). Changes in gene expression (RT? profiling
assay) and in cytotoxicity (alamarBlue) and DNA damage (comet assay) 24 h after air-liquid interface
exposure with PBS 10% and 20 pg/cm? of NM-300K. Exposure groups are compared to NC from

Laboratory 2.
RT? Profiling Assay Lab 2
NM-300K Exposure Toward PBS 10% Lab 2
Apical Basolateral
Regulation
Down- Up- Down- Up-
. IL-1B, IP-10,
Inflammation RANTES
Fibrosis Cd11b1 CXCL-1
Cell death BCL-2 RIPK1, Caspase9
Oxidative stress
DNA damage HMOX1
alamarBlue and Comet assay toward NC (unexposed) Lab 2
PBS 10% NM-300K exposure
Apical Basolateral Apical Basolateral
Cytotoxicity — — - _

DNA damage — — + +
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Gene Expression Comparisons Between Controls in Laboratory 1 and in Laboratory 2

We compared the fold change of gene expression (2~22Ct) in NCs (unexposed) and
PBS exposure groups between the laboratories (Figure 5).

A. B.
Fold change = 2(-AACY Fold change = 2(-AACY
compared to NC lab 2 compared to NC lab 2
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Figure 5. Heatmap of fold change (2~22Ct) gene expression analysis compared to unexposed control

(NC) Laboratory 2. (A) Apical cells (A549/dTHP-1) and (B) basal cells (EA.hy926). 1:10 PBS Lab
2: 1:10 PBS exposure Laboratory 2; NC Lab 1: NC Laboratory 1; 1:10 PBS Lab 1: 1:10 PBS exposure
Laboratory 1. The heatmap is based on a double gradient: the largest value on the scale is 2 on the left
of the heatmap in vertical, indicated in red, the baseline value of 1 is in black, and the smallest value
of 0.5 is in green. Values larger or smaller out of the scale are in bright green, and when higher than
2 are upregulated, or smaller than 0.5 are downregulated. Fold change (2~22C) statistical analysis
was made using gene globe expression profiling analysis provided by Qiagen. Student’s ¢-test on the
replicate 2~A2Ct values for each of the 40 genes in each of the exposed group (NC) compared to the
control group in Laboratory 2. N of experiment per group = 3; 2 replicates per group.

NC and PBS exposure from Laboratory 1, and PBS exposure from Laboratory 2 were
compared to NC from Laboratory 2 to assess if the two test analyses were comparable to
each other.

The test set at the apical side, with NC from Laboratory 1 and PBS exposures from
Laboratory 1 and 2, showed significant differences in gene expression for most of the
biomarkers when compared with NC from Laboratory 2 (Figure 5A). A downregulation in
the inflammatory biomarkers was measured to NC from Laboratory 1 and PBS exposure
from Laboratory 2 when compared with NC from Laboratory 2 (Figure 5A). Upregulation
was seen in biomarkers related to DNA damage, such as Chkl and BRCA2 in NC from
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Laboratory 1 and after PBS exposures in Laboratory 1 and 2, in comparison with NC from
Laboratory 2 (Figure 5A).

The test set at the basal side, with NC from Laboratory 1 and PBS exposure from
Laboratory 1 and 2, showed significant differences compared to the NC from Laboratory 2
(Figure 5B).

A downregulation in VEGEF, RANTES, MIP 13, CXCL1, and PDGFA was seen only
for NC and PBS exposure from Laboratory 1; a downregulation in SP-D was observed in
NC from Laboratory 1 and both PBS exposures from Laboratories 1 and 2; upregulation in
SP-A was observed in NC and PBS exposure from Laboratory 1 when compared to NC of
Laboratory 2 (Figure 5B).

NCs apical and basal from Laboratory 2, biomarkers gene expression, were signifi-
cantly different when compared to NC and PBS exposed from Laboratory 1. The data on
the apical and basal side were therefore difficult to compare between laboratories (Figure 5).

4. Discussion

Development and standardization of advanced in vitro models are critically important
for the implementation of NAMs in NGRA. Alveolar cells cultured at the ALI have previ-
ously been shown to be a promising model for the hazard assessment of chemicals [2,5-9].
In this study, we investigated the performance of an alveolar triculture model of epithelial
Ab549, endothelial EA.hy926, and macrophage-like (differentiated) THP-1 cells prepared in
two laboratories using similar procedures. We have compared results focused on viability,
DNA damage, and gene expression profiles in negative controls and after aerosol exposure
to a reference NM-300K silver nanoparticle.

