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The increasing use of nanomaterials in almost every area of our daily life renders
toxicological risk assessment a major requirement for their safe handling. Thus, risk as-
sessment strategies ensuring the health of individuals exposed to these types of materials
must be adopted and continuously reviewed. Major challenges include the enormous
amount of engineered nanomaterials (ENMs) used in workplaces [1], the limited capacity
for testing ENMs in long-term animal inhalation studies [2], and the political and soci-
etal efforts to reduce animal experiments according to the 3R principles [3]. Against this
background, much attention has been paid to grouping of nanomaterials, mainly based
on their physicochemical properties and their toxicity in various in vitro models. These
new approach methodologies (NAMs) include a detailed characterization of the respective
materials in physiologically relevant media, but also more realistic exposure systems, such
as co-cultures, at the air–liquid interface, combined with comprehensive cellular inves-
tigations providing quite detailed toxicological profiles. These NAM-based approaches
have been recently reviewed by the U.S. Federal Agencies and the authors concluded
that “ . . . two key issues in the usage of NAMs, namely dosimetry and interference/bias
controls, . . . ” are crucial aspects in ongoing validation processes [4]. In workplaces where
inhalation is the major route of exposure, potential toxicity affecting the lungs needs to be
considered. Here, advanced in vitro models have documented their predictive capacity
for adverse outcomes such as lung fibrosis [5]. Neurotoxicity associated with exposure
to nanomaterials is another growing field of scientific investigation [6] and, here, the use
of nanocarriers for drug delivery provides a special “route of exposure” [7]. We initiated
this Special Issue to further promote scientific progress in the area of nanosafety and are
glad to share 13 papers on various topics with the readership of Nanomaterials. This Special
Issue highlights recent advances in the mechanisms of nanomaterial toxicity as well as
approaches for risk assessment, linking nanoparticle characteristics and in vitro toxicity to
in vivo observations for advanced risk assessment. Here, the availability of data and the
development of databases are important.

With three original articles by Murugadoss, Mülhopt et al., Elje et al., and Meindl
et al., addressing various aspects, the respiratory tract toxicities of titanium dioxide, carbon
nanotubes, and nanosilver have been described and some assays can be further validated. A
link between in vitro screening and results from in vivo testing for lung effects is provided
by Creutzenberg et al., describing results from the PLATOX project. Focusing on the aspect
of data availability and reproducibility, Krug describes the development of the CoCoN-
Database, while Elberskirch et al. describe the results of a round-robin test that includes
data science tools to increase comparability among different labs. Another relevant and
important aspect is addressed by de Souza Castro et al., comparing 2D and 3D cell culture
models of bone mineralization. Here, the 3D model showed improved induction of bone
osteointegration by nanoparticles. Mechanisms related to the possible genotoxicity of
ENM are described in the papers by Schumacher et al., May et al., and Murugadoss, with
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Godderis et al. also addressing the crucial aspect of realistic exposure scenarios in vitro.
These papers are also relevant to the key issue of dosimetry, as described by Petersen
et al. [4]. The paper by Wall et al. provides new insight into the physico-chemical properties
of particulate and fibrous nanomaterials that can modulate their toxicity. Finally, the review
by Ruijter et al. highlights various aspects of how in vitro methods can be incorporated
into the Safe-by-Design concept that is expected to foster the development of safe ENMs
before they enter the market.

Author Contributions: Writing—original draft preparation, C.v.T.; writing—review and editing, A.H.
and C.v.T. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Assessment of Carbon Nanotubes on Barrier Function, Ciliary
Beating Frequency and Cytokine Release in In Vitro Models of
the Respiratory Tract

Claudia Meindl 1, Markus Absenger-Novak 1, Ramona Jeitler 2, Eva Roblegg 2 and Eleonore Fröhlich 1,*

1 Center for Medical Research, Medical University of Graz, Stiftingtalstr. 24, 8010 Graz, Austria
2 Department of Pharmaceutical Technology and Biopharmacy, Institute of Pharmaceutical Sciences,

University of Graz, Universitaetsplatz 1, 8010 Graz, Austria
* Correspondence: eleonore.froehlich@medunigraz.at; Tel.: +43-31638573011

Abstract: The exposure to inhaled carbon nanotubes (CNT) may have adverse effects on workers
upon chronic exposure. In order to assess the toxicity of inhaled nanoparticles in a physiologically
relevant manner, an air–liquid interface culture of mono and cocultures of respiratory cells and
assessment in reconstructed bronchial and alveolar tissues was used. The effect of CNT4003 reference
particles applied in simulated lung fluid was studied in bronchial (Calu-3 cells, EpiAirway™ and
MucilAir™ tissues) and alveolar (A549 +/−THP-1 and EpiAlveolar™ +/−THP-1) models. Cyto-
toxicity, transepithelial electrical resistance, interleukin 6 and 8 secretion, mucociliary clearance and
ciliary beating frequency were used as readout parameters. With the exception of increased secretion
of interleukin 6 in the EpiAlveolar™ tissues, no adverse effects of CNT4003 particles, applied at
doses corresponding to the maximum estimated lifetime exposure of workers, in the bronchial and
alveolar models were noted, suggesting no marked differences between the models. Since the doses
for whole-life exposure were applied over a shorter time, it is not clear if the interleukin 6 increase in
the EpiAlveolar™ tissues has physiological relevance.

Keywords: carbon nanotubes; toxicity; in vitro models; respiratory tract; bronchial epithelium;
alveolar epithelium; ciliary beating frequency

1. Introduction

Nanoparticles are used in industry, consumer products, health care and medicine, but
the safety of some particles is still a matter of discussion [1]. One particle type with unclear
safety is carbon nanotubes (CNTs). CNTs have been evaluated for cytotoxicity, genotoxicity,
inflammatory potential and carcinogenicity with variable results [2]. The absorption of
CNTs through epithelial barriers was found to be low. Among all barriers, the respiratory
barrier is the less protected and most permeable. The lung consists of the conducting and
the respiratory airways, which have different protection mechanisms and require different
models for toxicity testing in vitro [3].

Reported cytotoxicity of multi-walled CNTs (MWCNTs) varied from 5 ng/mL to
10 mg/mL and based on a systematic review, A549 and HUVEC were the most appropriate
cells for comparison among research groups [4]. The differences in cytotoxicity by a factor
of 106 are thought to be due not only to differences in cells, assays, exposure conditions
and sample preparation but also to different production of the MWCNTs [4]. To enable
better comparison of the results, the use of standardized nanoparticles is suggested. Spon-
sored by several European Union Joint programs, European Commission’s Directorate
General Joint Research Centre (JRC) has established the JRC Nanomaterials Repository
of industrially manufactured nanomaterials with the aim of providing the scientific and
regulatory communities with nanomaterials for testing [5]. Standard Operation Procedures
for the dispersion of titanium dioxide, silicon dioxide and MWCNTs in 0.05% bovine
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serum albumin (BSA) are available due to the NANOGENOTOX European joint action to
exclude differences in the preparation of particle suspensions [6]. The CNT4003 particles,
formerly termed NM-403, belong to the thin and short MCNTs with reported primary
sizes of 12 nm diameter and 443 nm length. They were chosen for this study because
measurements of CNT manufacturing workplaces report sizes of highest exposure between
10 and 100 nm [7–9], whereas the thicker and longer CNTs (e.g., 80 nm × 3.7 μm) form
particles with aerodynamic size of 260–381 nm [10]. No decrease in viability was observed
at 45.7μg/cm2 NM-403 for A549 alveolar epithelial cells in conventional testing [11].

Air–liquid interface culture (ALI), where cells grow on transwell membranes and are
exposed to medium with nutrients only from the basal side and the apical parts face the air,
is the physiologically relevant culture for respiratory cells. Using this technique, Calu-3
cells, established models for the bronchial epithelium, produce mucus and A549 as models
for the alveolar epithelium surfactant [12,13]. Calu-3 cells also form epithelial barriers
of sufficient tightness identified by transepithelial electrical resistance (TEER) values of
>300 Ω × cm2. The limitation of Calu-3 cells is that effects of toxicants on ciliary function,
the important clearance mechanism of the upper airways, cannot be assessed because the
cells form only immature and not motile cilia [14]. Reconstructed tissues prepared from
human bronchial epithelial cells, EpiAirway™ from MatTek Cooperation and MucilAir™
from Epithelix Sárl, on the other hand, possess cilia and, therefore, allow the assessment
of this relevant protection system of the lung. The main limitation of A549 cells, which
are routinely used in respiratory toxicity testing, is the fact that despite expression of tight
junction proteins, they do not form a functional epithelial barrier, which corresponds to
the generally low TEER values in the range of 20–60 Ω × cm2 [15,16]. EpiAlveolar™ from
MatTek is composed of alveolar epithelial cells, fibroblasts and endothelial cells and enables
assessment of alveolar barrier function. EpiAlveolar™ enriched with THP-1 macrophages
are also available for more realistic testing of the alveolar barrier [17].

To mimic inhalation of MWCNTs, some researchers have used the VITROCELL
Cloud system [17–19]. According to the producer, 200 μL of nebulization volume are
recommended for the 12-well exposure chambers (https://www.vitrocell.com/inhalation-
toxicology/exposure-systems/vitrocell-cloud-system/vitrocell-cloud-alpha-6 accessed
on 2 May 2021), indicating that each well of a 12-well plate will receive ~17 μL of saline
together with the particles. This solution differs in volume and composition from the lung
lining fluid in the lung. The surface of the lung is covered by a dipalmitoyl-glycero-3-
phosphocholine (DPPC)-rich lung lining fluid of 70–300 nm thickness [20]. The presence
of DPPC is important because nanoparticles in contact with biological fluids will absorb
biomolecules, proteins and lipids onto their surface [21]. This so called “corona” will
determine the cellular response of the host cells. It has been reported in animal studies
that coating with DPPC markedly increased uptake and lung retention of nanoparticles
compared to coating with BSA [22,23]. To take the effect of the DPPC binding into account,
CNT4003 particles were suspended in simulated lung fluid (SLF), a phosphate buffer
containing 0.02% DPPC.

Sauer et al. compared the cytotoxicity of respiratory toxicants in A549 and 3T3 mono-
layers, MucilAir™ and EpiAirway™ tissues [24], but there is no systematic comparison
between models based on cell lines and commercially available reconstructed tissues of
bronchial and respiratory part. This comparison is important because the use of the more
complex reconstructed tissues is associated with higher costs. The aim of this study was to
identify adverse effects of standardized CNTs in physiologically relevant systems and to re-
veal the role of the testing system. To this end, effects of CNT4003 particles were compared
in models of different complexity (monolayers vs. multilayers) and origin (primary vs. cell
lines). The focus is not on cytotoxicity but on functional aspects because physiologically
relevant exposure doses to CNTs are too low to act acutely toxic. For the bronchial part of
the airways Calu-3 cells, EpiAirway™ and MucilAir™ were used. Effects of CNT4003 on
the alveolar part of the airways were studied using A549 cells and EpiAlveolar™ tissues
with and without THP-1 macrophages.

4



Nanomaterials 2023, 13, 682

2. Materials and Methods

2.1. Preparation of Simulated Lung Fluid (SLF)

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar Lipids, Birming-
ham, AL, USA) is dissolved in ethanol and added dropwise to prewarmed (37 ◦C) phosphate-
buffered saline with Ca2+ and Mg2+ (PBS, ThermoFisher Scientific, Vienna, Austria) to
reach a concentration of 0.02% (w/v) DPPC.

2.2. Preparation of Particle Suspensions

CNT4003 was obtained from the Joint Research Center (JRC, Ispra, Italy). Accord-
ing to the list of representative nanomaterials status June 2016 of the JRC, CNT4003 are
MWCNTs with 189 m2/g surface area with average length of 443 nm and average diameter
of 12 nm [25]. Suspensions were prepared according to the protocol established in the
NANOGENOTOX project [26] in 0.05% (w/v) BSA and in the same way in SLF to find out if
the same protocol works also for SLF. Briefly, 15.36 mg of CNT4003 powder was prewetted
with 30 μL absolute ethanol. Subsequently, 0.97 mL of SLF or of 0.05% BSA in distilled
water was added while slowly rotating the glass vessel. To prepare the stock solution,
additional 5 mL of SLF or of 0.05% (w/v) BSA was added. Sonication time and amplitude
can be optimized, e.g., 16 min at 10% amplitude or 12 min at 20% amplitude can be used [6].
Suspensions were sonicated on ice with a Branson SFX250 Digital Sonifier (Branson Ultra-
sonic Cooperation, Danbury, USA) equipped with a microtip at 250 W, 20 kHz and 30%
amplitude with 10 s impulses (i.e., 10 s pulse on, 1 s pulse off) for 14 min. Pilot experiments
showed that the use of a higher amplitude in combination with a shorter sonication time
led to a more effective deagglomeration. Suspensions were prepared directly prior to the
administration because it was reported that NM-403 showed high polydispersivity and
were shown to be stable for 1–2 h.

2.3. Determination of Size and Zeta Potential

Measurements were performed at 25 ± 0.5 ◦C with a particle concentration of 25.6 μg/mL
in triplicates. Hydrodynamic size and polydispersity index (PDI) were measured via
photon correlation spectroscopy (PCS) using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, United Kingdom) equipped with a 532 nm laser. The scattering angle chosen was
173◦, and the refractive indices for the CNTs and the dispersion medium were 2.50 and
1.330, respectively. The zeta potential was measured by electrophoretic light scattering
(scattering angle of 173◦; Zetasizer Nano ZS, Malvern Instruments) considering the same
optical properties of the CNTs and the dispersion media. The calculation was based on the
electrophoretic mobility using Henry’s equation. The zeta potential was −9.9 ± 0.7 mV for
CNT 4003 in BSA and 1.4 ± 0 mV for CNT 4003 in SLF. The hydrodynamic size of particles
suspended in 0.05% BSA determined by PCS was 2327 nm with a PDI of 1.0, indicating that
PCS was not suitable for accurately determining particle size. In addition, SLF contained
DPPS, which formed micelles of 58 ± 7 nm and interfered with the size measurements.
Therefore, the sizes of CNT 4003 were additionally measured by laser diffraction (LD,
Mastersizer 2000, Malvern Instruments, United Kingdom) by adding the CNT suspension
to 18–20 mL SLF or 0.05% BSA until a laser obscuration of 4–6% was achieved. Volume
based values considering d (0.1), d(0.5) and d (0.9) were determined in triplicate at 25 ◦C
and CNTs showed d(0.1) 974 ± 32, d(0.5) 2254 ± 44 and d(0.9) 5399 ± 71 nm in BSA and
d(0.1) 1290 ± 8, d(0.5) 3829 ± 38 and d(0.9) 6990 ± 43 nm in SLF. These data indicate that
the protocol using SLF leads to a particle distribution similar to that observed with BSA.

2.4. Cellular Models of Bronchial and Alveolar Epithelium

Calu-3 cells were obtained from LGC Standards GmbH (Wesel, Germany) and cultured
in minimum essential medium (MEM), 2 mM L-glutamine, 1% penicillin/streptomycin,
10% fetal bovine serum (FBS) and 1 mM sodium pyruvate. A549 cells obtained from
Deutsche Sammlung für Mikroorganismen und Zellkulturen GmbH (Braunschweig, Ger-
many) were cultured in Dulbecco’s modified Eagle’s medium (DMEM), 2 mM L-glutamine,

5



Nanomaterials 2023, 13, 682

1% penicillin/streptomycin (P/S) and 10% FBS. THP-1 was purchased from Cell Line
Services (Eppelheim, Germany) and cultured in RPMI, 2 mM L-glutamine, 1% peni-
cillin/streptomycin and 10% FBS. Cells were passaged at regular intervals.

For the exposures with the CNTs, 0.5 × 106 Calu-3 cells were seeded in 500 μL MEM,
2% L-glutamine and 1% PS + 10% FBS on 12-well polyethylene terephthalate transwell
inserts (pore size 0.4 μm, Greiner Bio-one, Kremsmünster, Austria) with 1500 μL of the
same medium in the basolateral compartment. Medium in the apical compartment was
removed after 24 h, and the medium amount in the basolateral compartment was reduced
to 500 μL, which was changed every 2 or 3 days. Cells were used for the experiments when
they had reached a transepithelial electrical resistance (TEER) value of >300 Ω × cm2.

A549 was seeded at a density of 0.8 × 105 in DMEM + 10% FBS on 12-well polyethylene
terephthalate transwell inserts (pore size 0.4 μm, Greiner Bio-one) with 1500 μL of the
same medium in the basolateral compartment. Medium in the apical compartment was
removed after 24 h as reported previously [27]. According to these experiments, the ratio
of 9 alveolar cells to 1 alveolar macrophage observed in vivo [28] is obtained by seeding
THP-1 macrophages to the cultured A549 cells in a ratio 1:1. A549 cells were cultured for
9 days in ALI prior to the addition of the THP-1 cells and the average number of A549 cells
was determined in duplicates. For the coculture, RPMI + 10% FBS was added in the basal
compartment and the medium changed every other day.

Differentiation to THP-1 Macrophages for Coculture with A549 Cells or
EpiAlveolar™ Tissues

For coculture with A549 cells, 1.0 × 106 THP-1 cells/mL were seeded in RPMI 1640
containing 10% FBS, 1% L-glutamine and 1% P/S in flasks. Differentiation to macrophages
was induced by addition of 10 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich,
Vienna, Austria) to the media for 48 h. The stimulation medium was changed to medium
without PMA for another 24 h before use in the cocultures. Cells were harvested by
treatment with trypsin/EDTA (0.05%). For addition to EpiAlveolar™ tissues (MatTek
Corporation, Ashland, OR, USA), THP-1 cells were stimulated with 8 nM PMA for 72 h,
harvested by treatment with trypsin/EDTA and added immediately to the tissues.

2.5. Reconstructed Tissues

EpiAirway™ 3D human respiratory epithelial tissues (AIR-100 PC6.5/PE6.5) were ob-
tained from MatTek Corporation. The tissues were cultivated at the air–liquid interface and
medium (MatTek Corporation) changed every other day according to the instructions of
the producer. EpiAlveolar™ 3D tissues with and without THP-1 macrophages (MatTek Co-
operation) were maintained at the air–liquid interface with medium (MatTek Corporation)
changes every other day. Since EpiAlveolar™ 3D tissues with THP-1 macrophages did not
tolerate the long delivery, they were added to the EpiAlveolar™ 3D tissues in the laboratory
in Graz following the protocol of the company in which 25,000 THP-1 macrophages were
added per insert. The cells were seeded in 75 μL media into the apical compartment during
feeding and after 24 h the culture was switched back to air-liquid interface condition.

MucilAir™ tissues were purchased from Epithelix Sárl (Geneva, Switzerland) and
maintained in MucilAir™ culture medium (Epithelix Sárl) in 24-well format Transwell®

cell culture inserts (Sigma-Aldrich) in a humidified incubator (37 ◦C; 5% v/v CO2). The
culture medium was changed every 2–3 days.

2.6. Exposure to Carbon Nanotubes

CNT4003 in different doses were suspended in SLF. A total of 10 μL of the suspension
were used for the 0.336 cm2 tissues and 30 μL for the models with 1.12 cm2. They were
applied on the surface of the cell monolayers or reconstructed tissues. The entire observa-
tion time was 14 d. After initial addition of the CNT dose for seven days, cell and tissue
surfaces were rinsed with PBS, Transepithelial Electrical Resistance (TEER) measured and
new particles or SLF added for another seven days.
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2.7. Measurement of Transepithelial Electrical Resistance (TEER) Values

TEER values were determined with an EVOM STX-2-electrode (World Precision In-
struments, Berlin, Germany). A total of 0.4 mL MEM was added to the apical and 1.2 mL
MEM to the basolateral compartment for TEER measurements for EpiAirway™ and 0.5 mL
in the apical and 1.5 mL in the basolateral compartment for EpiAlveolar™ tissues. TEER
values were calculated as follows: TEER (Ω × cm2) = (Sample–blank resistance, given
in Ω) xmembrane area, given in cm2. Blank resistance is defined as the resistance of the
membrane without cells. Membrane area is indicated for EpiAirway™ as 0.336 cm2 and for
EpiAlveolar™ as 1.12 cm2.

2.8. Determination of Viability (MTS Assay)

Viability was assessed at the end of the exposure time (14 d). CellTiter 96® AQueous
Non-Radioactive Cell Proliferation Assay (Promega, Mannheim, Germany) was used ac-
cording to the manufacturer’s instructions. To avoid interference with CNT4003 absorption,
inserts were first rinsed with cell culture medium. Subsequently, 100 μL of the combined
MTS/PMS solution + 500 μL medium was added in each insert. Plates were incubated for
up to 2 h at 37 ◦C in the cell incubator. The supernatant was transferred into a new plate to
remove remaining CNT4003 particles and absorbance was read at 490 nm on a plate reader
(SPECTRA MAX plus 384, ServoLab, Kumberg, Austria).

2.9. Interleukin Measurements

Medium from the basolateral compartments of all cultures was collected, and the re-
lease of IL-6 and IL-8 was determined using the human IL-6 ELISA set (BD OptEIA™, BD
Biosciences, Heidelberg, Germany) and the human IL-8 ELISA set (BD OptEIA™) according
to the protocol given by the producers. To induce IL-6 and IL-8 secretion, 24 h prior to the
harvesting, 20 μL containing 1, 5 and 10 μg lipopolysaccharide from Escherichia coli 055:B5
(LPS, Sigma-Aldrich) as proinflammatory stimulus was added. The concentration of LPS,
which caused the maximum release of the cytokines by A549 cells was already determined
in a previous study [27]. Absorbance was read at 450 nm (with correction wavelength of
570 nm) on a SPECTROstar (ServoLab) photometer.