We previously compared three alveolar ALI models with different layers of complexi-
ties after exposure to NM-300K, with a focus on cyto- and genotoxicity [10]. Commonly
used A549 cells were cultured in monoculture and in coculture with endothelial EA hy926
on the basolateral side of the membrane, or in triculture with the addition of macrophage-
like differentiated THP-1 cells on the apical side. We found that the effect of NM-300K
exposure changed by adding complexity by introducing several cell types. The cellular
viability after NM-300K exposure was significantly reduced in monocultures only, and an
increase in DNA damage was found only in the endothelial cells of cocultures, although the
particles were shown to be internalized in the endothelial cells in the triculture model [10].

Based on our previous study [10], we have further optimized the cultivation and expo-
sure protocols. Difficulties with harvesting a representative amount of the differentiated
THP-1 cells to be seeded in the tricultures were avoided in the current study by using
a fresh and room-tempered Accutase solution, without the need of cell scraping. This
allowed all experiments to have the same cell numbers, which is important for harmonizing
the results and reducing the variability in the responses. We also used very similar passage
numbers of cells for the experiments in the two laboratories.

In the exposure protocol, the exposure volume and nebulization time were extended
to increase the concentration of NM-300K from 10 pg/cm? to 20 pg/cm?. Consequently,
we have used the same volume and time for PBS exposure. However, in the present study,
we have diluted the PBS to 10% in sterile MQ-H,O. This measure ensures that the cells
were not exposed to excessively high salt concentrations while still securing a proper cloud
formation for the exposure control sample.

Exposure to PBS induced a slight reduction in cellular viability compared to the incu-
bator control. This effect was significant only for Laboratory 1. However, both laboratories
had harmonized results on the cellular viability measurements in the PBS control, which
is an improvement from the previous study [10]. For the positive control of the assay, we
have used different approaches in the laboratories, with lysis of cells in Laboratory 1 and
treatment to a chemical in Laboratory 2. Both approaches successfully reduced the viability
to a significantly low number, which shows the proper function of the alamarBlue assay.

To gain a deeper understanding of the model performances in the two laboratories,
we conducted gene expression profiling RT?. We examined forty genes that can be divided
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into five interconnected groups of biomarkers related to inflammation, fibrosis, cell death,
cellular oxidative stress, and DNA damage. We compared gene expression of the five
pathways between negative controls from Laboratory 1 and 2, and we observed a significant
difference for some of the inflammatory biomarkers on the apical A549 and dTHP-1 cells
(Figure 5). The use of differentiated THP-1 cells can introduce additional challenges in the
reproducibility of results between laboratories [22], as they have shown varying responses
to both NMs and positive controls [22,23].

THP-1 cells belong to a group of macrophages and immune cells that are sensitive
to endotoxin levels, which may necessitate serum with low endotoxin [24]. Fetal bovine
serum (FBS) provides essential nutrients and growth factors for cell maintenance and
growth. Commercially available standard FBS can have a concentration of <10 EU/mL,
corresponding to approximately 1 ng/mL of endotoxin [24]. Xia et al., 2013 emphasized the
importance of using the same batch of serum and cells for consistent interlaboratory results
when working with differentiated THP-1 cells [7]. In our study, we used the same batch of
cells, and medium with the same final composition, but from different batches. However,
the serum was not identical in both laboratories. The serum was heat-inactivated when
used in Laboratory 1, as heating inactivates complement proteins. Active complement
proteins can participate in inflammatory events and activate lymphocytic and macrophage
cells [25].

To test the toxic responses in the triculture lung models, the cells were exposed to
aerosols of NM-300K. The effect of NM-300K on cellular viability and induction of DNA
damage differed in the two laboratories. A reduction in viability was observed in both cell
compartments in Laboratory 1, while an increase in DNA SBs and oxidized base lesions
was detected in the basolateral EA.hy926 cells in Laboratory 2 only. In the comet assay; it is
crucial to use non-cytotoxic concentrations to prevent false positive results [26]. The lack of
induction of SBs in Laboratory 1 could be due to the measured cytotoxicity, which was not
seen in Laboratory 2. Previous experience with NM-300K in 2D cultures has identified a
steep toxicity curve/narrow interval for the start of the cytotoxic effect [17-19], which may
contribute to high variability in the results. Potential interference between NM-300K and
the alamarBlue or comet assays has been previously investigated and no interference was
found [10], and is thus not likely to explain the observed differences in response. However,
the detected basal differences in gene expression levels could influence the response of the
cells to the treatments (Figure 5 and Tables 2 and 3).

Further, our results emphasize the importance of physicochemical characterization
of the dispersed particles when performing toxicity testing. The hydrodynamic diameter
(Z-ave) of the nanosilver particles was found to be smaller in Laboratory 1 than in Labora-
tory 2, even though we used the same dispersion protocol with harmonized calibration
of the sonicators and similar DLS instruments and measurement techniques. The size
distributions indicated the presence of larger particles, suggesting some aggregation. The
difference in the size of the NMs could influence the toxicity [27].

The cellular uptake of NMs is important to include in genotoxicity studies for the
accurate interpretation of results [28-30]. Internalization of NM-300K was confirmed in the
apical cells in our previous study, where particles appeared to be localized inside lamellar
body vesicles as single particles (5-20 nm) or in small aggregates of about 100 nm. No
particles were found in the endothelial cells [10].

To further investigate the reasons for the differences in toxic response measured, we
performed gene expression analysis for comparison of the profile in the exposure control
and exposed cells in both laboratories. Interestingly, differences in the gene expression pro-
filing were found between the laboratories. On the apical side, we observed variation in the
fold change of inflammatory markers at 24 h after exposure to NM-300K. An upregulation
in the chemokine CXCL1 and ATM was observed in Laboratory 1 and in Laboratory 2, and
we observed a downregulation in inflammatory, fibrosis and cell death biomarkers IL-13,
IP-10, RANTES, Cd11b1, and BCL-2 when compared to its own exposure control.
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On the basolateral side, where the endothelial cells exist in an undisturbed environ-
ment, the effects are influenced by perturbations on the apical side. In both Laboratory
1 and Laboratory 2, we observed an upregulation in the chemokine CXCL1, involved in
inflammation and in fibrosis, and the HMOX1 biomarker, involved in DNA damage and
oxidative stress pathways, at 24 h post-exposure. In Laboratory 1, we noted an upregula-
tion in NF-«B and PRKDC, while in Laboratory 2, there was an upregulation in RPK1 and
Caspase 9.

Previous studies demonstrated an upregulation in oxidative stress under exposure
to AgNPs [31]. Oxidative stress is a cellular state in which the amount of reactive oxygen
species (ROS), caused by NM s oxidative potential can lead to the oxidation of essential
biomolecules, causing inflammation and oxidative DNA damage. Oxidative stress is an
important key event in the mode of action of many NMs, such as silver nanoparticles [32,33],
and serves as an early warning indicator.

The differences between laboratories were already observed in previous studies that
investigated inflammatory biomarkers in intra- and interlaboratory comparisons [7-9,23].
These differences could be explained by various factors, such as the use of different
serum [34], THP-1 cell density and attachment [8], environmental humidity [35], or de-
posited doses in the ALI system [36].

A comparison between laboratories is challenging. Several limitations were identi-
fied in our study, such as differences in serum, which could explain the increased gene
expression of inflammatory biomarkers in the controls from Laboratory 2 compared to
those from Laboratory 1 at the apical side, where dTHP-1 cells were seeded alongside A549
cells (Figure 5). A limiting factor in maintaining the density of dTHP1 in the triculture lung
model is the adherence of these cells. In the study by Camassa and Elje et al. (2022) [10],
despite using a cell density of 2 dTHP1 to 1 A549 cell, we observed that after air lifting,
the number of dTHP1 cells adhering to and remaining in the culture was estimated to be
lower than the actual concentration of dTHP1 that had been seeded. This evaluation was
conducted through microscopic analysis, comparing the observed numbers to the initial
seeding counts [10]. A similar challenge was reported in the paper by Braakhuis et al.
(2023), where dTHP1 cells were cocultured with Calu-3 cells [8].

The production of surfactant by A549 cells at the apical side may also influence
the results, sensitivity, and reproducibility of the model, particularly in the air-liquid
interface (ALI) system. In vivo, alveolar type II epithelial cells synthesize and secrete
surfactant proteins in the alveolar space. Although the A549 cell line has been shown
to produce surfactant in previous studies, varying cell culture conditions may challenge
surfactant production. This could result in an unbalanced and insufficiently moist cellular
environment, which is essential for a three-dimensional (3D) lung alveolar in vitro model.
Even so, we did not observe any dryness at the apical side of our model.