2.10. Mucociliary Clearance

Prior to the measurements, tissues were rinsed in PBS and 10 μL of PBS containing
4 × 105 yellow-green, fluorescent carboxyl polystyrene particles (1.0 μm, Thermo Fisher
Scientific, Waltham, MA, USA) was added and migration of the beads monitored for 10–30 s
using Ti2-E/confocal system (Nikon CEE GmbH, Vienna, Austria) equipped with heated
stage (37 ◦C) and incubation chamber at 10× magnification. Object tracking was performed
by NIS Element software (Nikon CEE GmbH).

2.11. Ciliary Beating Frequency

Prior to the measurements, tissues were rinsed in PBS. Tissues were cut out from the
insert and stripes of epithelium were placed on a glass slide and put into the incubation
chamber (37 ◦C) on a fully motorized Ti2-E/confocal system (Nikon CEE GmbH) mounted
on an antivibration table. Peripheral and central parts of the stripes were imaged. In pilot
experiments, propranolol hydrochloride (100 μM, Sigma-Aldrich) was included as inhibitor
and 5 μM forskolin (Sigma-Aldrich) + 100 μM 3-Isobutyl-1-methylxanthin (IBMX, Sigma)
as stimulator of CBF. Background noise was determined by measurement of samples fixed
with 4% paraformaldehyde. The background was negligible at 0.15–0.75 Hz. Further,
the reaction to 1, 5 and 10 μg/insert LPS was recorded. Specimens were examined using
20× magnification. Beating ciliated edges were recorded using a digital high-speed video
camera (Andor Zyla VSC-08691, Oxford Instruments, Wiesbaden, Germany) at a rate of
100 frames per second with a frame size of 512 × 512 pixel. Five regions of interest (ROI)
were analysed per sample. CBF was calculated by NIS Element software (Nikon CEE
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GmbH) and indicated as beats/second (Hz). In the later experiments, only propranolol
was used because no prominent increase in CBF was seen.

2.12. Histology

MatTek tissues were fixed in 4% paraformaldehyde and embedded in paraffin us-
ing Tissue-Tek®VIP™ 5 (SanovaPharma GesmbH, Gallspach, Austria). Radial sections
of 2–5 μm were cut at a rotary microtome, stained with hemalaun and viewed with an
Olympus BX51 microscope. Additional sections were cut for immunocytochemical staining.

2.12.1. Immunocytochemical Detection of α-Tubulin

Sections were incubated with DakoCytomation Target Retrieval Solution pH 6.0 (Ag-
ilent, Vienna Austria) in decloaking chamber (Biocare Medical, Pacheco, CA, USA) for
10 min at 110 ◦C and 20 s at 85 ◦C. Sections remained in the solution for cool down for
30 min. Three rinses with PBS were performed prior to the incubations with blocking
serum (1% goat serum in PBS for 30 min at RT) and between each staining step. Antibodies
were diluted in antibody diluent (DAKOCytomation, Hamburg, Germany). Incubation
with anti-α-tubulin antibody (mouse, 1:500, Thermo Fisher Scientific) or control mouse IgG
(negative control, Linaris, Mannheim, Germany) for 1 h at RT was followed by incubation
with anti-mouse Alexa 488 antibody (goat, 1:400, Thermo Fisher Scientific) in antibody dilu-
ent (DAKOCytomation) for 30 min at RT and counterstain with Hoechst 33342 (1 μg/mL,
Thermo Fisher Scientific) for 15 min at RT. After three final washes in PBS, sections were
mounted with fluorescence mounting media.

2.12.2. Immunocytochemical Detection of Mucin

Antigen retrieval was performed with DakoCytomation Target Retrieval Solution pH
9.0 (DAKO) in decloaking chamber (Biocare Medical) for 10 min at 110 ◦C and 20 s at 85 ◦C.
Sections remained in the solution for cool down for 30 min. Three rinses with PBS were
performed, cells permeabilized with PBS plus 0.2% Triton X-100 for 2 h at RT. Unspecific
antibody binding was blocked with 10% normal goat serum for 30 min at RT. Incubation
with anti-mucin 5AC (mouse, 1:200, Abcam, Cambridge, United Kingdom) antibody was
performed for 1 h at 37 ◦C, incubation with anti-mouse Alexa 488 antibody (goat, 1:400,
Thermo Fisher Scientific) for 1 h at 37 ◦C and with Hoechst 33342 (1 μg/mL, Thermo Fisher
Scientific) in PBS for 15 min at RT.

2.12.3. Immunocytochemical Detection of Macrophages

After deparaffinization, cells were permeabilized by incubation with 0.1% Triton X-
100 in PBS for 60 min at RT and incubation with APC-CY7 anti-CD45 (mouse, 1:500, BD
Biosciences, Vienna, Austria) for 1 h at RT and counterstain of nuclei with Hoechst 33342
(1 μg/mL, Thermo Fisher Scientific) for 30 min at RT.

2.12.4. Staining of Whole Mounts with Phalloidin

EpiAlveolar™ tissues were fixed for 15 min with 4% paraformaldehyde. After three
washes with PBS, the tissues were permeabilized with 0.1%Triton X100 in PBS, washed
three times in PBS again and subsequently incubated with Alexa Fluor™ 488 Phalloidin
(Thermo Fisher Scientific, 1:100 in antibody diluent) and Hoechst 33342 (1 μg/mL, Thermo
Fisher Scientific) for 30 min at RT.

Images were taken at a Ti2-E/confocal system (Nikon CEE GmbH) with ex/em of
395 nm/414–450 nm for Hoechst 33342 and 470 nm/500–530 nm for α-tubulin, mucin 5AC
and phalloidin, and 640 nm/660–850 nm for CD45.

2.13. Statistics

Experiments were performed in triplicates and repeated at least two times. Data from
all experiments were analyzed with one-way analysis of variance (ANOVA) followed by

8



Nanomaterials 2023, 13, 682

Tukey’s HSD post hoc test for multiple comparisons (SPSS 28 software). Results with
p-values < 0.05 were considered to be statistically significant.

3. Results

In all evaluations, CNT4003 was applied in SLF and the following parameters and
assays used as readout: MTS assay for cytotoxicity, TEER measurements for epithelial
barrier tightness, interleukin 6 and 8 levels for proinflammatory effects, movement of
polystyrene marker particles for mucociliary clearance and high-speed video microscopy
for ciliary beating frequency. IL-6 is a marker for acute and chronic inflammation and
IL-8 a marker for acute inflammation and a chemoattractant for neutrophils [18]. Doses
are indicated as μg/insert and the distribution of CNT4003 on the cell-grown inserts
documented. After 14 d of exposure, several CNT4003 agglomerates were visible in the
central region of inserts containing mucus-producing cells and rare agglomerates in the
inserts containing EpiAlveolar™ tissues (Figure S1, Supplementary Material). This can be
explained by the fact that mucus can trap the agglomerates better than surfactant.

3.1. Particle Effect in Models of the Bronchial Part of the Respiratory Tract

Calu-3 cells, EpiAirway™ and MucilAir™ tissues were used as models for the bronchial
part and A549 and EpiAlveolar™ tissues with and without macrophages as models for
the alveolar part. The models were characterized regarding the stability and ability to
react to LPS as an inflammatory stimulus. Evaluation of CNT4003 effects over 14 d cor-
responded to the recommendation of Behrsing et al. for analysis in EpiAirway™s and
MucilAir™ tissues [29].

3.1.1. Calu-3 Cells

No cytotoxicity of CNT4003 was seen up to 50 μg with a viability of 86 ± 15% of
untreated controls (Figure S2, Supplementary Material).

As seen in the immunocytochemical staining, Calu-3 monolayers do not form cilia but
contain mucus-producing cells (Figure 1). Alpha tubulin is a microtubule marker, and the
tubulin-dynein system is a central part of flagellar and ciliary movement [30]. To a lesser
extent, tubulin is also expressed in the cytoplasm for structural support, a pathway for
transport and force generation in cell division [31].

 

Figure 1. Immunochemical detection of tubulin (A) and identification of mucus-producing cells by
anti-mucin 5AC staining (B). Tubulin is contained in high amounts in cilia and in lower amounts in
the cytoskeleton. In the absence of cilia, the staining of the cytoskeleton and of immature cilia (arrow)
is visible. Scale bar: 50 μm.

Stability of the Calu-3 model has been shown previously [32]. In this study, TEER
values decreased significantly from 1 d to 14 d of culture in all cultures with no difference
between untreated and CNT4003-treated cultures (Figure 2). The decrease upon LPS
treatment at 7 d was significant compared to 1 d and also significantly more pronounced
than that of the control.
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Figure 2. Time-dependent changes of transepithelial electrical resistance (TEER) in Calu-3 cells
exposed to simulated lung fluid (SLF) alone, LPS or SLF containing CNT4003. Significant changes
compared to 1 d are indicated by an asterisk and significant differences between treated and control
cells by a hash.

Stimulation with 10 μg LPS increased IL-6 and IL-8 secretions at all time points
significantly (Table 1). Interleukin-6 levels of cultures treated with 25 μg CNT4003 after one
and seven days were significantly lower than the levels of the controls (Table 1). Interleukin
8 levels were significantly increased after one day and decreased after seven days. No
changes were seen after 14 days.

Table 1. Time-dependent changes (%) of cytokine secretion by Calu-3 upon stimulation with 10 μg
LPS or 25 μg CNT4003. Secretion of unstimulated tissues is set as 100%. Significant differences
(p < 0.05) between treated and untreated samples are indicated by an asterisk.

Cytokine Day 1 Day 7 Day 14

Interleukin 6 LPS 478 ± 71 * 703 ± 9 * 722 ± 97 *

Interleukin 8 LPS 1504 ± 69 * 367 ± 88 * 266 ± 32 *

Interleukin 6 CNT4003 55 ± 38 * 25 ± 38 * 116 ± 36

Interleukin 8 CNT4003 118 ± 6* 32 ± 4 * 109 ± 2

3.1.2. EpiAirway™ Tissues

EpiAirway™ cultures are composed of columnar epithelium cells arranged as three
to five rows of nuclei (Figure 3A). Cilia at the apical surface are seen at low density. The
composition of the epithelium of bronchial epithelial cells and goblet cells is identified by
anti-α-tubulin staining (Figure 3B) and anti-mucin 5AC staining (Figure 3C), respectively.

TEER values of EpiAirway™ tissues over 28 d were lower than in the other models
of the bronchial tract but remained constant for 3 weeks with 259 ± 124 Ω × cm2 at 1 d
and 244 ± 69 Ω × cm2 at 21 d. Only after 28 d, a significant decline to 110 ± 67 Ω × cm2

was seen.
CNT4003 particles did not affect TEER values over the entire observation time of 14 d,

whereas the initially higher TEER values of the cultures exposed to LPS were significantly
decreased compared to 1 d at 7 d and 14 d (Figure 4).
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Figure 3. Morphology of EpiAirway™ tissues according to hemalaun staining (A) and cellular
composition according to immunochistochemical staining. Scale bar: 100 μm. Anti-α-tubulin (B) and
anti-mucin 5AC (C) staining (green) for visualization of bronchial epithelial and goblet cells. Controls
with mouse IgG instead of primary antibody are shown on the right side. Nuclei are counterstained
with Hoechst 33342 (blue). Scale bar 50 μm.

Figure 4. Time-dependent changes of transepithelial electrical resistance (TEER) in EpiAirway™
tissues exposed to simulated lung fluid (SLF) alone or SLF containing CNT4003. Significant decreases
compared to 1d are indicated by an asterisk.

EpiAirway™ tissues reacted to stimulation with all concentrations of LPS with signifi-
ant increases of IL-6 and IL-8 secretions compared to unstimulated tissues at all time points
with the exception of IL-6 at day 7 (Table 2).

For assessment of the clearance function of the bronchial epithelium, mucociliary
clearance and CBF were evaluated. No transport of the polystyrene indicator beads was
detected in the EpiAirway™ tissues, presumably due to the low density of the cilia.
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Table 2. Time-dependent changes (%) of cytokine secretion by EpiAirway™ tissues upon stimulation
to 1, 5 and 10 μg lipopolysaccharide (LPS). Secretion of unstimulated tissues is set as 100%. Significant
differences (p < 0.05) between treated and untreated samples are indicated by an asterisk.

Cytokine LPS Day 1 Day 7 Day 14

Interleukin 6
1 μg 228 ± 83 * 89 ± 7 325 ± 18 *
5 μg 368 ± 165 * 163 ± 7 * 211 ± 18 *
10 μg 847 ± 327 * 240 ± 12 * 383 ± 24 *

Interleukin 8
1 μg 133 ± 10 * 255 ± 46 * 291 ± 37 *
5 μg 298 ± 18 * 262 ± 22 * 329 ± 26 *
10 μg 509 ± 12 * 595 ± 7 * 428 ± 4 *

Prior to the assessment of CNT4003, the reaction to LPS was tested. It was found
that exposure to LPS (1, 5, 10 μg) increased CBF at all concentrations significantly from
9.9 ± 1.7 Hz (untreated controls) to 15.3–17.8 Hz at 7 d and from 12.7 ± 1.4 Hz (untreated
controls) to 15.1–16.2 Hz at 14 d. Basal CBF was significantly lower in this batch of tissues
than the frequencies measured in the batch where CNT4003 were tested and no LPS
was included.

CBF of untreated tissues was highest at 1 d and significantly lower at all time points
(Table 3). The positive control propranolol decreased CBF significantly at all time points.
Significant decreases of CBF upon exposure to CNT4003 compared to the respective
medium control were not noted. There was a trend of higher CBF in the peripheral
regions (15.8 ± 4.2 Hz) than in the central regions of the insert (14.7 ± 2.8 Hz).

Table 3. Ciliary beating frequency (Hz) in EpiAirway™ tissues after exposure to negative control,
positive control (propranolol) or CNT4003. Significant differences (p < 0.05) between treated and
untreated samples are indicated by an asterisk. Significant changes over time of the untreated tissues
are marked by a hash.

Treatment Day 1 Day 7 Day 14

Medium 34 ± 6 27 ± 2 # 23 ± 8 #

Propranolol 4 ± 0 * 1 ± 0 * 0 ± 0 *

CNT4003 23 ± 10 22 ± 4 16 ± 2

3.1.3. MucilAir™

MucilAir™ tissues are composed of two to three rows of cells. Cilia are already visible
in the hemalaun staining (Figure 5A). They form much longer structures at the apical surface
(Figure 5B) than in the EpiAirway™ tissue (Figure 3B). Further, rare mucin-producing cells
can be seen in the MucilAir™ tissues (Figure 5C).

TEER values of the untreated MucilAir™ cultures significantly decreased over 21 d
for cultures from 563 ± 66 Ω × cm2 at 1 d to 282 ± 24 Ω × cm2 at 21 d. Therefore, tissues
were studied for only 14 d of exposure with LPS and CNT4003. While TEER values of the
LPS-treated tissues were significantly decreased compared to 1 d, CNT4003 particles did
not affect TEER values over the entire observation time of 14 d (Figure 6).

The reactivity of the tissues to an inflammatory stimulus was tested by incubation with
1, 5 and 10 μg LPS at 1 d, 7 d and 14 d and quantification of IL-6 and IL-8 was performed.
IL-6 levels in LPS-stimulated cultures at all time points and all LPS concentrations were
significantly lower than that of the untreated controls (Table 4), which is consistent with
other studies reporting low IL-6 levels in LPS-stimulated MucilAir™ tissues. In contrast to
the action of IL-6, a robust increase in IL-8 secretion was seen after stimulation with LPS at
all concentrations. Metz et al. suggested that concentrations of 10 μg/mL LPS were too
low to induce a significant increase in IL-6 [33]. IL-6 secretions of the CNT4003-stimulated
MucilAir™ tissues were significantly lower than the unstimulated tissues at all time points
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(Table 4). IL-8 secretions were also significantly lower than that of the unstimulated controls,
except at 1 d.

Figure 5. Morphology of MucilAir™ tissues according to hemalaun staining (A, scale bar: 100 μm)
and cellular composition of the tissues according to immunocytochemistry (B,C). Anti-α-tubulin
staining (green, (B)) visualized cilia of bronchial epithelial cells and anti-mucin 5AC staining (green,
(C)) visualized goblet cells. Nuclei are counterstained with Hoechst 33342 (blue). Scale bar 50 μm.

Figure 6. Time-dependent changes in TEER values of MucilAir™ tissues exposed to simulated
lung fluid (SLF) alone or with SLF containing CNT4003. Significant decreases compared to 1 d are
indicated by an asterisk.

MucilAir™ tissues were able to transport the polystyrene marker beads. However,
since there was no coordinated beating like in the in vivo situation, there was no linear
transport of the beads. If transport was seen, the beads moved in circles (Video S1, Supple-
mentary Material). Quantification of the effect of the CNT4003 particles was not possible
because the diameter and number of the vortexes showed prominent variations between the
tissues. The diameter had an influence on the velocity because transport at the periphery
of the vortex was faster than at the center.

CBF of untreated tissues was significantly increased at 14 d compared to 1 d (Table 5).
Propranolol treatment decreased CBF significantly at all time points. Additionally, the
treatment with 10 μg LPS decreased CBF significantly at 14 d. There was no difference
between central (19.5 ± 7.1 Hz) and peripheral regions of the insert (20.6 ± 6.0 Hz).
CNT4003 exposure did not changes CBF to significant degree.
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Table 4. Time-dependent changes (%) of cytokine secretion by MucilAir™ tissues upon stimulation
with 1, 5 and 10 μg lipopolysaccharide (LPS) or CNT4003. Secretion of unstimulated tissues is set as
100%. Significant differences (p < 0.05) between treated and untreated samples are indicated by an
asterisk. Abbreviation: n.a., not available.

Cytokine Stimulus Day 1 Day 7 Day 14

Interleukin 6
LPS_1 μg 69 ± 2 * n.a. a 44 ± 3 *
LPS_5 μg 77 ± 17 * n.a. a 74 ± 15 *

LPS_10 μg 52 ± 3 * n.a. a 83 ± 5 *

Interleukin 8
LPS_1 μg 164 ± 2 * 214 ± 172 * 250 ± 142 *
LPS_5 μg 143 ± 2 * 470 ± 131 * 477 ± 37 *

LPS_10 μg 277 ± 161 * 443 ± 132 * 659 ± 26 *

Interleukin 6 CNT4003 43 ± 42 * 60 ± 26 * 78 ± 26 *

Interleukin 8 CNT4003 54 ± 12 * 108 ± 13 80 ± 17
a values deleted due to assay interference.

Table 5. Ciliary beating frequency (Hz) in MucilAir™ tissues after exposure to control, lipopolysac-
charide (LPS) or 25 μg CNT4003. Significant (p < 0.05) differences in the medium-treated group at
different time points are indicated by an asterisk and differences of the treatment to the medium
control with a hash.

Treatment Day 1 Day 7 Day 14

Medium 15 ± 5 21 ± 6 28 ± 3 #

Propranolol 5 ± 1 * 5 ± 1 * 8 ± 4 *

CNT4003 12 ± 2 18 ± 8 23 ± 7

10 μg LPS 14 ± 3 19 ± 6 19 ± 4 *

3.2. Assessment of Effects in Models for the Alveolar Part of the Respiratory Tract
3.2.1. A549 Monocultures and Coculture with THP-1 Macrophages

Exposure to 12.5 and 25 μg CNT4003 had no negative effect on the viability of A549
cells in monoculture and coculture with THP-1, but exposure to 50 μg CNT decreased
viability significantly in both types of cultures (Figure S3, Supplementary Material).

A549 cells in mono and coculture with THP-1 macrophages secrete low basal levels of
IL-6 (A549 monoculture; 0–1.4 pg/mL and 0.04–0.1 pg/mL in coculture; ref. [27]) and were
below the limit of detection in this study. They react, however, at lower concentrations than
the bronchial models to LPS and, upon stimulation with LPS, IL-6 levels between 140 and
279 pg/mL in A549 monocultures and between 2 and 3 ng/mL in cocultures with THP-1
were measured. IL-8 levels were 21–27 ng/mL and 53–84 ng/mL, respectively (Table 6).
This indicates that the cocultures produced approximately 10 times higher amounts of IL-6
and 4 times higher levels of IL-8 upon LPS stimulation than the A549 monocultures. In
contrast to LPS, exposure to 25 μg CNT4003 did not stimulate the secretion of IL-6 and IL-8,
which remained below the detection limit.

Table 6. Time-dependent changes in interleukin 6 secretion (pg/mL) and interleukin 8 (ng/mL) secre-
tion by A549 mono and A549/THP-1 coculture upon stimulation with 100 ng/mL lipopolysaccharide
(LPS). Since cytokine levels of untreated cultures were zero or below zero, normalization to % of
control could not be made.

Cytokine Day 1 Day 7 Day 14

Interleukin 6_A549 140 ± 33 279 ± 91 182 ± 48

Interleukin 8_A549 21 ± 7 27 ± 9 20 ± 2

Interleukin 6_A549/THP-1 2025 ± 152 2137 ± 587 3195 ± 93

Interleukin 8_A549/THP-1 81 ± 11 53 ± 29 84 ± 20
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3.2.2. EpiAlveolar™ Tissues with and without THP-1 Macrophages

EpiAlveolar™ tissues consist of alveolar epithelial cells and fibroblasts at the apical
site and endothelial cells at the basal site of the membrane [17]. In the hemalaun-stained
sections, three to four rows of cells can be seen and tissues with THP-1 (Figure 7B) appear
thicker than those without THP-1 (Figure 7A). In tissues with THP-1 cells, the macrophages
were identified by CD45-immunoreactivity (Figure 7C).

 

Figure 7. Radial section of EpiAlveolar™ tissues without THP-1 (A) and with THP-1 (B) macrophages.
Endothelial cells at the basal side of the transwell membrane are visible in B (arrow). (C) CD45-
immunoreactive THP-1 macrophages are rarely seen (arrowhead). Scale bar 50 μm.

Exposure to 25 μg CNT4003 particles did not decrease viability in EpiAlveolar™
tissues with and without THP-1 cells (Figure S4, Supplementary Material).

EpiAlveolar™ tissues formed tight epithelial barriers with TEER values > 850 Ω × cm2

(Figure 8). TEER values of LPS-exposed tissues reached 1260 Ω × cm2 in the tissues with
THP-1 and 1099 Ω × cm2 in the tissues without THP-1. There were no differences between
tissues with and without THP-1 macrophages and CNT4003 treatment did not influence
barrier tightness. At 14 d, prominent variations between tissue replicates (328–974 Ω × cm2

in tissues with THP-1 and 322–1701 Ω × cm2 in tissues without THP-1) were noted. TEER
values may be a good parameter to screen the quality of the tissues because after one
delayed delivery, TEER values of the tissues were 97 ± 137 Ω × cm2.

EpiAlveolar™ tissues reacted to stimulation with 1–10 μg LPS with variable and mod-
erate increases in IL-6 and IL-8 secretion. Significant increases in cytokine secretion were
mainly seen after stimulation with 5 and 10 μg LPS (Supplementary Material Table S1). In
general, more stimulations with significant increases in IL-6 and IL-8 were seen in tissues
without THP-1. Treatment with CNT4003 induced a significant increase in IL-6 secretion
in EpiAlveolar™ tissues with and without THP-1 macrophages (Table 7). The response in
the tissues without THP-1 macrophages was significantly higher than in the tissues with
THP-1 cells.
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Figure 8. TEER values of EpiAlveolar™ tissues with and without THP-1 treated with control (SLF) or
12.5 and 25 μg CNT4003 particles at 7 d.

Table 7. Time-dependent changes (in %) of cytokine secretion by EpiAlveolar™ tissues without THP-
1 (Epi) and with THP-1 (Epi/THP-1) upon stimulation with lipopolysaccharide (LPS) and CNT4003.
Secretion of unstimulated tissues is set as 100%. Significant increases (p < 0.05) between treated and
untreated samples are indicated by an asterisk and significant decreases by a paragraph sign.

Cytokine LPS_1 μg LPS_5 μg LPS_10 μg CNT_12.5 μg CNT_25 μg

Interleukin 6_Epi 21 ± 1 § 112 ± 2 174 ± 7 * 750 ± 244 * 618 ± 72 *

Interleukin 8_Epi 102 ± 12 327 ± 36 * 305 ± 41 * 82 ± 42 93 ± 21

Interleukin 6_
Epi/THP-1 65 ± 30 104 ± 30 214 ± 48 * 288 ± 78 * 390 ± 139 *

Interleukin 8_
Epi/THP-1 100 ± 4 107 ± 81 883 ± 29 * 174 ± 53 102 ± 40

4. Discussion

The tightness of the epithelial barrier and low basal levels of proinflammatory cy-
tokines, are crucial properties of the healthy lung, and the used models should be able to
assess these parameters. In this comprehensive study, CNTs were evaluated for potential
adverse effects on the bronchial and alveolar part of the respiratory system. Further, not
only acute cytotoxicity but also epithelial barrier properties, release of cytokines and CBF
were used as readout parameters.

4.1. Bronchial Models

The suitability of Calu-3 cells as a model for the respiratory barrier and identifi-
cation of inflammatory effects has already been reported. In this study, TEER values
were 210–365 Ω × cm2, which is within the range (~100 Ω × cm2, ~250 Ω × cm2 and
390 Ω × cm2) reported in the literature [34–36]. Variations in TEER values of EpiAirway™
tissues can show prominent interdonor variations from ~300 Ω × cm2 to >900 Ω × cm2 [34]
and values obtained in this study were at the lower end of this range. MucilAir™ tissues in
this study showed initial TEER values of 548 ± 65 Ω × cm2. Similar to the EpiAirway™
tissues, there were prominent variations depending on the batch ranging from 346 ± 14 to
638 ± 81 Ω × cm2 [37]. The difference between different batches of EpiAirway™ tissues
suggests differences between donors or prolonged delivery conditions.
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Similar to the values in this study, IL-6 and IL-8 values in EpiAirway™ tissues were
reported as 100–350 pg/mL and 14,500 ± 3000 pg/mL, respectively [8], and 91 ± 40 pg/mL
IL-6 and 5300 ± 220 pg/mL IL-8 [36]. Interbatch levels of IL-6 and IL-8 secretion in
MucilAir™ can vary by a factor of two to four (IL-6: 58 ± 26–205 ± 130 pg/mL and
IL-8: 4.14 ± 0.61–8.19 ± 3.29 ng/mL) [37]. MucilAir™ tissues in this study secreted up to
358 pg/mL IL-6, while IL-8 were around 100 times higher. The much lower IL-6 than IL-8
secretion by MucilAir™ tissues has also been observed in other studies (100 pg/mL vs.
10,000 pg/mL; [38]). Therefore, most researchers used only IL-8 with basal secretions of
~20 ng/mL, 1.8–5.2 ng/mL and 5–30 ng/mL as indicator for inflammation [39–41].

Normal CBF in human bronchi was reported as 12–15 Hz [42], but great variation
from 4 to 19 Hz were reported for human conducting airways [43]. For bronchial epithelial
cells of EpiAirway™, a basal CBF of ~18 Hz (17.62–18.02 Hz) has been reported [44], which
is slightly lower than the frequencies determined in this study. MucilAir™ tissues in this
study had higher CBF than EpiAirway™ tissues. The different ratio of cilia-bearing to
mucus-producing cells between the tissues may be the reason for this difference. The
average CBF of MucilAir™ tissues in the literature are indicated as 15.8 ± 0.3 Hz and
11.7 ± 1.2 Hz [43,45], and Beyeler et al. observed higher CBF in the peripheral than in the
central region [18]. This trend was also to some extent seen in the EpiAirway™ tissues
but not in the MucilAir™ tissues of this study. It indicates that it might be good to use
similar regions of the insert for the analysis and indicate that in the protocol, e.g., Kim et al.
measured 1–2 mm away from the center of the insert [46]. While propranolol reduced CBF,
no marked increase in CBF upon administration of forskolin to the tissues was seen. The
lack of a strong increase of CBF was also observed in mouse and rat lung slices [47,48]. The
authors hypothesized that cells were preactivated by the mechanical manipulation and
beat at their maximum frequency. A decrease of CBF has been observed as a reaction to
bacteria and diesel exhaust particles and can be interpreted as a toxic response [42]. In this
study, 10 μg LPS decreased CBF in the MucilAir™ tissues but increased it in EpiAirway™
tissues. The different reaction may be due to the different basal CBF, which were ~10 Hz in
EpiAirway™ and 28 Hz in MucilAir™ tissues. While the reconstructed tissues presented
the advantage that detection of CBF was possible, artificial stimulation of CBF by manual
manipulation of the insert, differences due to interdonor differences or damage by long
shipping times are disadvantages compared to in-house models based on cell lines.

4.2. Alveolar Models

The suitability of A549 cells in mono and in coculture with THP-1 macrophages for
the assessment of acute and prolonged effects of particles was shown previously [27].
Assessment of the effect on TEER values is, however, only possible in the reconstructed
tissues. Similar to EpiAirway™ and MucilAir™ tissues, marked differences in TEER values
were reported for EpiAlveolar™ tissues. We obtained TEER values of 1229 ± 51 Ω × cm2

for the EpiAlveolar™ tissues with THP-1 and 1071 ± 111 Ω × cm2 for EpiAlveolar™
tissues without THP-1 at 7 d. These data are within the range of the reported values and
indicate intact barrier properties. In addition to differences in equipment and operations
for the measurements, the shipment of the tissues may impair their viabilities resulting in
decreased TEER values compared to those at the producer. TEER values at 7 d and 14 d
in the laboratory of the producer were ~1400–1000 Ω × cm2 and in another laboratory
~400–600 Ω × cm2 [17].

IL-6 levels released by EpiAlveolar™ tissues were reported to vary between 500 pg/mL
and 3000 pg/mL in the tissues with THP-1 and between 1500 and 2500 pg/mL in the tissues
without THP-1 macrophages [17]. Levels of secreted IL-8 measured over 21 days have
been reported as ~5000–15,000 pg/mL in the tissues with THP-1 macrophages and as
~20,000 pg/mL in the tissues without THP-1 macrophages. In this study, IL-6 and IL-
8 secretions were in the same order of magnitude as data published by Barosova et al.
(e.g., 214 pg/mL–1166 pg/mL in the tissues with THP-1 and 164–1944 pg/mL in those
without THP-1 for IL-6 and 5600 pg/mL–26,083 pg/mL in the tissues with THP-1 and from
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7476–30,524 pg/mL in EpiAlveolar™ tissues without THP-1 for IL-8). Similar to that study,
we did not detect a major influence of THP-1 macrophages on the basal secretion of the
interleukins. Upon LPS stimulation, increases were in a similar range for EpiAlveolar™
tissues with and without THP-1 for IL-6 and IL-8 secretions. Coculture with THP-1, by
contrast, increased cytokine release markedly upon stimulation with LPS. Increased release
of a various proinflammatory cytokines upon LPS stimulation by A549/THP-1 cocultures
compared to A549 monocultures has been reported and was reported to be caused by
activation of NF-κB [49,50]. The lack of a pronounced response in the EpiAlveolar™ tissues
may be due to anti-inflammatory effects by the other cells present in the tissue construct.

4.3. Effects of CNT4003

All models for the bronchial tract were stable over 14 d of evaluation and reacted to the
proinflammatory stimulus LPS with significant cytokine increases. They were, therefore,
regarded as suitable to detect potential toxic effects of CNT4003. The administered dose was
2 × 25 μg CNT4003, which is in the range of the lifetime lung exposure of workers to CNTs
(12.4–46.5 μg/cm2 lung surface [51]). Exposure to CNT4003 particles caused no adverse
effects on viability, epithelial barrier integrity in bronchial models and inflammation. The
significant decrease of IL-6 levels in Calu-3 and MucilAir™ tissues might be explained
by the anti-inflammatory action of DPPC bound to the CNTs [52]. Lack of effects on cyto-
toxicity, oxidative stress generation and inflammation was also reported after cumulative
(5 × 10 μg/cm2) MWCNT exposure of human lung explants [19]. They observed, however,
a small increase in CBF from ~8 to ~10 Hz, which was not seen in this study. One explana-
tion may be that the high basal CBF made a further increase impossible. The model, on the
other hand, reacted to LPS exposure with a decrease in CBF, indicating that it is capable of
identifying adverse effects. We observed in this study that the distribution of the CNT4003
on the insert was not homogenous (Figure S1, Supplementary Material), and one group
reported differences in CBF between central and peripheral areas of the insert [18]. Also
due to differences in the deposition of the CNTs (Figure S1, Supplementary material) and
the fact that not the entire tissue can be evaluated, small local effects may be overlooked.

The two models for the alveolar part of the respiratory tract indicated adverse effects
only in the EpiAlveolar™ tissues with and without THP-1 macrophages by increased
IL-6 secretion upon exposure to 12.5 and 25 μg CNT4003 with no dose dependency. The
greater cytokine release induced by CNT4003 in the EpiAlveolar™ tissues than in the
A549 model is in contrast to the more pronounced response of the A549 model to LPS.
Greater toxicity of SDS in A549 than in MucilAir™ tissues has been reported and can be
explained by the lack of a mucus layer [37]. Protection of the epithelial cell by greater
surface coating may also explain the greater sensitivity of the EpiAlveolar™ tissues to
CNT4003 particles. It was reported that the surface tension, as an indication for surfactant
production, of EpiAlveolar™ tissues was markedly lower than that of A549 cells [17].
Surfactant is produced by alveolar epithelial type II cells, which represent only a small
fraction of the EpiAlveolar™ tissues, whereas the A549 cells resemble these cells and are
capable to produce surfactant [13].

5. Conclusions

Cytotoxicity, TEER values, interleukin secretion and CBF show no indication of adverse
effects of CNT4003 in the bronchial part of the respiratory tract. The increased IL-6 secretion
of the EpiAlveolar™ tissues may indicate adverse effects of CNT4003 on the alveolar part
of the lung. Since the doses for whole-life exposure of workers were applied over a shorter
time, the physiological relevance is not clear. Although the reconstructed tissues are
produced in a standardized way, considerable variations in basal parameters between
batches were seen. In addition to the interdonor differences, the duration of the delivery
from the producer to the laboratory of the user has an effect on the viability and reaction of
the tissues.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13040682/s1. Figures S1–S4: Distribution of CNT4003 on
cell-grown inserts; cytotoxicity of CNT4003 in Calu-3 cells; cytotoxicity of CNT4003 in A549 cells;
cytotoxicity of CNT4003 in EpiAlveolar™ tissues; Table S1: LPS-induced cytokine secretion by
EpiAlveolar™ tissues; Video S1: Mucociliary clearance in MucilAir™ tissues.
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Abstract: Although several studies assess the biological effects of micro and titanium dioxide nanopar-
ticles (TiO2 NPs), the literature shows controversial results regarding their effect on bone cell behavior.
Studies on the effects of nanoparticles on mammalian cells on two-dimensional (2D) cell cultures
display several disadvantages, such as changes in cell morphology, function, and metabolism and
fewer cell–cell contacts. This highlights the need to explore the effects of TiO2 NPs in more complex
3D environments, to better mimic the bone microenvironment. This study aims to compare the dif-
ferentiation and mineralized matrix production of human osteoblasts SAOS-2 in a monolayer or 3D
models after exposure to different concentrations of TiO2 NPs. Nanoparticles were characterized, and
their internalization and effects on the SAOS-2 monolayer and 3D spheroid cells were evaluated with
morphological analysis. The mineralization of human osteoblasts upon exposure to TiO2 NPs was
evaluated by alizarin red staining, demonstrating a dose-dependent increase in mineralized matrix
in human primary osteoblasts and SAOS-2 both in the monolayer and 3D models. Furthermore,
our results reveal that, after high exposure to TiO2 NPs, the dose-dependent increase in the bone
mineralized matrix in the 3D cells model is higher than in the 2D culture, showing a promising model
to test the effect on bone osteointegration.

Keywords: TiO2 NPs; titanium dental implants; 3D spheroids; osteoblasts

1. Introduction

The development of nanotechnology is increasing exponentially, especially in the pro-
duction of biomaterials for dental implants [1–3]. This market moved around US$10.87 billion
in 2021 and could reach US$12.49 billion in 2022 [1,4]. In this scenario, titanium (Ti) is
the metallic material most commonly used for implant applications due to its excellent
biocompatibility and osteointegration properties [2,5]; however, the failure of dental im-
plants continues to increase [6]. Although the causes are multifactorial and often related to
microbial colonization (biofilms), new questions have been raised about the role of corro-
sion and/or wear process in the progress of implant failure [7]. Recently, Ti-like particles
(mainly titanium dioxide nanoparticles (TiO2 NPs)) have been found in the peri-implant
mucosa and bone cells [6,8,9].
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Prothesis degradation processes occur in all material classes, with degradation by-
products known to be hazardous. Nonetheless, nanoscale metallic debris released are of
tremendous concern since they exhibit enhanced toxicity and dissolving capacities, com-
pared with micron-size polymeric and ceramic debris [7]. Micromovements between the
implant abutment and the bone or mucosa unavoidably lead to mechanical wear of the ma-
terial (formation of nano and microsized debris), which in a corrosive environment result
in the release of metallic ions [7,10–12]. Biologically, this event is related to macrophage
activation [7,10,11,13] and the onset of pro-inflammatory response, with the release of
cytokines such as IL-1β, IL-6, and TNF-α in the peri-implant area, which culminates in re-
duced osteoblastogenesis, increased osteoclastogenesis, and bone loss in the periprosthetic
region [11,13]. Bone loss limits the ability of a prosthesis to withstand physiological loads,
giving rise to a need for revision surgery.

Many in vitro and in vivo studies have shown that titanium particles induce pro-
inflammatory and toxic effects in the peri-implant environment [7,14–17]. However, some
in vitro studies also suggest that TiO2 NPs can stimulate bone formation [2,18]. Thus,
controversy remains about the actual role of TiO2 NPs on bone cells, likely due to the
two-dimensional in vitro models used.

It has been widely reported that 2D osteoblast cell cultures [13–17,19] may lose their
original tissue organization and polarity and have limited protein–protein interactions [2,18].
They may exhibit integrins and changes in the cytoskeletal organization that alter their
original morphology [2,18,20]. In addition, cells grown in a 2D monolayer often exhibit
altered metabolism, phenotype, and gene expression, and the interactions between cells and
the extracellular matrix are different from in vivo tissues, which have a three-dimensional
architecture [2,20]. In contrast, 3D culture models exhibit greater cell–cell and cell–matrix
interactions, which are closer to the in vivo model [21]. Moreover, cellular polarity, which is
important for cellular organization and functionality, remains unaltered [2,21,22]. Therefore,
surface receptors can bind to extracellular matrix proteins, activate cellular biochemical
signals, and influence cell proliferation, differentiation, and mineralization [2,21].

Therefore, in this work, the effects of TiO2 NPs on the differentiation and production of
a mineralized matrix of human osteoblasts cultured in monolayer (2D) and osteoblast-like
spheroid culture models (3D) were investigated. Cell viability, morphology, differentiation,
mineralization, and nanoparticle internalization were investigated after exposure to NPs.
Results demonstrate that TiO2 NPs lead to a dose-dependent increase in mineralization,
although these TiO2 NPs are clinically known for their possible immune system activation.

2. Materials and Methods

Titanium anatase dispersion: TiO2 NPs (SIGMA, Kanagawa, Japan) with primary
particle size < 25 nm and surface area of 45–55 m2/g were suspended in ultrapure water
(2 mg/mL; pH 4) and dispersed using a direct ultrasound (Q-Sonica) equipped with a
19 mm tip. The sonication was carried out in an ice bath at 32 W of acoustic delivery
power for 15 min with 8 s (pulse mode on) and 2 s (pulse mode off), following a protocol
previously described by the group [2,5]. After 24 h of stabilization, particle size and
particle agglomeration (zeta potential analysis (ζ (mV)) and the polydispersion index
(PdI)) were determined by dynamic light scattering (DLS, Zeta-Sizer Nano ZS, Malvern
Instruments GmbH, Malvern, UK). DLS measurements were performed at 25 ◦C using
10 mm polystyrene disposable cuvettes.

To confirm particle size in the medium culture, titanium particles were alterna-
tively suspended in high glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1 mg/mL
bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) to avoid particle re-
agglomeration.

Cell culture: The human osteoblast cell line (SAOS-2) was supplied by the Cell Bank
of Rio de Janeiro (BCRJ, Rio de Janeiro, Brazil) packed in frozen ampoules and kept
in liquid nitrogen. Cells were thawed and expanded into cell culture flasks (Corning)
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with DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin (PS—
10,000 units/mL of penicillin and 10,000 μg/mL of streptomycin) (PS, Gibco) in a humidi-
fied incubator (5% CO2, 37 ◦C). Cell contamination with bacteria, fungi, or mycoplasma
was analyzed as previously reported [2,5]. For the 2D model, 10,000 cells/well were seeded
in standard flat-bottom 96-well plates for 24 h.

3D culture: For 3D spheroid formation, 96-well U-bottom plates (Corning, Corning,
NY, USA) were coated with a thin layer of 1% ultrapure agarose (Sigma-Aldrich), and
10,000 cells were seeded in each well in 200 μL DMEM high glucose medium supplemented
with 10% FBS and 1% PS and then incubated for 3 days. Cell growth, shape, and mor-
phology were analyzed on an inverted optical microscope (Nikon Eclipse, Tokyo, Japan),
following a protocol previously described [2].

3D cell cytoskeleton: Spheroids were washed with 0.01 M PBS and then fixed with 4%
paraformaldehyde (PFA). The cell membrane was then permeabilized by incubation for 2 h
with 0.2% BSA + 0.1% Triton X-100 in 0.01 M PBS for 2 h at room temperature (RT). The
spheroids were washed three times with a blocking solution containing 50 nM NH4Cl in
0.01 M PBS. Phalloidin solution (500 ng/mL, stock 1:40, ThermoFisher Lot: F432) diluted in
0.2% BSA + 0.1% Triton X-100 in 0.01 M PBS was then added and incubated for 2 h, and
later an additional 30 min with DAPI (1:500) (SIGMA-ALDRICH—Lot: 583-93-7). Cell
morphology was visualized using a confocal fluorescence microscope (DMI 6000, Leica,
Teaneck, NJ, USA).