Previously, we demonstrated through electron microscopy and dark-field microscopy
that in our 3D lung alveolar model, both dTHP-1 and A549 cells engulf NM-300K silver
nanoparticles [10]. In vivo, the majority of nanoparticles engulfed in the alveolar space
are taken up by alveolar macrophages, with a lesser extent occurring through transcytosis
by the alveolar epithelium [37]. The differences in cellular uptake of silver nanoparticles
between different cell types and among laboratories may also account for the variations in
the data obtained within the model.

The protocol limitations identified across laboratories should be addressed in future
validation and development of the 3D lung alveolar model. Nevertheless, we believe that
this study is important for enhancing knowledge and developing new methodological
approaches.

5. Conclusions

The development and validation of new approach methodologies (NAMs) are cru-
cial for their use in next generation risk assessment (NGRA) of nanomaterials and other
chemicals. This study aimed to standardize an alveolar triculture lung model across two
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laboratories, focusing on the responses of epithelial A549, endothelial EA.hy926, and
macrophage-like THP-1 cells to NM-300K silver nanoparticles exposure at the air-liquid
interface (ALI). The goal was to improve reproducibility and reliability of the lung triculture
model for in vitro hazard assessment.

We sought to standardize culturing and exposure procedures between laboratories
to ensure harmonized results. This study evaluated cytotoxicity and genotoxicity as key
endpoints, while also using the RT? profiling PCR array to analyze several toxicological
pathways from the same samples. This array was applied for laboratory comparison to
enhance predictive accuracy. Additionally, the internal control in the ALI system was
standardized by reducing PBS concentration to 10%, preventing high salt exposure to the
cells and enabling meaningful comparisons of cell viability against an unexposed incubator
control.

Our results highlight the critical role of standardized protocols in complex models
to achieve reproducible outcomes. We recognized the importance of using the same
supplement type, particularly for sensitive cell lines as THP-1. Optimized protocols,
including consistent cell numbers and exposure parameters, reduced variability compared
to previous studies. However, differences in gene expression, especially in inflammation
markers, persisted between laboratories, likely influenced by factors such as serum, cell
number, and nanoparticle characteristics. These findings emphasize the importance of
robust models and protocols for reproducibility and the need for consistent physicochemical
characterization and model optimization to ensure reliable hazard assessments in NAMs.

Our data demonstrate that the lung triculture model is a promising NAM for assessing
human hazard from inhalation exposure to chemicals and nanomaterials. This aligns with
the 3R’s principle, promoting the transition from animal-based experimental testing to
the use of NAMs. This study marks an important step toward the standardization of
pulmonary NAMs for assessing the risks of nanomaterial exposure.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/nano14231888/s1. Table S1: cell passages used in experiments on lung triculture
models. Table S2: cell viability (%) relative to the incubator control. Table S3: % of DNA in tail
measured by comet assay in Laboratory 1 (Lab 1) and Laboratory 2 (Lab 2). Table S4: antibodies and
staining for confocal microscopy. Table S5: original export cell map Qu-Path *. Figure S1: Confocal
figure of the apical side (A549/dTHP1) of an unexposed 3D lung triculture model after air liftin.
Refs. [10,38—40] are cited in the supplementary materials.

Author Contributions: Conceptualization, E.E.,, LM.A.C,, S.Z.-N., and E.R.-P.;; data analysis, E.E.,
LM.A.C,, and @.5S,; investigation, E.E., LM.A.C., and K.H.A.; writing—original draft preparation,
E.E. and LM.A.C,; writing—review and editing, E.E.,, LM.A.C.,S.S.,, KH.A,, J.5.,, AM.N,,S.Z-N.,
and E.R.-P; visualization, E.E. and L.M.A.C.; supervision, S.Z.-N. and E.R.-P,; project administration,
S.Z.-N. and E.R.-P; funding acquisition, S.Z.-N. and E.R.-P. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the Research Council of Norway, projects NanoBio-
Real (grant No. 288768) and PhD project (E.E.) (272412 /F40), TWINALT (grant no. 952404—H2020-
WIDESPREAD-2020-5) and by TEPCAN project granted in the Program “Applied research” under the
Norwegian Financial Mechanisms 2014—2021/POLNOR 2019 (EEA and Norway Grants), Thematic
areas: Welfare, health and care (NCBR Funding No. NOR/POLNOR/TEPCAN/0057/2019-00).

Data Availability Statement: Data are available from the researchers on request.
Acknowledgments: The graphical abstract was created with BioRender.com.