NPs exposition: Both 2D and 3D cell cultures were exposed to 0, 5, and 100 μg/mL
TiO2 NPs suspended in incomplete osteogenic medium composed of DMEM supplemented
with 10% FBS, 50 μg/mL of ascorbic acid (Sigma), 100 Mm of β-glycerophosphate (Sigma),
and antibiotics for 3 and 21 days. Cells without TiO2 NPs treatment were used as control.

Cytotoxicity assay: After NPs exposition, the cells were washed three times with
0.01 M PBS and then incubated with 0.125% Trypsin (kept in a humidified incubator
with 5% CO2, 37 ◦C) for 5 min. Trypsin was blocked by adding culture medium with
10% FBS, and 2D adherent cells and 3D spheroids were mechanically dissociated. The cells
were centrifuged for 7 min at 500 x g (4 ◦C), and the pellet was resuspended in 100 μL
annexin-binding buffer (Dead Cell Apoptosis Kit for Annexin V; Kit Life and Dead, Life
Technologies). The samples were incubated for 15 min (RT) in 3 μL annexin/fluorescein
(FITC) solution and 1 μL propidium iodide (according to the manufacturer’s instructions).
All analyses were performed in a flow cytometer (FACSAria III, BD Biosciences, Franklin
Lakes, NJ, USA).

Morphology analysis: Cells were washed with 0.01 M PBS and processed for scanning
(SEM) and transmission (TEM) electron microscopy. Briefly, cells were fixed using modified
Karnovsky (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.2) for 2 h at RT and washed with 0.1 M cacodylate buffer. The samples were post-
fixed with 1% osmium tetroxide in cacodylate buffer (1:1) for 30 min in the dark, then
washed with cacodylate buffer and dehydrated in ethanol (VETEC—1567). Then, for
TEM analysis, samples were contrasted in a bloc with 1% of uranyl acetate, dehydrated
in acetone, and embedded in Spurr. Ultra-thin sections were also analyzed using EDS
in scanning transmission electron microscopy (STEM) mode in a TITAN 80–300 electron
microscope (FEI, Netherlands (300 kV).

Alternatively, for SEM analysis, the cells were dried at a critical point (Autosamdri®-
815, Series A) and metalized with gold (in a current of 40 mA for 90 sec). The 2D cell
samples were analyzed in a scanning electron microscope (JEOL Field Emission Gun-JSM-
7401F) with an acceleration voltage of 1 kV. The 3D cells were analyzed under a helium
ion beam microscope (HIM) (Carl Zeiss Orion Nanofab—beam current of 0.8 pA, using an
electron flood gun to compensate for the positive charge).

Differentiation and analysis of the cell matrix: Cell differentiation was evaluated by
alkaline phosphatase histochemistry. The cells were cultured at different times (3, 7, and
21 days). The alkaline phosphatase labeling kit (Sigma-Aldrich Lot: APF-1KT) was used,
which is based on the application of 500 μL of diazonium and naphthol salt solution for
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30 min in the dark. Afterward, the reaction was stopped with tridistilled water. Positive
cells marked in red were photographed under an inverted optical microscope (Nikon
Eclipse TS100), using the photo program (Leica Applications Suites—LAS EZ).

To evaluate the production of the mineralized matrix, alizarin red staining was per-
formed after 3, 7, and 21 days of culture. Cells were fixed with 4% PFA and exposed
to 1% alizarin red solution (Sigma-Aldrich) at RT for 30 min, then rinsed with ultrapure
water. To quantify matrix mineralization, alizarin red-positive nodules were dissolved in a
solution of 0.5 N HCl with 5% SDS. The optical density (OD) values of absorbance were
quantified spectrophotometrically at a wavelength of 450 nm using a microplate reader
(Biotek Synergy 2 multi-mode detection with gen5 software).

Statistical analysis: Data were presented as mean ± standard deviation (SD). The
Gaussian distribution of the samples was tested, and the statistical significance of the data
was evaluated using one-way ANOVA or unpaired t-tests. The p values are shown in the
figures and statistical significance was considered when p < 0.05. Each experiment was
performed three times, with triplicates.

3. Results

3.1. Characterization of TiO2 NPs

TiO2 NPs with a primary size of 25 nm were used to mimic the wear particles released
by dental implants. The physicochemical characterization of the primary TiO2 NPs was
already published [2,5]. TEM micrographs revealed that TiO2 NPs in ultrapure water were
agglomerated, requiring the implementation of a dispersion protocol (Figure 1A). Dark-
field STEM images show the morphology and agglomeration of TiO2 NPs after dispersion
(direct probe sonication), and the STEM/EDS Ti-K map (in blue) confirmed the identity
of the TiO2 NPs (Figure 1B). DLS analysis (Figure 1C) showed that the mean diameter
(DH (nm)) of the TiO2 NPs was 135 ± 24 nm in water and increased significantly (p < 0.05,
unpaired t-test) in cell culture medium (156 ± 14 nm), maintaining a polydispersion index
(PdI) of less than 0.2. Finally, the zeta potential analysis (ζ (mV)) in water and culture
medium showed a significant decrease in the zeta potential value after medium contact,
indicating the formation of protein and ionic corona on TiO2 NPs surface (p < 0.05, unpaired
t-test) (Figure 1C).

3.2. Effect of TiO2 NPs on the Morphology of 2D and 3D Human Osteoblasts

In this study, human osteoblasts (SAOS-2) were cultured as monolayers or spheroids.
After 72 h of seeding, cells were exposed for 72 h to 100 μg/mL of TiO2 NPs. Optical
microscopy images show the conventional SAOS-2 morphology (Figure 2A, left panel).
In monolayers, the cells exhibit an epithelial-like phenotype, which is maintained after
exposure to TiO2 NPs. SAOS-2 spheroids have a round shape with a well-organized
cytoskeleton (Figure 2B,C), also maintaining their morphology upon titanium exposure
(Figure 2C). However, a 29% increase (p = 0.0151, unpaired t-test) in diameter and volume
was observed after exposition to TiO2 NPs (Figure 2D).

To confirm whether ultrastructural changes occurred after treatment with TiO2 NPs,
scanning electron microscopy (SEM) analysis was performed and showed that SAOS-2 in 2D
and spheroids (3D) maintained their morphology after 3 days of exposure to TiO2, without
changes in their cell–cell contact (Figure 3A,B). Moreover, SEM-EDS analysis confirmed the
presence of TiO2 NPs on the surface of both cell models. A detail of interaction of TiO2 NPs
with spheroids (Ti-k, marked in blue) can be observed in Figure 3C.
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Figure 1. Characterization of TiO2 NPs: (A) Transmission electron micrographs (TEM) of TiO2 NPs in
ultrapure water without dispersion. (B) Dark-field STEM micrographs of TiO2 NPs after dispersion
in water and cell culture medium and STEM/EDS Ti-K map confirming titanium presence (in blue).
Scale bar: 100 nm. (C): Hydrodynamic diameter (DH (nm)) and polydispersity index (PDI) of TiO2

NPs after dispersion in ultrapure water and cell culture medium obtained by dynamic light scattering
(DLS) and analysis of surface charge by zeta potential of TiO2 NPs (ζ (mV)) in water and culture
medium. The results represent the mean ± standard deviation of three independent experiments
performed in triplicate of measurement (* p < 0.05 vs. TiO2 NPs in water).

 

Figure 2. Treatment of TiO2 NPs in 2D and 3D cultures of human osteoblasts (SAOS-2): (A) Phase
contrast micrograph of SAOS-2 in 2D with or without 100 μg/mL of exposition to TiO2 NPs for 72 h
(scale bar: 200 μm) (B) Spheroid cytoskeleton (3D), nucleus in blue (stained with DAPI) and the actin
filaments in red (stained for F-actin) (scale bar: 100 μm). (C) Phase contrast micrograph of SAOS-2 in
3D with or without 100 μg/mL of exposition to TiO2 NPs for 72 h (scale bar: 200 μm). (D) Average
diameter and volume of spheroids. The baseline condition was used as a control. The results are
representative images of three independent experiments.
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Figure 3. Morphology of human osteoblasts (SAOS-2) cultured in 2D and 3D after exposure to TiO2

NPs: (A) Scanning electron micrographs showing SAOS-2 cultured in 2D and in spheroids (B) after
treatment with 100 μg/mL of TiO2 NPs for 3 days. (C) STEM/EDS Ti-K map analysis. Ti showed in
blue point interacting with cells. Control: cultivation without NPs. The results are representative
images of three independent experiments. (scale bar: 40 μm, 20 μm, 50 μm and 5 μm).

3.3. Effect of TiO2 NPs on Human Osteoblast Viability

Flow cytometry analysis with PI/annexin after 3 and 21 days of culture did not show
TiO2 NPs cytotoxicity, both in the monolayer (Figure 4A) and in the spheroids models
(Figure 4B). The levels of apoptosis and necrosis were similar in all conditions evaluated.
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Figure 4. Viability of 2D and 3D human osteoblasts (SAOS-2): SAOS-2 were exposed to TiO2 NPs
(100 μg/mL) for 3 and 21 days and the PI/Annexin assay was performed by flow cytometry of cells in
(A) 2D and (B) 3D. The baseline condition was used as a control. The results are the mean ± standard
deviation of three independent experiments (no statistical difference).

3.4. Internalization of TiO2 NPs in 2D and 3D Culture of Human Osteoblasts

Transmission electron microscopy (TEM) showed, both in 2D and 3D models, the inter-
nalization of TiO2 NPs, that preferentially located in the cell cytoplasm within membrane-
like-vesicles or after cell-membrane disruption, possibly in multivesicular bodies (MVBs)
or auto-phagolysosomes delimitated by the membrane (Figure 5).

3.5. Differentiation and Mineralization of Human Osteoblasts after Exposure to TiO2 NPs

To understand the influence of TiO2 NPs on the differentiation and mineralization
of both cell models (2D and 3D), analyses of alkaline phosphatase (ALP) (differentiation
marker) and alizarin red (mineralization marker) were performed. For these analyses,
osteoblasts were cultured for up to 14 days, and two exposure concentrations (5 and
100 μg/mL) of TiO2 NPs were used. Previous data in human primary osteoblasts 2D
histochemical micrographs showed that the treatment of TiO2 NPs did not enhance the
labeling for ALP (marked in red) after 14 days of culture (Figure S1A). However, in the
mineralization analysis, there was a dose-dependent increase in alizarin staining after
14 days of treatment with 100 μg/mL (marked in intense red) compared to the control
(Figure S1B).

To compare differences in mineralization occurring in 2D and 3D models, we per-
formed alizarin staining after 3, 7, and 14 days after 5 μg/mL or 100 μg/mL TiO2 NPs
exposure in both models. Alizarin red results showed a significant dose-dependent in-
crease in mineralization at 14 days compared to the control, both in 2D (Figure 6A) and
3D (Figure 6B). Moreover, when treatment values are normalized by control values, the
mineralization increase is higher in the 3D model when compared with the 2D model,
suggesting that both models can present different results in the mineralization evaluation
(Figure 6C and representative images in Figure 6D).
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Figure 5. Internalization of TiO2 NPs: Transmission electron microscopy (TEM) micrographs showing
TiO2 NPs internalization in human osteoblasts (SAOS-2) 72 h cultured: (A) control, cultured without
NPs or (B,C) treated with 100 μg/mL of TiO2 NPs (black arrow). The results are representative
images of three independent experiments. (scale bar: 1 μm, 2 μm, and 200 nm).
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Figure 6. Mineralized matrix produced by human osteoblasts (SAOS-2) in 2D and 3D cells exposed
to TiO2 NPs (0, 5 and 100 μg/mL) during 3 and 14 days in osteogenic medium. Alizarin red
assay shows a dose-dependent matrix production in (A) 2D SAOS-2 model and (B) 3D SAOS-2
models. The graphics in (C) present a comparison between the inorganic matrix production on both
2D and 3D models at 14 days (final experimental time) normalized vs each control to show dose-
dependent mineralization fold increase in the different models. The results are average ± standard
deviation of three independent experiments * p < 0.05; (D) representative images obtained through
optical microscopy.

4. Discussion

Titanium is the main material employed in the dental implant industry, due to its high
mechanical strength, low elastic modulus, corrosion resistance, ductility, and biocompatibil-
ity [6,9]. However, tribocorrosion processes at the implant surface lead to accelerated bone
loss, compromising osseointegration, and increasing periprosthetic failure [2,5–9,23,24].
The hostile electrolytic environment (oxidation/reduction) together with mechanical action
at the interface enables the tribocorrosion phenomena [7,10]. As a consequence, degradation
products (released from implants) including metal ions, micrometric, and/or nanomet-
ric metallic debris (TiO2 NPs) can be internalized by cells in the bone niche, possibly
generating cytotoxic effects [6,9,10]. The adverse effects of TiO2 NPs vary widely in the
literature, which raises concern among authorities and physicians due to their high preva-
lence [5,10,17]. Literature data reveal that inflammatory stimuli associated with cytokine
overproduction and increased production of reactive oxygen species are referred to as
primary toxic effects that lead to cell death [6,9,13,17].

Some authors explained that this mechanism leads to activation of immunological
sentinels and accumulation of antigens such as ions, nanoparticles, microparticles, and
bacterial antigens via the functional interface between dental implant and tissue. This leads
to immunological cell polarization and follows dental implant loss [6,9].

Most available studies that evaluate osteoblast response to TiO2 NPs use 2D cell culture
models, which have shown limitations regarding cell growth and cell–cell and cell–matrix
interactions, among others [25–28]. Few studies evaluate the influence of TiO2 NPs on the
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physiology of bone cells grown in 3D models such as spheroids [2]. Osteoblast spheroids
can be considered as a culture model that better mimics living cells in terms of structural and
biofunctional properties and provides more reliable results compared to conventional 2D
cell cultures (Figure 7) [2,25,29]. Despite this, there are some limitations to spheroid culture,
mainly because cellular environments are not similarly exposed to the culture medium.
This can lead to the formation of a microenvironment inside the spheroids that can select
groups of cells [30,31]. Partial diffusion of nutrients or oxygen can induce necrotic areas in
the central area of the spheroids [32]. However, well-characterized multicellular spheroids
exhibit different levels of extracellular matrix deposition, growth factor secretion, and gene
expression profiles [2]. The viability, morphology, and gene expression of osteoblastic
spheroids are contact-dependent, and single or co-culture spheroids have been shown to
have an impact on bone cell function [33]. Interestingly, a study reported that primary
osteoblasts and pre-osteoblasts MC3T3-E1 can differentiate into osteocytes when grown in
3D cultures [34]. Therefore, 3D culture models can be used to study the pathophysiological
reactions of TiO2 NPs in bone metabolism compared to 2D cultures. A previous study by W.
Souza et al., on the cytotoxicity effect of TiO2 NPs on osteoblast spheroids, revealed that 72 h
exposition to TiO2 NPs can alter the cell cycle, without interfering with osteoblasts’ ability
to differentiate and mineralize and significantly increase collagen and pro-inflammatory
cytokine secretion [2]. In the present study, a longer exposure period (21 days) was
assessed to compare 2D with 3D osteoblasts models to better understand their relevance
for nanotoxicological studies.

 
Figure 7. Scheme of differentiation and production of a mineralized matrix of human osteoblasts
SAOS-2 cultured in monolayer and 3D spheroid cell models after exposition to TiO2. After high
TiO2 NPs exposure, the dose-dependent increase of bone-mineralized matrix in the 3D cells model is
higher than in monolayer (2D) culture.

TiO2 NPs are chemically stable, have antibacterial properties, and induce less toxicity
than other nanostructures, and, when exposed to the biological environment, blood plasma
proteins and ions selectively adsorb on the outer surface of the cell [35]. The complex
interface depends on the physical and chemical characteristics of the NPs, as well as the
biological characteristics of the environment [36]. In the present study, we observed that
TiO2 NPs had an average size of 150 nm in the culture medium. We can notice an increase
in the average size after the addition of the culture medium due to the adsorption of
proteins and ions on the TiO2 NPs surface, which can be correlated with the change in
surface charge, identified by zeta potential analysis. Furthermore, in our previous study,
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we confirmed the adsorption of calcium and phosphate on the surface of TiO2 NPs, which
are important mediators of bone mineralization [5].

To understand the influence of TiO2 NPs on bone cell mineralization, we used a
mature osteoblast line, cultured both in monolayer (2D) and spheroids (3D), the former
characterized previously [2]. Spheroids and monolayer cells were treated with 100 μg/mL
of NPs for 21 days. In both models (2D and 3D), we observed the internalization of TiO2 NPs
in membrane vesicles (with 72 h). Some studies have shown that NPs can be internalized
in a dose-dependent manner, accumulating preferentially in the perinuclear region, and
having as their final destination the lysosomes [35,37]. Normally TiO2 NPs are not observed
dispersed in cell cytoplasm [5,35,37]. However, the effect of TiO2 NPs on cells is directly
related to their size distribution, crystal structure, as well as corona formation [35]. Recently,
the formation of a bio-camouflage rich in calcium, phosphorus, and hydroxyapatite crystals
around TiO2 NPs was demonstrated, which is known to facilitate the internalization in 2D
and 3D osteoblastic models since the detected chemical elements are essential for bone cell
metabolism and mineralization [2,5,38].

The present study demonstrated that TiO2 NPs did not alter the viability of osteoblasts
in both cell models (with 21 days). Concomitantly, they did not change the osteoblast
morphology or spherical shape of the 3D model upon internalization of the NPs. Interest-
ingly, they were able to stimulate an increase in calcium deposition, which is indicative of
the activation of a mineralization process in osteoblastic spheroids. In the present study,
results of alkaline phosphatase synthesis and calcium labeling demonstrated that TiO2 NPs
increased osteoblast differentiation that induced greater mineralization in a 3D culture
model, suggesting that the 3D architecture possibly increases cell surface interaction with
previously reported TiO2 NPs bio-camouflaged [2]. The mineralization increase in 3D mod-
els after exposure to NPs may be related to the greater cell surface capable of contacting
NPs when compared to the monolayer (2D), enhancing the stimulatory effects of TiO2
NPs [39]. This is consistent with previous studies that reveal that 3D osteoblasts models
when exposed to TiO2 NPs, compared to monolayer cells, induce the secretion of vascular
endothelial growth factor (VEGF), activating a cascade of events resulting in higher type I
collagen production [39–43]. Bone mineralization is the first step for implant osseointegra-
tion and begins when collagen I acts as a three-dimensional scaffold for hydroxyapatite
deposition [44]. Another study reported greater osteogenic differentiation when using 3D
collagen gel culture [34]. Studies also showed that the 2D cell model does not yet seem to
be the better model to study interaction with NPs; instead, the spheroids are also promising
for application to 3D bioprinting tissue models with biomaterial scaffolds, as an innovative
technology to improve bone osteointegration [45].

Unfortunately, there is no consensus in the literature on how to evaluate the biological
effect of TiO2 NPs. Without standardized protocols to assess the biological impacts of NPs,
it is necessary to validate safe assessments and mitigate potential health impacts, moving
toward the evaluation and development of new cellular study models to better mimic
the biological environment [37]. Although osteoblastic spheroids have their advantages
compared to monolayers—such as reproducibility, better nutrients, oxygen diffusion gra-
dients, improved cell–cell interactions, matrix deposition, and models with various cell
stages (proliferating, quiescent, apoptotic, hypoxic, and necrotic cells) [46,47], 3D spheroid
models have not been validated as realistic in vitro models [29,46,48]. One of the main
drawbacks of spheroids is that the porosity and mechanical properties is difficult to be
studied. Thus, efforts should be made to improve 3D bone cell models to recapitulate the
bone microenvironment that is known to be constituted by different cell types and has
dynamic and metabolic activity.

TiO2 NPs released from dental implants are, on the one hand, considered the cause
of clinical peri-implant bone loss; on the other hand, they may be able to stimulate the
production of a mineralized extracellular matrix in osteoblast spheroids [48]. Another
important aspect is that spheroids can respond physiologically better to the stimuli of TiO2
NPs, which corroborates the development of new studies to create new models applied
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in clinical studies, to favor the process of bone remodeling and alternative treatment for
periodontitis and peri-implantitis. In addition, the spheroids themselves can be applied to
high-cell-density tissue models, innovative technology for bone augmentation, and soft
tissue replacement procedures [45]. Therefore, the combination of TiO2 NPs with spheroid
cells should be an interesting approach for tissue reconstruction.

Lastly, our results demonstrate that TiO2 NPs increase calcium deposition in 3D versus
2D cultures. Although this study revealed interesting findings regarding the behavior and
role of TiO2 NPs in generating stimuli for mineralization in 3D models only, it should be
noticed that our results are limited to the conditions tested and the experimental setup.
Further studies should be encouraged, and further evaluations using the quantification of
genes that act on differentiation and mineralization should be performed. However, our
results help to better understand the possible impact of 3D culture in dentistry, and also
open a discussion about the dual role of TiO2 NPs, which on one side can activate an inflam-
matory response that leads to bone resorption. However, on the other hand, it is activating
mineralization. Our findings are considered clinically relevant, since, for the first time, we
report that at the bone-implant interface, TiO2 NPs besides the activation of macrophages
can also stimulate osteoblasts that play a fundamental role in the mineralization process.

5. Conclusions

In this study, the cells were exposed to TiO2 NPs at concentrations up to 100 μg/mL
in 2D and 3D models for up to 21 days of exposure.

TiO2 aggregates were dispersed to nanometric size and characterized successfully. Its
internalization in both cell models showed no differences in cell morphology or viability
and bone mineralization induction in a dose-dependent form in both culture models.

However, the mineralization process was more intense in the 3D spheroid culture
compared to the 2D monolayer model.

This brings a new discussion about the possible advantages of TiO2 NPs on bone
mineralization, which may suggest that the action of nanometric particles can contribute to
the osseointegration process in titanium dental implants, reducing periprosthetic failures
and using 3D cell models as an innovative technology to improve bone osteointegration
induced by nanoparticles.
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representative images of three independent experiments. (scale bar: 200 μm).
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Abstract: For the next-generation risk assessment (NGRA) of chemicals and nanomaterials, new
approach methodologies (NAMs) are needed for hazard assessment in compliance with the 3R’s
to reduce, replace and refine animal experiments. This study aimed to establish and characterize
an advanced respiratory model consisting of human epithelial bronchial BEAS-2B cells cultivated
at the air–liquid interface (ALI), both as monocultures and in cocultures with human endothelial
EA.hy926 cells. The performance of the bronchial models was compared to a commonly used alveolar
model consisting of A549 in monoculture and in coculture with EA.hy926 cells. The cells were
exposed at the ALI to nanosilver (NM-300K) in the VITROCELL® Cloud. After 24 h, cellular viability
(alamarBlue assay), inflammatory response (enzyme-linked immunosorbent assay), DNA damage
(enzyme-modified comet assay), and chromosomal damage (cytokinesis-block micronucleus assay)
were measured. Cytotoxicity and genotoxicity induced by NM-300K were dependent on both the
cell types and model, where BEAS-2B in monocultures had the highest sensitivity in terms of cell
viability and DNA strand breaks. This study indicates that the four ALI lung models have different
sensitivities to NM-300K exposure and brings important knowledge for the further development
of advanced 3D respiratory in vitro models for the most reliable human hazard assessment based
on NAMs.

Keywords: NAMs—new approach methodologies; ALI—air–liquid interface; genotoxicity; BEAS-2B;
A549; NM-300K; DNA damage; chromosomal damage; cytokines

1. Introduction

The production and usage of nanomaterials (NMs) are rising, increasing the risk of
human exposure. Inhalation is the most important exposure route for airborne nanoma-
terials (NMs) and particulate matter (PM) in humans, making the respiratory system a
first-target organ [1]. The respiratory tract consists of the tracheobronchial region leading
into the alveolar region, where gas exchange with blood occurs across the thin lung–blood
barrier (0.4 μm) [1,2]. Besides gas exchange, a main function of the lower respiratory tract
is defense against inhaled toxicants [1]. Interaction with and deposition of inhaled NMs
are likely to occur in the bronchial and alveolar region. Particle deposition is dependent
upon the NMs’ physicochemical properties, such as size and solubility [2].

NMs and their dissolved compounds can cause primary effects in the respiratory
system, or secondary circulatory effects after crossing the lung–blood barrier and taken
up in the blood. A human study has shown the translocation of inhaled gold NM or
its dissolved species into the circulatory system and accumulation at sites of vascular
disease [3]. Gold was detected in blood and urine up to three months after inhalation
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exposure to gold NMs [3,4]. Translocation of silver NMs has been seen in in vivo studies in
rodents [5].

In order to comply with the 3R´s principle to reduce, refine and replace animal
experiments, new advanced in vitro models are developed to better simulate the complexity
of human lungs. Reliable in vitro models of the airway system are of critical importance
for the risk assessment and governance of NMs and other environmental pollutants [6,7].
Human cells cultured on a microporous membrane at the air–liquid interface (ALI) with cell
culture medium only at the basolateral side, represent a highly relevant model for inhalation
toxicity studies [8]. Human lung cell lines such as A549 and BEAS-2B are commonly used as
model cells in respiratory toxicology. A549 cells are alveolar type-II carcinoma cells, while
BEAS-2B cells are immortalized cells from normal human bronchial epithelia. Both A549
and BEAS-2B cells form monolayers when cultivated at the ALI [9,10]. In order to further
advance the models, cocultures with other cell types, such as macrophages, dendritic cells,
or endothelial cells, can be established. The ALI exposure model aims to better mimic the
physiology of the respiratory system and is regarded as a more relevant in vitro model
compared to submerged exposure. Aerosolized exposure to the particles on top of the cells
introduces less changes in the physicochemical properties of the test substance compared
with submerged exposure [8].

Inhalation exposure to NMs, PM or other compounds may lead to adverse human
effects. Genotoxicity is a critical endpoint in the hazard assessment of chemicals, including
NMs, and should be assessed both at the level of DNA/genes and chromosomes. The
comet assay is a widely used assay for determining DNA damage as DNA strand breaks
(SBs), and as oxidized or alkylated bases by the inclusion of a repair enzyme such as
formamidopyrimidine DNA glycosylase (Fpg) [11]. For the detection of chromosomal
damage, the most-used test is the micronucleus assay (OECD test guideline 487), which
detects the formation of micronuclei from chromosomes, chromatid fragments or whole
chromosomes that lag behind in cell division [12,13]. So far, a very limited number of
studies have addressed several genotoxicity endpoints in ALI models. Our approach,
combining advanced and more physiologically relevant in vitro respiratory models and
exposure systems with genotoxicity testing (by both comet and micronucleus assays), will
support the hazard characterization of NMs for risk assessment and safe use.

NMs can induce DNA damage by direct contact with DNA, or indirectly via NM-
induced oxidative stress or intermediate molecules and processes in cells (primary genotox-
icity). Secondary genotoxicity can be driven by an inflammatory response [14]. The airway
epithelium is an integrated part of the inflammatory defense response after inhalation ex-
posure to toxicants. Pro-inflammatory cytokines are considered biomarkers of NM-induced
toxicity and can be linked with adverse effects. The pro-inflammatory cytokines IL-6 and
IL-8 are among the cytokines predominately secreted by monocytes, and both are coupled
to lung injury and considered biomarkers of lung disease [15–17]. IL-8 can also act as a
chemokine [17]. The bronchial epithelium serves as a first-line defense system against
inhaled pathogens mainly by the release of chemokines, such as IL-8 [18]. The cytokines
IL-6 and IL-8 have been shown to be secreted by airway epithelial, including BEAS-2B cells,
and endothelial cells and be involved in lung inflammation responses [18–21]. IL-6 has
been shown to be released from BEAS-2B cells after exposure to particulate matter below 1
μm in size (PM1), and both IL-6 and IL-8 were induced in BEAS-2B cells after exposure to
the PM2.5 fraction [22,23]. Endothelial EA.hy926 cells were shown to release IL-6 and IL-8
after exposure to silica NMs [19].

The A549 cell line has frequently been used in coculture lung models and has been
shown to be useful in a range of applications for hazard assessment of NMs [24–35].
The non-cancerous origin of BEAS-2B cells may make the cell line more relevant for use
in risk governance of NMs, particularly as a bronchial respiratory model. Coculture
models with BEAS-2B in ALI conditions for hazard assessment are, however, much less
characterized than those with A549. The main aim of this study was to characterize
an advanced respiratory model with BEAS-2B bronchial cells cultivated in ALI models,
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after exposure to an aerosolized reference silver NM, NM-300K. The cells were cultivated
both as monocultures and in cocultures with human endothelial EA.hy926 cells. Cells
from ALI cultures were analyzed for cytokine secretion, cytotoxicity, barrier integrity,
DNA damage by the comet assay and chromosomal damage by the cytokinesis-block
micronucleus assay. Importantly, the responses obtained with the bronchial BEAS-2B model
were compared with the A549 alveolar model. The experimental design brilliantly allows
for the comprehensive analysis of several endpoints from the same sample, facilitating
increased throughput, better comparability, reduced costs, and sustainability by design to
support the development of new approach methodologies (NAMs) and next-generation
risk assessment (NGRA) of NMs.

2. Materials and Methods

2.1. Experimental Design

An experimental design combining the analysis of several endpoints from the same
sample was developed. The same inserts with cells at the ALI were used for the analysis of
cytokine secretion in basolateral media (enzyme-linked immunosorbent assay, ELISA), Ag
permeation (inductively coupled plasma mass spectrometry, ICP-MS), cell viability (alamar-
Blue assay), cell proliferation, DNA damage and oxidized base lesions (enzyme modified
version of the comet assay), and chromosomal damage (micronucleus assay) (Figure 1).
In parallel, additional experiments on ALI cultures were included to further characterize
the models, and experiments with traditional submerged cultures were performed for
comparisons. For each exposure condition, 1–2 culture inserts were included from both
mono- and cocultures, and at least 3 independent experiments were performed, in order to
allow for appropriate biological variation to be included in the results and analysis.

 
Figure 1. Experimental design for the four different respiratory models exposed at the air–liquid
interface (ALI) in the VITROCELL® Cloud system. Created with BioRender.com.
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2.2. Nanomaterials

The Ag NM NM-300K is listed on the representative manufactured NMs list of the
European Commission Joint Research Centre (JRC, Brussels, Belgium) and was selected
for this study based on its toxicity in our previous work [36–39]. NM-300K was provided
by the Fraunhofer Institute for Molecular Biology and Applied Ecology (Schmallenberg,
Germany). NM-300K is a silver colloidal dispersion with a nominal silver content of 10%
w/w. The NMs were dispersed in an aqueous solution with stabilizing agents, consisting
of 4% w/w each of polyoxyethylene glycerol trioleate and polyoxyethylene (20) sorbitan
mono-laurate (Tween 20). The pristine diameter of NM-300K is about 15 nm, and the size
distribution is narrow, where >99% of particles (by number) have a size below 20 nm. A
second peak of smaller NMs of about 5 nm has also been reported. The majority of the
NMs have a spherical shape [40].

Dispersed NMs were received in vials of approximately 2.0 g each, sealed under argon.
The vials were stored at room temperature (RT) in the dark before use. The dispersion
medium, NM-300K DIS, contained the aqueous solution with stabilizing agents at the same
concentrations as NM-300K, but without Ag. This was used as a solvent control.

2.3. Nanomaterial Dispersion and Characterization

Stock dispersions of NM-300K were prepared in accordance with the Nanogenotox
protocol [41]. The original vial of NM-300K was vortexed (>10 s), before approximately 1 g
was added to a scintillation vial (Wheaton Industries, Millville, NJ, USA). To this, water
with 0.05% bovine serum albumin (BSA) was added to yield a final nominal concentration
of 10 mg/mL Ag-NMs, in order to obtain a high enough concentration of Ag-NMs in
the ALI exposure system. The total Ag and dissolved Ag species (<3 kDa fraction) were
measured from the same samples in Camassa and Elje et al. (2022), revealing a silver
concentration of 7.2 ± 0.9 mg/mL with 3.6 ± 0.1% dissolved silver species [39].

The dispersion was sonicated in an ice bath using a calibrated Q500 sonicator with a
6 mm microtip probe (Qsonica L.L.C, Newtown, CT, USA), with amplitudes of 30–40% for 7–
13 min. The energy output of the sample was 1030–1285 J/mL dispersion (n = 10), similarly
to what is recommended by the Nanogenotox protocol (1176 J/mL [41]). Additional stock
dispersions were sonicated using lower energy (95–720 J/mL, n = 5), and were included in
the study as similar results were seen compared with the other dispersions. The NM stock
dispersions were kept on ice for 10 min before use, to let the NMs settle. Before use, the
vial was vortexed for approximately 10 s. The dispersion was kept on ice throughout the
experiment. The dispersion medium NM-300K DIS (without Ag) was prepared following
the same protocol as that for NM-300K.

The NMs were previously tested for endotoxins, with endotoxin contents below the
limit of detection [39]. Stock dispersions for use in the submerged exposure experiments
were diluted to 2.56 mg/mL in BSA-water before further dilution in culture medium
(Section 2.4) in order to ensure consistency with other studies on the same NM.

2.4. Physicochemical Characterization of Nanomaterials in Dispersion

NM-300K was subjected to measurement of hydrodynamic diameter and zeta potential
in a Zetasizer Ultra Red (Malvern Panalytical Ltd., Malvern, United Kingdom) immediately
after preparation and after 24 h. The hydrodynamic diameter was determined using
dynamic light scattering (DLS) by the particles in suspension. The measured particle size
is the diameter of a sphere that diffuses at the same speed as the particle being measured,
which is determined by measuring the Brownian motion of the particles by DLS and then
interpreting the size using the Stokes–Einstein equation.

The NM stock dispersion was vortexed and diluted 1:100 in sterile filtered MilliQ
water, and a 1 mL dispersion was transferred to a disposable cuvette (DTS0012) for size
analysis. The hydrodynamic diameter was measured by non-invasive back scatter at 174.7◦
with 3–5 steps. Analysis was performed at 25 ◦C with 120 s equilibration time, automatic
attenuation, and no pause between steps. Data were processed in the ZS Explorer software
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(version 2.0.0.98, Malvern Panalytical Ltd.), using general purpose model, refractive index
1.59 and absorption 0.01.

Measurement of size distribution of NMs diluted in culture medium was performed
directly after preparation and after 24 h incubation at 37 ◦C, 5% CO2. First, the stock
dispersion was vortexed, and mixed with serum-free LHC-9 medium (article no. 12680013,
ThermoFisher Scientific, Waltham, MA, USA) to give the highest tested concentration
(141 μg/mL or 100 μg/cm2 in submerged exposure). Then, the sample was diluted 1:10
in sterile filtered MilliQ water, transferred to a disposable cuvette and measured as de-
scribed above.

Results were presented as Z-average (Z-ave), which is the intensity-weighted mean
hydrodynamic size of the ensemble collection of particles, the polydispersity index (PDI),
and hydrodynamic diameter (by intensity) of individual peaks in the size distributions.

For zeta potential analysis, the NM stock dispersion was vortexed and diluted 1:100 in
sterile filtered MilliQ water, and 1 mL dispersion was transferred to a pre-wetted disposable
folded capillary cell (DTS1070). The zeta potential was measured at 25 ◦C using mixed-
mode measurement phase analysis light scattering (M3-PALS).

2.5. Cell Culture

BEAS-2B cells, an Ad12-SV40 hybrid virus-transformed human bronchial epithelial
cell line [42,43], were purchased from ATCC (Manassas, VA, USA) (SV40 immortalized,
CRL-9609, LN: 62853911). The cells were cultured in serum-free LHC-9 medium without
supplements, and they were maintained in an incubator with humidified atmosphere at
5% CO2 and at 37 ◦C. The cells were passaged two times a week at 80–85% confluency. To
facilitate detachment, the cells were incubated with trypsin-EDTA (0.25%, Sigma-Aldrich,
Saint-Louis, MO, USA) with polyvinylpyrrolidone (PVP, 0.5% wt/vol) for 3–5 min. Medium
was added, and the suspension was centrifuged to remove the trypsin/PVP before cells
were seeded at 1.3 × 104 cells/cm2 in Corning CellBind® cell culture flasks (Corning,
Corning, NY, USA). The cells were used at passages (P) 3–14 (details in Table S1).

The human alveolar type II lung epithelial A549 cells [44] were provided by ATCC,
and they were cultured in Dulbecco’s Modified Eagle’s Medium, DMEM, with low glucose
(D6046, Sigma-Aldrich) supplemented with 9% v/v fetal bovine serum, FBS (prod.no.
26140079, ThermoFisher Scientific), and 1% v/v penicillin–streptomycin (100 U/mL pen
and 100 μg/mL strep) (catalog no. 15070063, ThermoFisher Scientific). Human endothelial
EA.hy926 cells [45] were provided from ATCC and were cultured in DMEM with high
glucose (catalog no. 11960, ThermoFisher Scientific), supplemented with 9% v/v FBS,
1% v/v penicillin-streptomycin, sodium pyruvate (1 mM) and L glutamine (4 mM). The
cells were maintained in an incubator with a humidified atmosphere at 5% CO2 and at
37 ◦C. The cell lines were passaged two or three times a week at 85–90% confluency, using
phosphate-buffered saline (PBS, catalog no. 14190094, ThermoFisher Scientific) for washing
and semi-dry trypsinization using trypsin-EDTA (0.25%) incubation at 37 ◦C for 3 min. The
cells were seeded at 1.3 × 104 cells/cm2 in standard cell culture flasks. A549 cells were
used at P2–15 and EA.hy926 cells were used at P3–19 (details in Table S1). All cell lines
were regularly tested for mycoplasma contamination and found negative.

2.6. Cell Cultures at the Air–Liquid Interface

The seeding of mono- and cocultures were performed in a similar manner as previously
described [46,47] with some modifications. All cell types, epithelial A549 (P3–15) and BEAS-
2B (P3–14), and endothelial EA.hy926 (P3–16) (details on p numbers in Table S1), were
seeded at a density of 1.1 × 105/cm2. Mono- and cocultures were cultivated on permeable
cell culture inserts in 6-well plates with a porous membrane of polyethylene terephthalate
(PET) with a 1 μm pore diameter. Two insert types were used, with similar properties and
cell attachment results: Millicell (catalog no. MCRP06H48, Sigma-Aldrich) or ThinCert™
(catalog no. 392-0128, Greiner Bio-One, Kremsmünster, Austria). The same insert type was
used for all samples within an experiment.
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First, the basolateral side of the membrane was pre-wetted (dipped in media), and the
insert was placed upside down in the lid of a Falcon 6-well plate for inserts (catalog no.
353502, Corning). Then, 250 μL of EA.hy926 cell suspension was added to the basolateral
side to reach a cell density of 1.1 × 105/cm2. The lid with inserts was gently tilted to all
sides to ensure even distribution of the cell suspension to the whole membrane surface
before incubation for 3.5 h at 37 ◦C, 5% CO2. After incubation, the plate was turned in a
quick movement back to the original position, and 3 mL media (for EA.hy926 cells) was
added to the basolateral side. To the apical side, 1 mL of A549 or BEAS-2B cell suspension
(in their own media) was added to reach a cell density of 1.1 × 105/cm2. Monocultures
of BEAS-2B or A549 were prepared in the same way, where the basolateral compartment
was filled with 3 mL of media without cells. The medium volumes were optimized in
pilot experiments in order to avoid too great a pressure on the cells and the insert. The
cultures were incubated for 2–3 days (48–72 h) to let the cells grow to confluency. Two
days’ incubation was performed only for A549 mono- and cocultures for alamarBlue and
comet assay.

Epithelial and endothelial cells were seeded in their respective media. After 2–3 days
of incubation of mono- and cocultures, the basolateral medium was replaced by 1.5 mL of
fresh media, and the apical media was removed to place the cells in ALI conditions. For
BEAS-2B/EA.hy926 a 1:1 mixture of LHC-9 and DMEM high glucose with supplements
was used in the basolateral compartment, and for A549/EA.hy926 a 1:4 mixture of DMEM
low glucose and DMEM high glucose with supplements was used (Table S2). The mono-
and cocultures were incubated for 20–24 h in order to let the cells adapt to ALI conditions
before exposure (Section 2.7).

2.7. Exposure of ALI Cultures in the VITROCELL® Cloud System

The VITROCELL® Cloud system (6-well format) (VITROCELL®Systems GMBH, Wald-
kirch, Germany), was used for the aerosol exposure of mono- and cocultures at ALI condi-
tions to NM-300K and controls. A small volume of NM dispersion or control solution was
added to the Aeroneb Pro® vibrating membrane nebulizer, which generates a dense cloud
of droplets with a median aerodynamic diameter of 4–6 μm inside an exposure chamber.
After some minutes, the humid aerosol will deposit at the bottom of the exposure chamber
(area 145 cm2) with cell inserts [48].

Aerosol exposure was performed by aerosolizing 2 × 150 μL of sample, followed
by 150 μL PBS (details below), to the mono- and cocultures positioned at ALI in the
VITROCELL® Cloud system at 37 ◦C. After 8 min, the aerosol cloud had settled, and the
chamber was opened to transfer the cell inserts to 6-well plates (Falcon) with 1.5 mL fresh
culture media (for mono- or cocultures). The exposure of ALI cultures was performed in
the same sample order for all experiments: PBS (2 × 150 μL), NM-300K dispersion medium
(2 × 150 μL), NM-300K low concentration (2 × 150 μL of stock dispersion diluted 10× in
PBS or NM-300K dispersion medium), and NM-300K high concentration (2 × 150 μL of
stock dispersion). In order to reduce the amount of NMs left in the nebulizer, all samples
were immediately exposed to additional 150 μL PBS. Thus, all samples were exposed to a
cloud with a total volume of 450 μL. All solutions and dispersions were vortexed directly
before use. The nebulizer was rinsed with PBS between all exposures, and the cloud system
and chamber were wiped with a tissue with ethanol.

The relative amount of nebulized solution that is deposited on top of the cells, the
deposition efficiency, can be measured by comparing the amount of deposited substance
on the insert to the original solution, either by using a fluorescent compound or elemental
analysis. As the deposition efficiency can vary between different nebulizers, the same
nebulizer was used for all experiments in this study. We previously measured the deposition
efficiency of this nebulizer to be 53% [39]. Additionally, the deposition of Ag in NM-300K
was measured giving similar results [39]. This information was used to choose the exposure
volumes needed for achieving the intended nominal concentrations for cell exposure.