Conflicts of Interest: Author Sergey Shaposhnikov was employed by the company NorGenoTech.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.


https://www.mdpi.com/article/10.3390/nano14231888/s1
https://www.mdpi.com/article/10.3390/nano14231888/s1

Nanomaterials 2024, 14, 1888 17 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Westmoreland, C.; Bender, H.]J.; Doe, J.E.; Jacobs, M.N.; Kass, G.E.N.; Madia, F.; Mahony, C.; Manou, I.; Maxwell, G.; Prieto, P;
et al. Use of New Approach Methodologies (NAMs) in regulatory decisions for chemical safety: Report from an EPAA Deep Dive
Workshop. Regul. Toxicol. Pharmacol. 2022, 135, 105261. [CrossRef] [PubMed]

Bas, A.; Burns, N.; Gulotta, A.; Junker, J.; Drasler, B.; Lehner, R.; Aicher, L.; Constant, S.; Petri-Fink, A.; Rothen-Rutishauser, B.
Understanding the Development, Standardization, and Validation Process of Alternative In Vitro Test Methods for Regulatory
Approval from a Researcher Perspective. Small 2021, 17, e2006027. [CrossRef] [PubMed]

Jud, C,; Clift, M.].; Petri-Fink, A.; Rothen-Rutishauser, B. Nanomaterials and the human lung: What is known and what must be
deciphered to realise their potential advantages? Swiss Med. Wkly. 2013, 143, w13758. [CrossRef] [PubMed]

Kendall, M.; Holgate, S. Health impact and toxicological effects of nanomaterials in the lung. Respirology 2012, 17, 743-758.
[CrossRef] [PubMed]

Rothen-Rutishauser, B.; Blank, F.; Muhlfeld, C.; Gehr, P. In vitro models of the human epithelial airway barrier to study the toxic
potential of particulate matter. Expert Opin. Drug Metab. Toxicol. 2008, 4, 1075-1089. [CrossRef]

Lacroix, G.; Koch, W,; Ritter, D.; Gutleb, A.C.; Larsen, S.T.; Loret, T.; Zanetti, F.; Constant, S.; Chortarea, S.; Rothen-Rutishauser, B.;
et al. Air-Liquid Interface In Vitro Models for Respiratory Toxicology Research: Consensus Workshop and Recommendations.
Appl. Vitr. Toxicol. 2018, 4, 91-106. [CrossRef]

Xia, T.; Hamilton, R.F,; Bonner, J.C.; Crandall, E.D.; Elder, A.; Fazlollahi, F.; Girtsman, T.A.; Kim, K.; Mitra, S.; Ntim, S.A.; et al.
Interlaboratory evaluation of in vitro cytotoxicity and inflammatory responses to engineered nanomaterials: The NIEHS Nano
GO Consortium. Environ. Health Perspect. 2013, 121, 683-690. [CrossRef]

Braakhuis, H.M.; Gremmer, E.R.; Bannuscher, A.; Drasler, B.; Keshavan, S.; Rothen-Rutishauser, B.; Birk, B.; Verlohner, A.;
Landsiedel, R.; Meldrum, K; et al. Transferability and reproducibility of exposed air-liquid interface co-culture lung models.
NanoImpact 2023, 31, 100466. [CrossRef]

Barosova, H.; Meldrum, K.; Karakocak, B.B.; Balog, S.; Doak, S.H.; Petri-Fink, A.; Clift, M.].D.; Rothen-Rutishauser, B. Inter-
laboratory variability of A549 epithelial cells grown under submerged and air-liquid interface conditions. Toxicol. Vitr. 2021, 75,
105178. [CrossRef]

Camassa, L.M.; Elje, E.; Mariussen, E.; Longhin, E.M.; Dusinska, M.; Zienolddiny-Narui, S.; Rundén-Pran, E. Advanced
Respiratory Models for Hazard Assessment of Nanomaterials-Performance of Mono-, Co- and Tricultures. Nanomaterials 2022, 12,
2609. [CrossRef]