44



Nanomaterials 2023, 13, 407

2.8. Positive Control Exposures

Exposure of ALI cultures to positive controls were performed via the basolateral
culture media below the inserts in 6-well plates, for 20–24 h. First, stock solutions were
prepared and stored for use within all experiments before being diluted in sterile filtered
H2O directly before use and further diluted in culture medium. Chlorpromazine hydrochlo-
ride (catalog no. C8138, Sigma-Aldrich) was used as a positive control for cytotoxicity in
the alamarBlue assay, with a stock solution at 5 mM in H2O stored at 4 ◦C and exposure
concentration of 50–100 μM. Mitomycin-C (catalog no. A2190.0002, PanReac AppliChem
[VWR/Avantor]) was used as a positive control for micronuclei induction in the micronu-
cleus assay, with stock solution at 0.2 mg/mL in dimethyl sulfoxide (DMSO) stored at
−20 ◦C, and exposure concentration at 0.15 μg/mL, similarly to Reference [49]. In one ex-
periment with A549/EA.hy926 and BEAS-2B/EA.hy926 cocultures, a higher concentration
(0.30 μg/mL) was additionally included.

2.9. Characterization of the ALI Cultures by Microscopy Analysis

Daily evaluation of cell density and proliferation was performed with a Leica DM-IL
microscope. More detailed characterization was performed by confocal microscopy. For
confocal microscopy, cells in separate culture inserts were stained, fixed, and mounted be-
tween two glass coverslips, as described in Reference [39]. In brief, the plasma membranes
were stained with CellMask Deep Red Plasma Membrane Stain (Invitrogen, 1:750 dilution in
serum-free medium, 15 min at 37 ◦C), and the cells were fixed in formaldehyde (4%, 15 min,
RT), before the nuclei were counterstained with DAPI (4′,6-diamidino-2-phenylindole, Pro-
Long Gold Antifade reagent with DAPI, ThermoFischer Scientific). Confocal microscopy
was performed using a Zeiss LSM 700 (lasers 405 and 639 nm; objective 40×). Image acqui-
sition and processing were performed with the Zeiss Software ZEN. Z-stack acquisition
was performed with 12–52 μm thickness with 7–53 images for each stack.

2.10. Barrier Function of the ALI Cultures by Elemental Analysis and Fluorescence

The barrier function of the BEAS-2B monocultures and BEAS-2B/EA.hy926 cocul-
tures at the ALI, simulating the human lung–blood barrier, was tested by measuring
the permeation of Ag or a fluorescent hydrophilic molecule into the basolateral medium.
The procedures were performed similarly to as described in Reference [39] for A549 and
A549/EA.hy926 cultures.

The permeation of Ag through the barrier was measured by analyzing the total
Ag in the basolateral medium of the ALI cultures after 20–24 h exposure, and it was
compared with the deposited Ag on empty culture inserts. The basolateral medium was
collected in Eppendorf tubes, stored at −20 ◦C, and used for cytokine analysis by ELISA
(Section 2.11) and Ag analysis by inductively coupled plasma mass spectrometry (ICP-MS).
Culture medium was thawed on ice, vortexed for 10 s and 250–500 μL was transferred to a
Teflon container (18 mL) vial. Sample preparation and ICP-MS analysis was performed as
described in our recent study [39]. The ICP-MS results were analyzed to give the total Ag
mass per insert, which was then divided by the deposited mass (low: 0.8 μg/cm2, high:
6.0 μg/cm2 [39], multiplied by insert area), and multiplied by 100% to give the percentage
of Ag permeation through the ALI cultures.

Breakthrough of fluorescein sodium salt was measured on separate cell cultures in
order to avoid interference between fluorescein and alamarBlue solution. After exposure to
PBS (Section 2.7), 150 μL of fluorescein sodium salt (10 μg/mL in PBS) was nebulized and
deposited on top of the cells for 3.5 min. In parallel, fluorescein was deposited on empty
inserts in order to estimate the maximum leakage through the insert without cells and
on inserts filled with 1 mL PBS in order to measure the maximum deposited fluorescein
in the apical side. The leakage samples were transferred to 6-well plates with 1.5 mL
medium on the basolateral side, and samples for deposition efficiency were transferred to
empty wells. After 22–24 h of incubation, the fluorescence of fluorescein was measured
in the basolateral medium or in apical PBS, related to a seven-point fluorescein standard
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curve (1.6–50 ng/mL) and blank in the respective medium or PBS. Fluorescence was read
in triplicate (90 μL/well) in a black 96-well plate on a FLUOstar OPTIMA microplate
reader (BMG Labtech, Ortenberg, Germany) with excitation 480 nm and emission 525 nm.
Two independent experiments (n = 2) were performed, each with 1–2 culture inserts for
deposition and breakthrough.

2.11. Cytokine Measurement

The basolateral medium from the exposed mono- and cocultures were transferred to
Eppendorf tubes and frozen at −20 ◦C. The amounts of cytokines present in the basolateral
media was measured by the enzyme-linked immunosorbent assay (ELISA), which is a
commonly used colorimetric immunological assay. The target molecule in the sample will
bind to a specific antibody immobilized at the bottom of the microplate well. Through the
addition of the second antibody, a sandwich complex is formed. A substrate solution binds
to this complex and produces a measurable signal, which is directly proportional to the
concentration of target present in the original sample.

ELISA was performed using kits for the human cytokines IL-6 (prod.no. 88-7066,
Invitrogen) and IL-8 (prod.no. 88-8086, Invitrogen). The manufacturer’s recommended
procedures were followed. The samples were thawed on ice and vortexed before use
and diluted 1–200 times in the assay buffer to fit within the measurement region. A
standard curve was included in all plates. Duplicate measurements from each sample
were performed. Plate washing was performed on a Hydroflex (TECAN, Grödig, Austria)
microplate washer. Absorbance was read at 450 nm on an Infinite 200 Pro M Nano (TECAN)
plate reader.

Potential interference between NM-300K and the performance of the ELISA was
investigated. NM-300K was prepared as described above and diluted in cell culture media
for BEAS-2B cells, A549 cells, or EA.hy926 cells, in order to achieve concentrations of 30, 3
and 0.3 μg/mL. The NMs in media were added to the ELISA plate in duplicates and mixed
with reagent buffer or standard (final concentrations 25 pg/mL IL-6 or 31 pg/mL IL-8)
provided in the kit. Further steps in the assay were run as described for the other samples.

2.12. Cell Viability Assessed by alamarBlue Assay

Cell viability was determined by the alamarBlue assay, which is based on the metabolic
activity of cells and is commonly used for the quantitative analysis of cell viability and
proliferation. The active ingredient in alamarBlue reagent (Sigma-Aldrich) is resazurin,
which is a blue non-toxic, cell-permeable compound with low fluorescence. In living cells,
resazurin is reduced to resorufin which is red and highly fluorescent, and the color change
is detected on a plate reader.

AlamarBlue assay was performed 20–24 h after cell exposure. First, the basolateral me-
dia of ALI cultures was removed and saved for cytokine analysis. For monocultures, 1 mL
alamarBlue reagent 10% v/v in cell culture media was added to the apical compartment,
and 1.5 mL alamarBlue-free media was added to the basolateral compartment. For ALI
cocultures, coculture media with alamarBlue 10% v/v was used in both compartments with
the same volumes as for the monocultures. The plates were incubated for approximately
1 h. The plates were gently swirled to ensure even distribution of the alamarBlue solution,
and 40 μL aliquots were transferred in triplicate to black 96-well plates, before fluorescence
(excitation 530 nm, emission 590 nm) was measured on a FLUOstar OPTIMA microplate
reader. Blank values (alamarBlue medium without cells present) were subtracted from the
fluorescence intensity, which was further normalized by the average measurement of negative
control (incubator control) set to 100% relative viability. Potential interference of NM-300K
with the alamarBlue assay was investigated as described in Supplementary Materials.

2.13. Cell Detachment and Counting

Directly after performing the alamarBlue assay (Section 2.11), both sides of the insert
were washed with PBS. Cells were detached by trypsin-EDTA incubation and subsequent
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mixing/washing of insert. For the apical compartment with BEAS-2B or A549 cells, 300 μL
trypsin-EDTA was used (with PVP for BEAS-2B). For the basolateral compartment, PBS
was used for monocultures and 1–1.5 mL trypsin-EDTA 0.05% (Sigma-Aldrich) was used
for EA.hy926 cells. Inserts were trypsinized for 3–5 min at 37 ◦C, and the apical suspension
was mixed with a pipet to facilitate detachment before medium for each cell type was added
(1 mL in apical side, 3 mL in basolateral side). BEAS-2B cells were centrifuged at 200 g
for 5 min and resuspended in 1 mL fresh culture medium to remove trypsin-EDTA/PVP
which was not neutralized by the serum-free cell culture medium.

The cell suspension was mixed 1:1 with trypan blue (0.4%, Invitrogen) for the staining
of cells with compromised cell membrane. The cells were counted in an automated cell
counter (Countess® C10227, Invitrogen) in order to determine the total number of live cells
and viability (%). The cell density was calculated by dividing the total number of live
cells by the membrane insert area. Immediately after counting, the cell suspensions were
further diluted to approximately 200,000 live cells/mL and used for genotoxicity studies
(Sections 2.14 and 2.15).

2.14. DNA Damage Assessed by the Comet Assay

Cell suspensions from ALI and submerged cultures (Section 2.16) were subjected
to DNA damage evaluation by the enzyme-modified version of the comet assay. Briefly,
in the comet assay, cells are embedded in gels, lysed, and the remaining nucleoids are
subjected to an electrophoretic field. The movement of damaged DNA causes comet
formations, wherein the relative amount of DNA in the comet tail is proportional to the
number of DNASBs.

Reagents used for the comet assay were provided by Sigma-Aldrich unless otherwise
stated. A cell suspension with approximately 10,000 cells in 50 μL was mixed with 200 μL
low melting point (LMP) agarose (0.8% in PBS) in a 96-well plate, yielding a final concen-
tration 0.64% LMP agarose. Mini-gels (10 μL) were placed on coded microscopy slides
precoated with 0.5% standard melting point agarose, and the slides were 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) overnight.

For the detection of oxidized bases, the bacterial repair enzyme formamidopyrimidine
DNA glycosylase (Fpg, gift from NorGenoTech, Oslo, Norway), which converts oxidized
bases to SBs, was used [11]. After lysis, gels for Fpg treatment were washed twice for 8 min
in buffer F (40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8, 4 ◦C), before
being placed in a humid box and covered with Fpg (200 μL/slide) and polyethylene foil.
Fpg incubation was performed for 30 min at 37 ◦C.

All slides were placed in the tank and submerged with electrophoresis solution (0.3 M
NaOH, 1 mM EDTA, pH > 13, 4 ◦C), and DNA was allowed to unwind for 20 min. The
electrophoresis was run for 20 min (25 V, 1.25 V/cm, Consort EV202). Gels were neutralized
in PBS, washed in ultrapure H2O, and air-dried overnight. Staining of DNA was performed
with SYBR gold (1:2000), and scored in Leica DMI 6000 B (Leica Microsystems), equipped
with a SYBR® photographic filter (ThermoFischer Scientific) using the software Comet assay
IV 4.3.1 (Perceptive Instruments, Bury St Edmunds, UK). Comets were scored semi-blindly
by two operators, where all slides within one experiment were scored by the same operator.
Median DNA tail intensity was calculated from 50 comets per gel as a measure of DNA SBs.
Medians were averaged from 2–6 gels per sample per n = 3–7 independent experiments.

Hydrogen peroxide (H2O2) was used as a positive control for DNA SBs. Cells from
negative control inserts were embedded in gels and submerged in 13–100 μM H2O2 in
PBS for 5 min at 4 ◦C. The samples were washed twice for 2 min in PBS (4 ◦C) and
then submerged in a separate Coplin jar of lysis solution. The short time between H2O2
treatment and lysis limits the process of damage repair. The H2O2 exposure experiments
with BEAS-2B ALI mono- and cocultures were conducted by placing all cell types (BEAS-
2B from monoculture, BEAS-2B from coculture, and EA.hy926 cells from coculture) on
the same slide in order to minimize variation. For experiments with submerged cultures
(Section 2.16), all cell types and exposure conditions were placed on the same slide. As a
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negative control for the H2O2 exposure experiments, a separate slide with gels was exposed
to PBS in parallel with H2O2 exposure.

As a positive control for the function of the Fpg enzyme, A549 cells were exposed to a
photosensitizer, Ro 19–8022 (Hoffmann La Roche, Switzerland), and irradiated with visible
light before embedding in gels, as described in Elje et al. 2019 [50]. The photosensitizer
Ro 19-8022 induces with light oxidized purines, mainly 8-oxoG, which is detected by the
Fpg [11]. The function of Fpg was controlled on a regular basis and was not included in all
experiments. The positive control had an expected effect compared to the historical control
data, with a net Fpg (level of SBs + Fpg minus level of SBs) of >20% DNA in tail.

2.15. Chromosomal Damage Assessed by the Cytokinesis-Block Micronucleus Assay

In parallel to the comet assay, cells from ALI cultures were seeded for detection of
chromosomal damage by the cytokinesis-block micronucleus assay. The micronucleus
assay measures the ability of the test substance to induce structural chromosome damage
(clastogenic effect) or numerical chromosome alterations (aneugenic effect). Micronuclei
are formed from chromosome or chromatid fragments or from whole chromosomes that
lag behind in cell division. The addition of the active polymerization inhibitor cytochalasin
B allows for analysis of the micronuclei frequency in cells that have completed one mitosis
after treatment with the test substance, as such cells which are binucleated because the
cytochalasin B prevents the separation of daughter cells after mitosis [13,51].

After the treatment and detachment of cells from ALI cultures, approximately 0.5–1 × 105

cells were seeded on flame-sterilized coverslips placed in 6-well plates with 1.5 mL media
to a final concentration of 6 μg/mL cytochalasin B (prod.no. C6762, Sigma-Aldrich). The
coverslips were incubated with culture media for 1–3 h before adding cells in order to
facilitate cell adhesion. Coverslips and plates used for BEAS-2B cells were first coated
with collagen IV (prod.no. 804592, Sigma-Aldrich). To each well with a coverslip, 1 mL
collagen IV (30 μg/mL) diluted in Hanks’ Balanced Salt solution (HBSS) (prod.no. 14175046,
ThermoFisher Scientific) was added, before overnight incubation at 4 ◦C. The coated plates
were washed with PBS before medium with cells was added. Cells were incubated at 37 ◦C
and 5% CO2 for 26–33 h (1–2 cell cycles). The same incubation time was used for all samples
within the same experiment.

Cells were washed with PBS and fixed with methanol and acetic acid (3:1) in two
steps, first for 15 min at RT, and then for up to 4 days at 4 ◦C. Coverslips were dried in the
fume hood for 3–5 min and mounted on coded standard microscopy slides cleaned with
ethanol, with a drop of the mounting medium ProLong Gold Antifade reagent with DAPI
(ThermoFischer Scientific).

Cells were imaged in Zeiss Imager-Z2 microscope with a Metafer camera (MetaSystems
Hard & Software GmbH, Altlussheim, Germany) and analysis system for micronuclei
scoring. Scoring was performed in a semi-automatic manner, using 10× and 40× objectives.
More details on the system and settings used for scoring can be seen in Section S1.2 in
the Supplementary Materials, including the percentages of analyzed binucleated cells
(Figure S1). The selected settings for scoring and analysis did not identify all binucleated
cells with micronuclei, giving some false negative and false positive cells. Thus, to avoid
this, all identified binucleated cells were manually accepted or rejected, and cells with
possible micronuclei were checked with a 40× objective.

2.16. Statistical Analysis

At least three independent experiments were performed for each test method, unless
otherwise stated. In each experiment, 1–2 parallel culture inserts were included (Table S4).
Results are presented as mean with standard deviation (SD) calculated from the average
results from n experiments. Normal distribution of data was assumed. In order to evaluate
the statistical significance of the results, one-way ANOVA was performed followed by
Dunnett’s multiple comparisons test using GraphPad Prism version 9.3.1 for Windows
(GraphPad Software, San Diego, CA, USA). Results were compared to the PBS control for
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ALI cultures and unexposed control for submerged cells. Fluorescein permeation results
were compared to empty inserts with no cells. Ag permeation results were analyzed by
one-way ANOVA with post-test Sidak to allow for multiple comparisons between low and
high concentrations and between models and empty inserts (16 comparisons in total). The
level of significance was set to p < 0.05. Calculation of EC50 values, the concentration giving
50% response, was performed using non-linear regression analysis with the Hill equation,
in GraphPad Prism. Mathematical calculations were performed in Excel (Microsoft 365).

3. Results

3.1. Nanomaterial Dispersion Quality and Physicochemical Characterization

The hydrodynamic diameter of NM-300K in stock dispersion and diluted in LHC-9
culture medium was measured by DLS directly after preparation and after 24 h (Table 1).
The NMs in stock dispersion had a hydrodynamic diameter (Z-ave) of 149 nm and were
stable in dispersion for 24 h. The size distribution of the NMs had two or three peaks,
where most particles were within the peak with mean size 110–265 nm, and with some
smaller (5–40 nm) and larger (>3000 nm) particles. The zeta potential was −17.1 ± 2.8 mV,
indicating that the NM dispersions were semi-stable.

Table 1. Characterization of NM-300K directly after preparation (T0) and after 24 h (T24h). The
stock dispersion (10 mg/mL) was used for aerosolized exposure and was diluted in LHC-9 culture
medium to make a medium dispersion (141 μg/mL, 100 μg/cm2) for submerged exposure. Results
are presented as mean ± standard deviation or interval (lower value–higher value) from n = 3–15
independent experiments. PDI: polydispersity index, h: hours.

Sample Time Z-Ave (nm) PDI (a.u.)
Main Peak

(nm)
n

Stock
dispersion

T0 149.3 ± 42.5 0.331 ± 0.062 110–265 15
T24h 129.6 ± 15.4 0.347 ± 0.022 130–147 3

Stock diluted
in medium

T0 378.2 ± 109.8 0.393 ± 0.032 148–280 5
T24h 1838.8 ± 2344.2 0.884 ± 0.739 60–150 5

NM-300K diluted in LHC-9 culture medium had a higher hydrodynamic diameter
than the stock dispersion, with a Z-ave of 378 nm and main peak with slightly higher size
as for stock dispersion. After 24 h, larger NMs were detected in some of the measurements,
giving a Z-ave between 119–5180 nm and a high PDI. Medium without NM-300K had a
Z-ave of 15.4 ± 1.0 nm with PDI 0.349 ± 0.054 (n = 2).

3.2. Characterization of the Advanced Models

The advanced models of BEAS-2B/EA.hy926 and A549/EA.hy926 cells, cultured at
the ALI, were characterized for cell density, viability and barrier integrity. The ALI-cultured
apical cells were moist with a shiny surface, though some cultures occasionally showed a
drier appearance (Figure S2). BEAS-2B cells were grown in dense structures on the porous
membranes, as seen by confocal microscopy (Figure 2A,B). Higher density was observed
for BEAS-2B in coculture with EA.hy926 cells compared to monocultures. Some holes in the
apical cell layers of both mono- and cocultures were observed, and the fewest holes were
seen in A549 cocultures (details not shown). The confocal images of BEAS-2B cells also
indicated slightly higher thickness of the apical cell layer in cocultures, with cells growing in
multilayers, compared to the BEAS-2B cells in monocultures (Figure 2 and Figure S3). Cell
counting after detachment of cells confirmed a higher density of BEAS-2B cells in coculture
compared to BEAS-2B in monocultures, indicating a higher proliferation of the cells in this
condition (Table 2). The opposite result was seen for A549 cells, where the density was
higher in monoculture compared to coculture with EA.hy926 cells. The endothelial cells
had a similar density of both types of cocultures (Table 2) and were growing in a confluent
monolayer (Figure 2C). The collected cells had high viability, though some cells were lost
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during the detachment process and during washing before trypsinization, and some cells
still remained on the insert.

 

Figure 2. Confocal images of advanced bronchial BEAS-2B models. Z-stack image series (2D x–y
view and respective side views) showing the distribution of BEAS-2B and EA.hy926 cells on the
opposite sides of a transwell membrane insert (arrow). (A) BEAS-2B cells in monocultures (z-stack
thickness 12 μm). (B) BEAS-2B cells in cocultures (z-stack thickness 52 μm). (C) EA.hy 926 cells in
cocultures (z-stack thickness 52 μm). Red: cellular membranes stained with Cell Mask red dye; blue:
nuclei counterstained with DAPI. Magnification: 40×. Scale bars 50 μm.

Table 2. Number of live cells, cell density and cell viability from ALI cultures at the end of the
cultivation period, evaluated by cell counting with trypan blue staining after detaching the cells
from the inserts. Results are presented as mean with standard deviation (SD) from 2–3 independent
experiments (n) and 2–7 replica culture inserts in each experiment. ALI: air–liquid interface.