Klein, C.; Comero, S.; Stahlmecke, B.; Romazanov, J.; Kuhlbusch, T.A.J.; Van Doren, E.; De Temmerman, P.-J.; Mast, J.; Wick,
P; Krug, H.; et al. NM-Series of Representative Manufactured Nanomaterials. NM-300 Silver. Characterisation, Stability,
Homogeneity. 2010. Available online: https://www.researchgate.net/publication /284891833_INM-series_of_representative_
manufactured_nanomaterials_NM-300_Silver_Characterisation_Stability_Homogeneity (accessed on 23 November 2024).
Lieber, M.; Smith, B.; Szakal, A.; Nelson-Rees, W.; Todaro, G. A continuous tumor-cell line from a human lung carcinoma with
properties of type II alveolar epithelial cells. Int. ]. Cancer 1976, 17, 62-70. [CrossRef] [PubMed]

Suggs, ].E.; Madden, M.C.; Friedman, M.; Edgell, C.J. Prostacyclin expression by a continuous human cell line derived from
vascular endothelium. Blood 1986, 68, 825-829. [CrossRef] [PubMed]

Tsuchiya, S.; Yamabe, M.; Yamaguchi, Y.; Kobayashi, Y.; Konno, T.; Tada, K. Establishment and characterization of a human acute
monocytic leukemia cell line (THP-1). Int. J. Cancer 1980, 26, 171-176. [CrossRef] [PubMed]

Gabelova, A.; El Yamani, N.; Alonso, T.I; Buliakova, B.; Srancikova, A.; Babelova, A.; Pran, E.R; Fjellsbo, L.M.; Elje, E.; Yazdani,
M.; et al. Fibrous shape underlies the mutagenic and carcinogenic potential of nanosilver while surface chemistry affects the
biosafety of iron oxide nanoparticles. Mutagenesis 2017, 32, 193-202. [CrossRef]

El Yamani, N.; Collins, A.R.; Runden-Pran, E.; Fellsbo, L.M.; Shaposhnikov, S.; Zienolddiny, S.; Dusinska, M. In vitro genotoxicity
testing of four reference metal nanomaterials, titanium dioxide, zinc oxide, cerium oxide and silver: Towards reliable hazard
assessment. Mutagenesis 2017, 32, 117-126. [CrossRef]

Elje, E.; Mariussen, E.; Moriones, O.H.; Bastus, N.G.; Puntes, V.; Kohl, Y.; Dusinska, M.; Rundén-Pran, E. Hepato(Geno)Toxicity
Assessment of Nanoparticles in a HepG2 Liver Spheroid Model. Nanomaterials 2020, 10, 545. [CrossRef]

Elje, E.; Mariussen, E.; McFadden, E.; Dusinska, M.; Runden-Pran, E. Different Sensitivity of Advanced Bronchial and Alveolar
Mono- and Coculture Models for Hazard Assessment of Nanomaterials. Nanomaterials 2023, 13, 407. [CrossRef]

El Yamani, N.; Rundén-Pran, E.; Collins, A.R.; Longhin, E.M.; Elje, E.; Hoet, P.; Vinkovi¢ Vréek, I.; Doak, S.H.; Fessard, V,;
Dusinska, M. The miniaturized enzyme-modified comet assay for genotoxicity testing of nanomaterials. Front. Toxicol. 2022, 4,
986318. [CrossRef]

Collins, A.R. The use of bacterial repair endonucleases in the comet assay. Methods Mol. Biol. 2011, 691, 137-147. [CrossRef]
Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef]

Ruijter, N.; Soeteman-Hernandez, L.G.; Carriere, M.; Boyles, M.; McLean, P.; Catalan, ].; Katsumiti, A.; Cabellos, J.; Delpivo,
C.; Sanchez Jimenez, A.; et al. The State of the Art and Challenges of In Vitro Methods for Human Hazard Assessment of
Nanomaterials in the Context of Safe-by-Design. Nanomaterials 2023, 13, 472. [CrossRef] [PubMed]