ALI Model Cell Line
Live Cells

(×106)
Cell Density
(×105/cm2)

Viability
(%)

n

BEAS-2B

Monoculture BEAS-2B 2.9 ± 0.3 6.8 ± 0.8 95 ± 2 2

Coculture
BEAS-2B 4.7 ± 0.6 11.1 ± 1.4 97 ± 1 2
EA.hy926 0.9 ± 0.3 1.6 ± 0.4 83 ± 15 3

A549
Monoculture A549 2.4 ± 0.7 5.7 ± 1.5 97 ± 2 2

Coculture
A549 1.4 ± 0.8 3.3 ± 1.9 94 ± 4 2

EA.hy926 0.8 ± 0.1 1.8 ± 0.1 93 ± 3 2

The barrier integrity of the advanced models was investigated by measuring the
permeation of the water-soluble fluorescein sodium salt and Ag (NMs or dissolved species)
from NM-300K after aerosol exposure through the cellular layer by quantification in the
basolateral media after 24 h (Table 3). A high permeation of fluorescein, at the same level
as empty inserts without cells, was found in BEAS-2B/EA.hy926 cocultures (70%) (Table 3).
Strongly reduced fluorescein permeation was seen in BEAS-2B monocultures (20%) and in
A549/EA.hy926 cocultures (9%). No difference was seen in the permeation of fluorescein
between incubator control and PBS-exposed cultures.

50



Nanomaterials 2023, 13, 407

Table 3. Comparison of the barrier integrity of mono- and cocultures of BEAS-2B/EA.hy926 and
A549/EA.hy926 cells, by measurement of fluorescein sodium salt and Ag permeation. Results
are presented as mean permeation with SD of n = 2–3 independent experiments with single or
duplicate inserts. Permeation is presented as the basolateral concentration (μM) and as the basolateral
concentration relative to the deposited apical concentration (%). Results for A549/EA.hy926 cultures
are based on our previous publication [39]. NC: negative control. PBS: phosphate-buffered saline,
NM-300K DIS: dispersant control, NM-300K low: nominal 1 μg/cm2, NM-300K high: nominal
10 μg/cm2.

Fluorescein or Ag Permeation

Experiment
Type

Treatment

BEAS-2B/EA.hy926 Cultures A549/EA.hy926 Cultures *
Empty Inserts

Monoculture Coculture Monoculture Coculture

Fluorescein (%
of deposited

apical
concentration)

NC 21 ± 2% (n = 2) a 69 ± 2% (n = 2) - -

74 ± 11% (n = 2)
PBS 22 ± 1% (n = 2) a 71 ± 7% (n = 2) - 9 ± 5% (n = 3) a

Ag (μM and %
of deposited

apical
concentration) b

NM-300K DIS 0.017 ± 0.003 μM
(n = 2)

0.026 ± 0.013
μM (n = 2)

0.069 ± 0.025
μM (n = 2)

0.030 ± 0.017
μM (n = 2) -

NM-300K low 11.9 ± 1.5 μM
57.1% (n = 3) c,d

7.7 ± 1.3 μM
37.1% (n = 3) e

1.9 ± 0.6 μM
8.1% (n = 2) f

3.3 ± 0.6 μM
14.3% (n = 2) f -

NM-300K
high

11.9 ± 0.4 μM
7.7% (n = 3)

8.3 ± 2.2 μM
5.3% (n = 3) e

14.5 ± 1.4 μM
8.7% (n = 3)

15.4 ± 1.3 μM
9.2% (n = 2)

11.40 ± 0.03 μM
7% (n = 2)

* Results on A549/EA.hy926 cultures are based on [39]. a Statistically significant difference from empty inserts,
evaluated by one-way ANOVA with post-test Dunnett (p < 0.05). b Ag permeation results were analyzed by
one-way ANOVA with post-test Sidak (p < 0.05). A total of 16 comparisons were made: between low and high
concentration for each model, low and low concentration for BEAS-2B and A549 monocultures, high and high
concentration for BEAS-2B and A549 monocultures, low and low concentration for BEAS-2B and A549 cocultures,
high and high concentration for BEAS-2B monocultures and A549 cocultures, and high concentration for all
models and empty inserts. c Statistically significant difference from BEAS-2B coculture at the same concentration.
d Statistically significant difference from A549 monoculture at the same concentration. e Statistically significant
difference from A549 coculture at the same concentration. f Statistically significant difference from the same model
at high concentration.

The permeation of Ag was higher in BEAS-2B monocultures compared with cocultures
(Table 3). This difference was highest after exposure to the low concentration of NM-300K,
giving a permeation of 57% in monocultures and 37% in cocultures. In the basolateral
medium of cultures exposed to the high concentration of NM-300K, the Ag concentrations
of both mono- and cocultures were similar to the maximum permeation through empty
inserts (11 μM) (no statistically significant difference by one-way ANOVA with post-test
Sidak, p > 0.05). The barrier integrity of A549 cultures differed from the BEAS-2B cultures.
A slightly higher Ag permeation was seen after exposure to low concentration of NM-300K
in A549 cocultures (14%) compared to monocultures (8%) although the difference was not
statistically significant. However, the permeability of both A549 mono- and cocultures
was lower than for BEAS-2B mono- and cocultures (p < 0.05). After exposure to the high
concentration of NM-300K, similar results were seen for both A549 and BEAS-2B models,
where the permeability was about the same as for the maximum permeation through empty
inserts (p > 0.05). A low concentration of Ag was found in the basolateral medium of
cultures exposed to NM-300K DIS, and the concentration was similar for all models.

3.3. Toxic Responses after NM-300K Exposure in Advanced Respiratory BEAS-2B or A549 Models
3.3.1. Cytotoxicity

The mono- and cocultures of BEAS-2B/EA.hy926 or A549/EA.hy926 cells were ex-
posed to aerosolized NM-300K and control solutions in the VITROCELL® Cloud. After
20–24 h, cytotoxicity was investigated by the alamarBlue assay following the experimental
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design in Figure 1. The measured deposited concentrations of NM-300K (low and high),
with nominal concentrations 1 and 10 μg/cm2, were measured in our recent study to be 0.8
and 6.0 μg/cm2, respectively [39].

Cell viability is presented relative to incubator control (NC, set to 100%) and statisti-
cally analyzed against the PBS control. A reduction in the relative cell viability was seen
after NM-300K exposure at high concentration in BEAS-2B monocultures (57%, Figure 3A),
but not in the cocultures compared with the PBS exposure control. The viability of BEAS-2B
cells in cocultures was significantly reduced after aerosol exposure to PBS, with a relative
viability of 67%, compared with the incubator control. This effect of PBS was not seen in
the monocultures (Figure 3B). The viability of cells exposed to NM-300K DIS was similar
to that of cells exposed to PBS, in both models. The viability of EA.hy926 cells was not
affected by aerosol exposure to NM-300K or PBS. The positive control, 50–100 μM chlorpro-
mazine hydrochloride in basolateral media, strongly reduced the viability in all cultures,
as expected.

Figure 3. Relative cell viability of BEAS-2B and EA.hy926 cells after exposure to aerosolized NM-300K
and control solutions at the air–liquid interface, evaluated by alamarBlue assay. The response of cells
in monocultures (A) was different compared to cocultures (B). Cell viability is presented relative to
NC, which is set to 100%. Results are presented as the mean with standard deviation from n= 5–7
(A) and n = 4 (B) independent experiments (where the results from each experiment are averaged in
the case of two replica inserts). Statistically significant different effects on cell viability compared to
control inserts with PBS-exposed cells were analyzed by one-way ANOVA followed by Dunnett´s
post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001). NC: negative control, PBS: phosphate-buffered
saline, NM-300K DIS: dispersant control, NM-300K low: nominal 1 μg/cm2, NM-300K high: nominal
10 μg/cm2, PC: positive control (chlorpromazine hydrochloride 50–100 μM in basolateral medium
for 24 h).

Similar results as with the BEAS-2B models were seen with A549 monocultures and
A549/EA.hy926 cocultures after NM-300K exposure (Table 4, details in [39]). The viability
of EA.hy926 cells was reduced after aerosol exposure when in coculture with A549 but not
with BEAS-2B (Table 4).
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Table 4. Comparison of the relative cell viability in bronchial BEAS-2B and alveolar A549 advanced
models after aerosol exposure to PBS and NM-300K. Results are presented as the mean relative cell
viability (compared to NC, set to 100%) with standard deviation from 4–9 independent experiments
(n), each with 1–2 replica culture inserts. Statistically significant differences compared to control
exposed to PBS were analyzed by one-way ANOVA with Dunnett´s multiple comparisons post-test,
and they are indicated by * p < 0.05. Data for A549 mono- and cocultures are based on our results
from [39]. NC: negative control, PBS: phosphate-buffered saline, NM-300K low: nominal 1 μg/cm2,
NM-300K high: nominal 10 μg/cm2.

Relative Cell Viability (%)

BEAS-2B/EA.hy926 Cultures A549/EA.hy926 Cultures a

Monoculture Coculture Monoculture a Coculture a

Treatment BEAS-2B BEAS-2B EA.hy926 A549 a A549 a EA.hy926 a

NC 100 ± 0 100 ± 0 * 100 ± 0 100 ± 0 100 ± 0 100 ± 0
PBS 91 ± 9 67 ± 17 94 ± 10 93 ± 23 62 ± 22 69 ± 19

NM-300K low 92 ± 15 85 ± 21 81 ± 34 72 ± 13 57 ± 20 67 ± 21
NM-300K high 57 ± 2 * 60 ± 8 100 ± 9 59 ± 26 59 ± 29 68 ± 21

n 5–8 4 4 6–9 4–5 4–5
a Data based on the results from [39].

For the comparison of the new advanced models with the corresponding traditional
cell models, the cytotoxicity of NM-300K was also tested with submerged exposure of
monocultured cells by alamarBlue assay. NM-300K was cytotoxic in BEAS-2B cells at
concentrations above 10 μg/cm2 and at 10 μg/cm2 for submerged and ALI exposure,
respectively (Figure 3 and Figure S4). BEAS-2B cells were more sensitive to NM-300K
exposure compared to A549 and EA.hy926 cells in submerged conditions (Figure S4 and
Table S5, [52,53]). No interference with the alamarBlue assay was detected for NM-300K
(Figure S5).

3.3.2. Secretion of Pro-Inflammatory Cytokines IL-6 and IL-8

Upon NM exposure, pro-inflammatory cytokines can be secreted by the airway ep-
ithelium and endothelium in order activate the immune system. The concentrations of the
pro-inflammatory cytokines IL-6 and IL-8 secreted from the ALI cultures into the basolateral
medium during exposure were measured by ELISA. The results are presented as absolute
concentrations (Figure 4 and Tables S6 and S7) and relative to NC (Figure S6).

An apparent trend towards increased levels of IL-8 was seen after NM-300K exposure
in all cell models; however, a statistically significant increase was measured only for
BEAS-2B in mono- and coculture for the lowest concentration of NM-300K compared with
untreated incubator control. A similar effect was seen on IL-6 levels in BEAS-2B cocultures
only. In BEAS-2B mono- and cocultures, the concentrations of both IL-6 and IL-8 were
higher for low-concentration NM-300K compared with the high concentration. There
was a significant effect of PBS exposure on the levels of IL-6 in monocultures of BEAS-2B
compared to NC (Figure 4 and Figure S6).

IL-6 and IL-8 concentrations were found to be higher (3× and 9×, respectively) in
cocultures of BEAS-2B/EA.hy926 compared with BEAS-2B monocultures (Figure 4 and
Tables S6 and S7). For the monocultures, the increase in IL-6 was about the same for
low-concentration NM-300K and NM-300K DIS. However, no increase was detected after
exposure to the high concentration of NM-300K, for which the concentrations of NM-
300K DIS was matching. For the A549 models, the level of IL-8 was about 4× higher in
monocultures than in cocultures. For IL-6 level, there was no difference between mono-
and cocultures of A549 cells. No interference between the NM-300K and the assay was
found (Figure S7).
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Figure 4. Concentrations of IL-6 and IL-8 in mono- and cocultures of BEAS-2B/EA.hy926 cells (top
panel) and A549/EA.hy926 cells (bottom panel) after exposure to aerosolized NM-300K and control
solutions at the air–liquid interface, evaluated by ELISA. Results are presented as the mean with
standard deviation from single or duplicate inserts from n = 2–6 independent experiments (n = 6 for
BEAS-2B monocultures, n = 3 for BEAS-2B/EA.hy926 cocultures and A549 monocultures, and n = 2
for A549/EA.hy926 cocultures). Statistically significant different effects on cytokine concentration
compared to the negative control inserts with PBS-exposed cells (PBS) were analyzed by one-way
ANOVA followed by Dunnett´s post-hoc test (* p < 0.05, *** p < 0.001). NC: negative control, PBS:
phosphate-buffered saline, NM-300K DIS: dispersant control, NM-300K low: nominal 1 μg/cm2,
NM-300K high: nominal 10 μg/cm2.

3.3.3. Genotoxicity by DNA and Chromosomal Damage in ALI Cultures

After viability analysis by alamarBlue assay and cytokine secretion analysis by ELISA,
cells from the same samples were analyzed for DNA damage by the comet assay and
cytokinesis-block micronucleus assay.

Different sensitivities on induction of DNA SBs and oxidized base lesions after expo-
sure to NM-300K were measured by the enzyme-modified comet assay when comparing
the different cell types and models. NM-300K exposure at low concentrations induced an
increase in DNA SBs and SBs + Fpg in BEAS-2B cells in monoculture, with 26 ± 18% DNA
in the tail (Figure 5A), but no effect in cocultures (Figure 5B). No significant effect was
measured in BEAS-2B or in EA.hy926 cells (Figure 5) after exposure to high-concentration
NM-300K. The levels of DNA SBs were similar in the incubator control (NC) and in samples
exposed to PBS. No effect of NM-300K DIS was seen. However, the background of DNA
SBs (in NC) was slightly higher in BEAS-2B cells from cocultures (5.9 ± 3.6% DNA in
tail, n = 3) compared with monocultures (1.4 ± 1.6% DNA in tail, n = 6). For comparison,
submerged NM300-K exposure of BEAS-2B cells did not induce any genotoxicity, as an
increase in SBs was detected only at cytotoxic concentrations (from 10 μg/cm2) (Figure S8).
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Figure 5. DNA damage by strand breaks (SBs) and oxidized base lesions (Fpg) of BEAS-2B and
EA.hy926 cells after exposure to aerosolized NM-300K and control solutions at the air–liquid interface,
evaluated by the comet assay. The response of cells in monocultures (A) was different compared with
cocultures (B,C). Results are presented as the mean with standard deviation from single or duplicate
inserts from n = 3–6 (A), n = 3 (B), and n = 4 (C) independent experiments. Statistically significant
different effects on DNA damage compared to control inserts with PBS-exposed cells (PBS) were
analyzed by one-way ANOVA followed by Dunnett´s post-hoc test (** p < 0.01, *** p < 0.001). NC:
negative control, PBS: phosphate-buffered saline, NM-300K DIS: dispersant control, NM-300K low:
nominal 1 μg/cm2, NM-300K high: nominal 10 μg/cm2.

H2O2 exposure induced a concentration-related induction of SBs in BEAS-2B cells
from monocultures and EA.hy926 cells from cocultures (Figure 6 and Table 5). BEAS-
2B cells in cocultures were found to be more sensitive, with a high level of SBs also at
the lowest concentrations of H2O2 (80 ± 11% DNA in tail at 13 μM H2O2). Different
media compositions were used in the BEAS-2B monocultures (LHC-9) and in the BEAS-
2B/EA.hy926 cocultures (DMEM and LHC-9, 1:1). In submerged cells, which showed less
sensitivity to H2O2 exposure than ALI cultures, the different media compositions did not
affect the viability (Figure S9) or H2O2 sensitivity (Table 5 and Figure S10). Cells from A549
mono- and cocultures had a high response to 100 μM H2O2, as expected, and only one
concentration was tested.

Figure 6. DNA damage by strand breaks (SBs) in BEAS-2B and EA.hy926 cells after exposure to H2O2

in gels, evaluated by the comet assay. Cells from unexposed inserts of (A) BEAS-2B monocultures
and (B) BEAS-2B/EA.hy926 cocultures were embedded in gels before H2O2 exposure. Results are
presented as the mean with standard deviation from single or duplicate inserts from n = 7 (A)
and n = 3 (B) independent experiments. Statistically significant different effects of DNA damage
compared to negative control cells without H2O2 exposure (0 μM in PBS) were analyzed by one-way
ANOVA followed by Dunnett´s post-hoc test (*** p < 0.001). NC: negative control; H2O2: hydrogen
peroxide; PBS: Phosphate-buffered saline.
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Table 5. DNA damage response after the hydrogen peroxide (H2O2) exposure of BEAS-2B cells from
different culturing conditions. Results are presented as the mean with standard deviation from n = 3
independent experiments (except ALI monocultures with n = 6), each with 1–2 culture inserts or
culture wells per treatment. Medium type is presented as the ratio of medium for BEAS-2B cells
(LHC-9) and medium for EA.hy926 cells (DMEM). ALI: air–liquid interface, SBs: strand breaks.

Culture Conditions
H2O2 Treatment

DNA SBs (% DNA in Tail) EC50 (μM)

Culture Type Cell Line
LHC-

9:DMEM
12.5 μM 25 μM 50 μM

ALI
monoculture BEAS-2B 1:0 7 ± 4 41 ± 23 89 ± 5 28 ± 6

ALI coculture
BEAS-2B 1:1 80 ± 11 87 ± 14 86 ± 15 4 ± 5
EA.hy926 1:1 7 ± 3 11 ± 5 60 ± 10 45 ± 5

Submerged
monoculture

BEAS-2B
1:0 7 ± 3 24 ± 12 84 ± 14 33 ± 6
1:1 7 ± 3 18 ± 6 77 ± 10 37 ± 6
0:1 4 ± 3 27 ± 6 85 ± 5 31 ± 1

EA.hy926
1:0 18 ± 7 20 ± 5 42 ± 17 70 ± 31
1:1 16 ± 1 19 ± 2 46 ± 19 >100
0:1 19 ± 3 12 ± 6 34 ± 5 >100

No significant effect on micronuclei induction was found after exposure to PBS, NM-
300K DIS, or NM-300K, on any of the cultures, compared to the PBS control (Figure 7). A
high level of micronuclei was induced by the positive control (0.15 μg/mL mitomycin-C in
basolateral media) in BEAS-2B and EA.hy926 cells from mono- and cocultures (Figure 7A,B),
and slightly lower for A549 in mono- and cocultures (Figure 7C,D). The effect of mitomycin-
C in A549 monocultures was significantly different from that of the unexposed NC control
only (p = 0.04), and the increase in micronuclei formation was not statistically significant
from the PBS control (p = 0.08). The proportion of binucleated cells in the samples for
micronuclei investigation was estimated to be 21% for BEAS-2B and 19% for EA.hy926 cells.
Corresponding numbers for A549/EA.hy926 cocultures were about 21% for A549 and 8%
for EA.hy926 cells (Figure S1).
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Figure 7. Micronuclei induction in BEAS-2B, EA.hy926 and A549 cells after exposure to aerosolized
NM-300K and control solutions at the air–liquid interface, evaluated by the cytokinesis block mi-
cronuclei assay. Micronuclei induction was analyzed in cells from BEAS-2B monoculture (A), BEAS-
2B/EA.hy926 coculture (B), A549 monoculture (C), and A549/EA.hy926 coculture (D). Results are
presented as the mean with standard deviation from single or duplicate inserts from n = 3 independent
experiments. Statistically significant different effects on micronuclei induction compared to control
inserts with PBS-exposed cells (PBS) were analyzed by one-way ANOVA followed by Dunnett´s
post-hoc test (* p < 0.05, *** p < 0.001). NC: negative incubator control, PBS: phosphate-buffered
saline, NM-300K DIS: dispersant control, NM-300K low: nominal 1 μg/cm2, NM-300K high: nominal
10 μg/cm2, MMC: mitomycin-C at 0.15 μg/mL in basolateral medium for 24 h.

4. Discussion

An important part of NAMs, which are essential for NGRA, is the development and
characterization of advanced in vitro models. Advanced respiratory in vitro models are
of high importance for the hazard assessment of NMs after inhalation exposure. Cells
cultured and exposed at the ALI represent a more physiological scenario than cells in
submerged conditions. In order to develop the most realistic NAMs, the characterization,
testing and validation of models is needed. Of importance to this is comparison of the
effects of reference NMs on different advanced models for the same target, as well as to
benchmark the effects of the tested NMs against the effects in traditional 2D in vitro models.
This study focused on the characterization and application of the immortalized human
bronchial epithelial cell line BEAS-2B cultivated at ALI in monoculture or in cocultures
with endothelial EA.hy926 cells for the testing of different toxicity endpoints. It is, to our
knowledge, the first study to successfully apply several genotoxicity endpoints, including
the micronucleus assay, in advanced BEAS-2B cocultures at the ALI, and to perform a
comparison of the effects of a reference NM in mono- and cocultures, and also with the
more extensively used human alveolar epithelial cell line A549. Further, effects on the
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advanced models at the ALI were compared with responses in traditional corresponding
submerged cultures in monocultures.

Cell growth, barrier integrity, and confluency differed between mono- and cocultures
of BEAS-2B cells. In cocultures with EA.hy926, the BEAS-2B cells had lower confluency
compared with monocultures, and they showed a multilayer growth, which was not
seen with the A549 cells. Thus, more holes were seen under confocal microscopy in the
BEAS-2B epithelial layer, which was also thicker. We found a higher density of BEAS-2B
cells in cocultures compared with monocultures, indicating higher cellular growth and
stimulated cell proliferation in the cocultures. The opposite was found with A549 cells,
where the cells had lower density in cocultures compared to monocultures. The stimulated
proliferation of BEAS-2B cells in cocultures with EA.hy926 cells was found not to be due to
different media compositions of mono- and cocultures. Rather, the increased proliferation
of BEAS-2B cells in coculture might be related to cell signaling from the endothelial cells.
The multilayer growth of BEAS-2B cells in coculture indicates that the advanced model
facilitates conditions similar to tissue physiology in the lungs, as has been shown also in
previous studies [10,54].