https://doi.org/10.1016/j.yrtph.2022.105261
https://www.ncbi.nlm.nih.gov/pubmed/36103951
https://doi.org/10.1002/smll.202006027
https://www.ncbi.nlm.nih.gov/pubmed/33480475
https://doi.org/10.4414/smw.2013.13758
https://www.ncbi.nlm.nih.gov/pubmed/23519981
https://doi.org/10.1111/j.1440-1843.2012.02171.x
https://www.ncbi.nlm.nih.gov/pubmed/22449246
https://doi.org/10.1517/17425255.4.8.1075
https://doi.org/10.1089/aivt.2017.0034
https://doi.org/10.1289/ehp.1306561
https://doi.org/10.1016/j.impact.2023.100466
https://doi.org/10.1016/j.tiv.2021.105178
https://doi.org/10.3390/nano12152609
https://www.researchgate.net/publication/284891833_NM-series_of_representative_manufactured_nanomaterials_NM-300_Silver_Characterisation_Stability_Homogeneity
https://www.researchgate.net/publication/284891833_NM-series_of_representative_manufactured_nanomaterials_NM-300_Silver_Characterisation_Stability_Homogeneity
https://doi.org/10.1002/ijc.2910170110
https://www.ncbi.nlm.nih.gov/pubmed/175022
https://doi.org/10.1182/blood.V68.4.825.825
https://www.ncbi.nlm.nih.gov/pubmed/3092887
https://doi.org/10.1002/ijc.2910260208
https://www.ncbi.nlm.nih.gov/pubmed/6970727
https://doi.org/10.1093/mutage/gew045
https://doi.org/10.1093/mutage/gew060
https://doi.org/10.3390/nano10030545
https://doi.org/10.3390/nano13030407
https://doi.org/10.3389/ftox.2022.986318
https://doi.org/10.1007/978-1-60761-849-2_8
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3390/nano13030472
https://www.ncbi.nlm.nih.gov/pubmed/36770432

Nanomaterials 2024, 14, 1888 18 of 18

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Piret, ].P; Bondarenko, O.M.; Boyles, M.S.P.; Himly, M.; Ribeiro, A.R.; Benetti, F.; Smal, C.; Lima, B.; Potthoff, A.; Simion, M.; et al.
Pan-European inter-laboratory studies on a panel of in vitro cytotoxicity and pro-inflammation assays for nanoparticles. Arch.
Toxicol. 2017, 91, 2315-2330. [CrossRef]

Kirikae, T.; Tamura, H.; Hashizume, M.; Kirikae, F.; Uemura, Y.; Tanaka, S.; Yokochi, T.; Nakano, M. Endotoxin contamination in
fetal bovine serum and its influence on tumor necrosis factor production by macrophage-like cells J774.1 cultured in the presence
of the serum. Int. . Immunopharmacol. 1997, 19, 255-262. [CrossRef] [PubMed]

Dunkelberger, J.R.; Song, W.-C. Complement and its role in innate and adaptive immune responses. Cell Res. 2010, 20, 34-50.
[CrossRef] [PubMed]

Azqueta, A.; Stopper, H.; Zegura, B.; Dusinska, M.; Meller, P. Do cytotoxicity and cell death cause false positive results in the
in vitro comet assay? Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2022, 881, 503520. [CrossRef]

Mitjans, M.; Marics, L.; Bilbao, M.; Maddaleno, A.S.; Pifiero, ].].; Vinardell, M.P. Size Matters? A Comprehensive In Vitro Study of
the Impact of Particle Size on the Toxicity of ZnO. Nanomaterials 2023, 13, 1800. [CrossRef]

Doak, S.H.; Andreoli, C.; Burgum, M.].; Chaudhry, Q.; Bleeker, E.A.].; Bossa, C.; Domenech, J.; Drobne, D.; Fessard, V.; Jeliazkova,
N.; et al. Current status and future challenges of genotoxicity OECD Test Guidelines for nanomaterials: A workshop report.
Mutagenesis 2023, 38, 183-191. [CrossRef]

Dusinska, M.; Boland, S.; Saunders, M.; Juillerat-Jeanneret, L.; Tran, L.; Pojana, G.; Marcomini, A.; Volkovova, K.; Tulinska, J.;
Knudsen, L.E.; et al. Towards an alternative testing strategy for nanomaterials used in nanomedicine: Lessons from NanoTEST.
Nanotoxicology 2015, 9 (Suppl. S1), 118-132. [CrossRef]

Elespuru, R.K.; Doak, S.H.; Collins, A.R.; Dusinska, M.; Pfuhler, S.; Manjanatha, M.; Cardoso, R.; Chen, C.L. Common Considera-
tions for Genotoxicity Assessment of Nanomaterials. Front. Toxicol. 2022, 4, 859122. [CrossRef]

Manke, A.; Wang, L.; Rojanasakul, Y. Mechanisms of nanoparticle-induced oxidative stress and toxicity. Biomed. Res. Int. 2013,
2013, 942916. [CrossRef]

Akter, M.; Sikder, M.T.; Rahman, M.M.; Ullah, A K.M.A.; Hossain, K.F.B.; Banik, S.; Hosokawa, T.; Saito, T.; Kurasaki, M. A
systematic review on silver nanoparticles-induced cytotoxicity: Physicochemical properties and perspectives. J. Adv. Res. 2018, 9,
1-16. [CrossRef] [PubMed]

Rodriguez-Garraus, A.; Azqueta, A.; Vettorazzi, A.; Lopez de Cerain, A. Genotoxicity of Silver Nanoparticles. Nanomaterials 2020,
10, 251. [CrossRef] [PubMed]

Fahey, M ].; Fischer, A.].; Steele, M.A.; Greenwood, S.L. Characterization of the colostrum and transition milk proteomes from
primiparous and multiparous Holstein dairy cows. J. Dairy Sci. 2020, 103, 1993-2005. [CrossRef] [PubMed]

Seurat, E.; Verdin, A.; Cazier, E.; Courcot, D.; Fitoussi, R.; Vié, K.; Desauziers, V.; Momas, I.; Seta, N.; Achard, S. Influence of the
environmental relative humidity on the inflammatory response of skin model after exposure to various environmental pollutants.
Environ. Res. 2021, 196, 110350. [CrossRef] [PubMed]

Bannuscher, A.; Schmid, O.; Drasler, B.; Rohrbasser, A.; Braakhuis, H.M.; Meldrum, K.; Zwart, E.P.; Gremmer, E.R.; Birk, B.; Rissel,
M.; et al. An inter-laboratory effort to harmonize the cell-delivered in vitro dose of aerosolized materials. Nanolmpact 2022, 28,
100439. [CrossRef]

Detampel, P; Ganguly, A.; Tehranian, S.; Green, E,; Singha, S.; Santamaria, P; Jeje, A.A.; Cho, C.S.; Petri, B.; Amrein, M.W. In vivo
clearance of nanoparticles by transcytosis across alveolar epithelial cells. PLoS ONE 2019, 14, €0223339. [CrossRef]

Ding, Y.; Weindl, P; Lenz, A.G.; Mayer, P; Krebs, T.; Schmid, O. Quartz crystal microbalances (QCM) are suitable for real-time
dosimetry in nanotoxicological studies using VITROCELL(R)Cloud cell exposure systems. Part Fibre Toxicol. 2020, 17, 44.
[CrossRef]

Ding, Y.; Weindl, P.; Wimmer, C.; Mayer, P.; Krebs, T.; Schmid, O. Characterization of the Air-Liquid Interface Cell Exposure
(ALICE-CLOUD) System for In-Vitro Toxicological Studies of Engineered Nanomaterials (ENMs). In Proceedings of the European
Aerosol Conference, Zurich, Switzerland, 27 August-1 September 2017.

Bankhead, P; Loughrey, M.B.; Fernandez, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.].;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00204-016-1897-2
https://doi.org/10.1016/S0192-0561(97)00066-0
https://www.ncbi.nlm.nih.gov/pubmed/9439764
https://doi.org/10.1038/cr.2009.139
https://www.ncbi.nlm.nih.gov/pubmed/20010915
https://doi.org/10.1016/j.mrgentox.2022.503520
https://doi.org/10.3390/nano13111800
https://doi.org/10.1093/mutage/gead017
https://doi.org/10.3109/17435390.2014.991431
https://doi.org/10.3389/ftox.2022.859122
https://doi.org/10.1155/2013/942916
https://doi.org/10.1016/j.jare.2017.10.008
https://www.ncbi.nlm.nih.gov/pubmed/30046482
https://doi.org/10.3390/nano10020251
https://www.ncbi.nlm.nih.gov/pubmed/32023837
https://doi.org/10.3168/jds.2019-17094
https://www.ncbi.nlm.nih.gov/pubmed/31837789
https://doi.org/10.1016/j.envres.2020.110350
https://www.ncbi.nlm.nih.gov/pubmed/33144047
https://doi.org/10.1016/j.impact.2022.100439
https://doi.org/10.1371/journal.pone.0223339
https://doi.org/10.1186/s12989-020-00376-w
https://doi.org/10.1038/s41598-017-17204-5

	Introduction 
	Materials and Methods 
	Cell Cultures 
	Immunofluorescence 
	Nanomaterials 
	Exposure at the Air-Liquid Interface 
	AlamarBlue Assay 
	Harvesting of Cells from the Lung Triculture Model 
	Comet Assay 
	Gene Expression Profiling RT2 
	Statistics 

	Results 
	Nanomaterial Characterization 
	Cellular Viability and DNA Damage 
	Gene Expression Profiling RT2 

	Discussion 
	Conclusions 
	References