In monoculture, BEAS-2B and A549 had similar cell numbers at the end of the cul-
tivation period, despite the longer doubling time (4 h) of BEAS-2B cells compared to
A549 [55,56]. The endothelial cells showed a similar density and appearance in both
coculture types, with BEAS-2B and A549, respectively.

The barrier function appeared to be less in BEAS-2B cocultures than in monocultures,
as indicated by the higher permeability of fluorescein, which was measured in the baso-
lateral medium. This finding is in line with the higher frequency of observed holes in the
apical cell layers of cocultures of BEAS-2B. In contrast, Ag permeation was higher in BEAS-
2B monocultures than in cocultures. It is known that Ag has a high affinity for sulfur and
that it may form toxic complexes with sulfur-containing proteins in the cells [57]. The lower
permeation of Ag in the coculture may be explained by the additional barrier constituted
by the endothelial cells and the measured higher epithelial cell density in cocultures, and
thus increased interaction with or dissolution of the NMs. Ag permeation after exposure to
NM-300K at high concentrations was in all culture types similar to the permeation through
empty inserts. As total silver was measured, it included both particles and dissolved
Ag-ions diffusing from the apical side down the concentration gradient. However, the
permeation of Ag was similar after exposure to low and high concentrations, and it was
not increased as may be expected by the larger gradient. This low permeability might be
due to the agglomeration/aggregation of the nanoparticles at high density, making them
less likely to penetrate into the pores of the insert membrane, the pores being blocked, a
saturation of the medium, or a combination of these factors.

A549 mono- and cocultures showed less permeation of fluorescein and also of Ag after
exposure to low-concentration NM-300K, than BEAS-2B cultures. This is in accordance
with previous studies showing that A549 cells form tight junctions [39,46] and thus a
stronger barrier, measured as trans-epithelial resistance (TEER), at an earlier stage than
BEAS-2B cells [54]. Different bronchial cell lines, including BEAS-2B, cultivated at ALI,
were evaluated for barrier functions by He et al., (2021), and only Calu-3 cells were found
to sustain a strong TEER for up to 21 days. Also, the immortalized cell line 16HBE formed
tight junctions and developed a strong TEER, though the TEER dropped considerably in
ALI conditions [10].

In order to compare the responses of the different models to a toxic insult, the cells
were exposed to Ag NM-300K, which is a reference NM commonly used in many projects
related to the safety of NMs (such as the European Commission FP7 project NanoReg, and
H2020 projects NanoReg2, PATROLS and RiskGONE). The relative cell viability of BEAS-2B
monocultures at the ALI was reduced by NM-300K exposure at the highest concentration.
This is similar to what we observed for A549 monocultures [39]. The viability was reduced
at lower concentrations after ALI exposure compared with submerged exposure, which
may indicate higher sensitivity of the ALI models. However, direct comparisons between
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the models are difficult due to large differences in the experimental conditions including
aerosol or submerged exposure, cell number, and cell density.

Significant reduction in cell viability was only measured after exposure to high con-
centrations of NM-300K in monocultures. In cocultures, we observed that PBS aerosol
exposure reduced cell viability of the BEAS-2B cells, compared with incubator control,
and thus no significant difference in viability could be detected between PBS and NM
exposures. The same effect of PBS was also seen previously with A549 cocultures [39]. This
indicates that the coculture conditions at the ALI sensitize the apical epithelial cells to the
aerosol exposure both of non-toxic and toxic compounds. One could speculate that the lack
of direct basolateral contact with the cell culture media in the cocultures could influence
this, due to the confluent layer of the endothelial cells. Additionally, the interaction and
interplay between the endothelial cells in itself may play a role. Interestingly, the viability
of the endothelial cells was not reduced after PBS exposure in coculture with BEAS-2B but
with A549 [39], despite the demonstrated stronger barrier of the A549 epithelial layer.

When genotoxicity was tested, the models showed different sensitivities. Genotoxicity
measured as DNA SBs was found only in BEAS-2B monocultures at low concentrations
of NM-300K. The lack of genotoxic effects at high concentrations could be due to loss of
damaged cells during the washing steps, as cytotoxicity was measured at this concentration.
No genotoxic effect was seen in BEAS-2B or in the EA.hy926 cells in coculture. The lack of
an effect in the BEAS-2B cells in coculture may be due to the higher cell density and thereby
relatively lower number of particles per cell. One may also speculate as to whether the
co-cultivation with the endothelial cells may increase the emergency preparedness of the
BEAS-2B cells towards toxic insults. The increased level of pro-inflammatory cytokines in
the cocultures (Figure 4) may support such a theory, and it has been suggested previously
that increased expression of cytokines, such as IL-6, can promote DNA repair [58]. In
cocultures of A549 and EA.hy926, genotoxicity measured as SBs was only found in the
endothelial cells. However, we previously showed that in triculture with addition of
differentiated THP-1 cells, no SBs were detected [39]. These results are not false negative, as
NMs were internalized in the A549 cells [39]. A genotoxic response can be secondary due
to the induction of an inflammatory response. Thus, we measured IL-6 and IL-8 levels in
mono- and cocultures. No significant increase in IL-6 or IL-8 levels was detected in the A549
models after NM-300K exposure. In general, there was a trend towards increased levels after
ALI exposure. However, the basal level of IL-8 was much higher in A549 cocultures than in
monocultures, which was the opposite as seen with BEAS-2B. For BEAS-2B cocultures, the
level of both IL-6 and IL-8 was increased after exposure to low concentration of NM-300K,
although statistical significance was reached only for IL-6. The level of IL-6 was also
increased in BEAS-2B monocultures at low concentrations of NM-300K, but it was about
9× lower than for cocultures. In contrast, significant induction of SBs was measured only
in monocultures at low concentrations of NM-300K. As the toxic response was changed
when coculturing different cell types, as compared with monocultures, further studies are
merited to elucidate the interplay between the cell types and the importance of coculturing
multiple cell types for hazard identification.

Genotoxicity was further tested at the chromosomal level by the micronucleus assay.
Few studies have applied the micronucleus assay on advanced human lung models at the
ALI; at the time of writing, we found only one publication on monocultured A549 [49],
one on monocultured BEAS-2B and other bronchial cell types [59], and four studies on
nasal epithelial cells from donors [60–63]. We successfully employed this assay to both
mono- and cocultures of BEAS-2B cells exposed at the ALI. The effect of the positive control
mitomycin-C (0.15 μg/mL in basolateral medium) was found to be more pronounced
in the cocultures. The effect of mitomycin-C on A549 mono- and cocultures was lower
than on BEAS-2B, and the effect in A549 monocultures was only significantly different
from the unexposed control and not from the PBS control. Mitomycin-C also induced
micronuclei in the underlying endothelial cells in coculture with the BEAS-2B-cells, but
not with A549 cells, and the proportion of binucleated cells was lower when cocultured
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with A549 cells. The epithelial and endothelial cells were cultured with cytochalasin B for
the same duration; however, a longer incubation time was used for BEAS-2B/EA.hy926
cocultures compared to A549/EA.hy926 cocultures due to the differences in cell doubling
times. Further investigations are needed in order to determine whether the differences in
response are due to lower sensitivity towards mitomycin-C when in coculture with A549 or
if experimental optimization is needed to produce a higher proportion of binucleated cells.

No aneugenic or clastogenic effects were detected after NM-300K exposure at the ALI,
which is in contrast to previous studies with significant micronuclei induction by NM-300K
in submerged BEAS-2B cells [64,65]. ALI exposure was performed when the cells had
developed a confluent cell layer, which may have affected the cell cycle and proliferation
rate. In our study the cells from ALI cultures were directly seeded with cytochalasin B
on coverslips after NM treatment, at a lower density to initiate DNA replication and MN
formation, before the cell fixation and analysis of MN in binucleated cells. The discrepancy
in the effects between submerged and ALI may, therefore, be due to their different stages
in division cycles during NM exposure, which merits further experiments to optimize
the method. The agglomeration state of the NMs would also influence their toxicity, and
this might differ between submerged and ALI exposure. A previous study on titanium
dioxide NMs in BEAS-2B cells showed that changes in the composition of exposure medium
affected the induction of MN due to differential states of agglomeration [66].

The experimental design presented in this study, enabling several endpoints to be
measured from each insert, allows for increased throughput, reduced costs, time and
materials and thus better sustainability, compared to measuring all endpoints in separate
inserts. This is an important aspect of the NAMs and crucial for an integrated approach to
testing and assessment (IATA) in NGRA. Further, more direct comparisons are enabled, as
the different endpoints are measured from the same exposure, thus reducing the variability
induced by distinct exposures. This is an essential issue, as variability may be expected
to increase with the increasing complexity of the model, in line with variability in human
responses between individuals. Our results, which showed the toxicity of PBS at the ALI
in cocultures compared with an incubator control not exposed at the ALI, point to the
importance of always including an incubator control in ALI experiments.

The higher complexity of the advanced models makes them more laborious and
maybe less applicable for screening purposes. However, this is significantly improved
by the efficient experimental design we here present, which also contributes to more
robust mechanistical data, as several endpoints are measured from the same insert. One
argument that has been used for the application of more complex cell models is that they
may increase the sensitivity towards toxic insults. An approach to test the sensitivity
towards the induction of SBs is to expose cells with H2O2 on gels directly before lysis. A
striking observation was that the BEAS-2B cells in coculture appeared to be much more
sensitive to H2O2 exposure. Cells in monoculture at ALI showed slightly higher sensitivity
to H2O2 exposure compared to cells in submerged conditions. Also, the endothelial cells
showed higher sensitivity to H2O2 when in coculture with BEAS-2B than as submerged
monoculture. The culture media formulation appeared to have no influence on the outcome
either in terms of viability or sensitivity towards SBs. The reasons for the higher sensitivity
to H2O2 in coculture are not known and merits further investigations, but it may be related
to the above-mentioned interaction between cells in coculture making the DNA more prone
to damage.

The higher sensitivity of the BEAS-2B cells in coculture to NM-300K was observed
in cell viability by the alamarBlue assay but not on SBs by the comet assay. NM-300K
has a high cytotoxic potential and a quite narrow concentration window between non-
cytotoxic and cytotoxic effects. During the technical procedure in the sample preparation
for comet assay, the cells go through several washing steps, and there are reasons to
believe that the more damaged cells are less attached to the insert and can be lost. In
the MN assay, the effect of mitomycin-C was most pronounced in the cells from the
coculture, which could be an indication that the BEAS-2B cells in coculture may be a more
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sensitive model for the hazard assessment of genotoxic compounds, and thus a promising
advanced model to be adapted for risk assessment based on in vitro data and an IATA
approach. The differences in sensitivity between mono- and cocultures, and between the
application of lung epithelial A549 cells or bronchial BEAS-2B cell models, for the various
endpoints measured emphasizes the importance of carrying out proper characterization of
the emerging advanced models, as well as developing robust SOPs. Further, it points to the
importance of developing advanced coculture in vitro models, allowing for intercellular
signaling, to better mimic tissue organization and enhance the prediction of human hazard.

5. Conclusions

An important step in finding the best predictive model for human adverse effects
is to increase complexity and thereby obtain more tissue- and organ-like structures, use
human cells, characterize the models, and compare responses in different models. This
work indicates that the bronchial mono- and coculture models of BEAS-2B and EA.hy926
cells have different sensitivities to NM-300K exposure as measured by cytotoxicity and
genotoxicity at DNA and chromosomal levels, and they are different from the alveolar
models of A549 and EA.hy926 cells. This is important knowledge to provide more robust
reproducible and reliable results, for the further development of advanced 3D respiratory
in vitro models relevant to inhalation exposure, and to obtain the most reliable hazard
identification and prediction of effects on humans based on non-animal studies. This study
provides important knowledge for the further development of advanced 3D respiratory
in vitro models for the most reliable hazard identification and prediction of the effects from
inhalation on human-based NAMs for NGRA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13030407/s1, Figure S1: Percentage of binucleated cells in
the samples for micronucleus assay; Figure S2: Images of A549/EA.hy926 cocultures at the ALI;
Figure S3: Confocal images of advanced bronchial models; Figure S4: Relative cell viability of
submerged BEAS-2B cells after exposure to NM-300K and NM-300K DIS; Figure S5: AlamarBlue
interference test; Figure S6: Relative concentrations of IL-6 and IL-8 in ALI mono- and cocultures;
Figure S7: ELISA interference test of NM-300K in cell culture media; Figure S8: DNA damage by
strand breaks and oxidized base lesions in submerged BEAS-2B cells after exposure to NM-300K
evaluated by Fpg-modified comet assay; Figure S9: Relative cell viability of submerged BEAS-2B cells
after exposure to DMEM and LHC-9 culture media; Figure S10: DNA strand breaks evaluated by
the comet assay after exposure to hydrogen peroxide of submerged monocultures of BEAS-2B and
EA.hy926 cells with different media compositions. Table S1: Passage numbers; Table S2: Medium
types used in mono- and cocultures; Table S3: NM-300K concentrations applied for exposure; Table S4:
Number of cell culture inserts per experiment; Table S5: EC50 values for cytotoxic effect of NM-300K
on submerged monocultures; Table S6: Concentrations of interleukin 6; Table S7: Concentrations of
interleukin 8.

Author Contributions: Conceptualization, E.E., E.M. (Espen Mariussen) and E.R.-P.; formal analysis,
E.E. and E.M. (Erin McFadden); investigation, E.E. and E.M. (Erin McFadden); writing—original
draft preparation, E.E.; writing—review and editing, E.E., E.M. (Erin McFadden), E.M. (Espen
Mariussen), M.D. and E.R.-P.; visualization, E.E.; supervision, E.M. (Espen Mariussen), M.D. and
E.R.-P.; project administration, E.M. (Espen Mariussen), M.D. and E.R.-P.; funding acquisition, E.M.
(Espen Mariussen), M.D. and E.R.-P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by The Norwegian Research Council, NanoBioReal project:
288768; The Norwegian Research Council Ph.D. project (E.E.): 272412/F40; TEPCAN project funded
by 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; European Union’s Horizon 2020 research and innovation
program RiskGONE: 814425; European Union’s Horizon 2020 research and innovation program
TWINALT: 952404—H2020-WIDESPREAD-2020-5.

Data Availability Statement: Data are available from the researchers on request.

61



Nanomaterials 2023, 13, 407

Acknowledgments: The authors would like to thank Mihaela R. Cimpan and Ivan Rios Mondragon
(University of Bergen, Norway) for the loan of LHC-9 medium, Marit Vadset (NILU) for perform-
ing ICP-MS analysis, Tatiana Honza (NILU) for assistance with comet scoring, Rudolf Dreschler
(Metasystems) and Naouale El Yamani (NILU) for training on/assistance with the use of the Metafer
system and expert opinions, Andrew Collins and Sergey Shaposhnikov (NorGenoTec AS, Norway)
for providing the Fpg, and Reidun Torp (University of Oslo, Norway) for a critical revision of the
manuscript. The graphical abstract was created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bonner, J.C. Molecular Mechanisms of Respiratory Toxicity. In Molecular and Biochemical Toxicology; Smart, R.C., Hodgson, E., Eds.;
Wiley: Hoboken, NJ, USA, 2018.

2. Oberdörster, G.; Oberdörster, E.; Oberdörster, J. Nanotoxicology: An Emerging Discipline Evolving from Studies of Ultrafine
Particles. Environ. Health Perspect. 2005, 113, 823–839. [CrossRef] [PubMed]

3. Miller, M.R.; Raftis, J.B.; Langrish, J.P.; McLean, S.G.; Samutrtai, P.; Connell, S.P.; Wilson, S.; Vesey, A.T.; Fokkens, P.H.B.; Boere,
A.J.F.; et al. Inhaled Nanoparticles Accumulate at Sites of Vascular Disease. ACS Nano 2017, 11, 4542–4552. [CrossRef] [PubMed]

4. Raftis, J.B.; Miller, M.R. Nanoparticle Translocation and Multi-Organ Toxicity: A Particularly Small Problem. Nano Today 2019, 26,
8–12. [CrossRef] [PubMed]

5. Hadrup, N.; Sharma, A.K.; Loeschner, K.; Jacobsen, N.R. Pulmonary Toxicity of Silver Vapours, Nanoparticles and Fine Dusts: A
Review. Regul. Toxicol. Pharmacol. 2020, 115, 104690. [CrossRef]

6. Zavala, J.; Freedman, A.N.; Szilagyi, J.T.; Jaspers, I.; Wambaugh, J.F.; Higuchi, M.; Rager, J.E. New Approach Methods to Evaluate
Health Risks of Air Pollutants: Critical Design Considerations for In Vitro Exposure Testing. Int. J. Environ. Res. Public Health
2020, 17, 2124. [CrossRef]

7. Pfuhler, S.; van Benthem, J.; Curren, R.; Doak, S.H.; Dusinska, M.; Hayashi, M.; Heflich, R.H.; Kidd, D.; Kirkland, D.; Luan, Y.;
et al. Use of in Vitro 3D Tissue Models in Genotoxicity Testing: Strategic Fit, Validation Status and Way Forward. Report of
the Working Group from the 7th International Workshop on Genotoxicity Testing (IWGT). Mutat. Res. Genet. Toxicol. Environ.
Mutagen. 2020, 850–851, 503135. [CrossRef]

8. 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. In Vitro Toxicol. 2018, 4, 91–106. [CrossRef]

9. Heijink, I.H.; Brandenburg, S.M.; Noordhoek, J.A.; Postma, D.S.; Slebos, D.J.; van Oosterhout, A.J.M. Characterisation of Cell
Adhesion in Airway Epithelial Cell Types Using Electric Cell-Substrate Impedance Sensing. Eur. Respir. J. 2010, 35, 894–903.
[CrossRef]

10. He, R.W.; Braakhuis, H.M.; Vandebriel, R.J.; Staal, Y.C.M.; Gremmer, E.R.; Fokkens, P.H.B.; Kemp, C.; Vermeulen, J.; Westerink,
R.H.S.; Cassee, F.R. Optimization of an Air-Liquid Interface in Vitro Cell Co-Culture Model to Estimate the Hazard of Aerosol
Exposures. J. Aerosol Sci. 2021, 153, 105703. [CrossRef]

11. Collins, A.R. The Use of Bacterial Repair Endonucleases in the Comet Assay. In Methods in Molecular Biology; Humana Press Inc.:
Totowa, NJ, USA, 2017; Volume 1641, pp. 173–184. [CrossRef]

12. Kohl, Y.; Rundén-Pran, E.; Mariussen, E.; Hesler, M.; el Yamani, N.; Longhin, E.M.; Dusinska, M. Genotoxicity of Nanomaterials:
Advanced In Vitro Models and High Throughput Methods for Human Hazard Assessment—A Review. Nanomaterials 2020,
10, 1911. [CrossRef]

13. OECD. Test No. 487: In Vitro Mammalian Cell Micronucleus Test. In OECD Guidelines for the Testing of Chemicals, Section 4; OECD
Publishing: Paris, France, 2016. [CrossRef]

14. Magdolenova, Z.; Collins, A.; Kumar, A.; Dhawan, A.; Stone, V.; Dusinska, M. Mechanisms of Genotoxicity. A Review of in Vitro
and in Vivo Studies with Engineered Nanoparticles. Nanotoxicology 2014, 8, 233–278. [CrossRef]

15. Butt, Y.; Kurdowska, A.; Allen, T.C. Acute Lung Injury: A Clinical and Molecular Review. Arch. Pathol. Lab. Med. 2016, 140,
345–350. [CrossRef] [PubMed]

16. Ekstrand-Hammarström, B.; Akfur, C.M.; Andersson, P.O.; Lejon, C.; Österlund, L.; Bucht, A. Human Primary Bronchial
Epithelial Cells Respond Differently to Titanium Dioxide Nanoparticles than the Lung Epithelial Cell Lines A549 and BEAS-2B.
Nanotoxicology 2012, 6, 623–634. [CrossRef] [PubMed]

17. Borish, L.C.; Steinke, J.W. 2. Cytokines and Chemokines. J. Allergy Clin. Immunol. 2003, 111, S460–S475. [CrossRef]
18. Zou, J.; Zhou, L.; Hu, C.; Jing, P.; Guo, X.; Liu, S.; Lei, Y.; Yang, S.; Deng, J.; Zhang, H. IL-8 and IP-10 Expression from Human

Bronchial Epithelial Cells BEAS-2B Are Promoted by Streptococcus Pneumoniae Endopeptidase O (PepO). BMC Microbiol. 2017,
17, 187. [CrossRef]

19. Napierska, D.; Thomassen, L.C.J.; Vanaudenaerde, B.; Luyts, K.; Lison, D.; Martens, J.A.; Nemery, B.; Hoet, P.H.M. Cytokine
Production by Co-Cultures Exposed to Monodisperse Amorphous Silica Nanoparticles: The Role of Size and Surface Area. Toxicol.
Lett. 2012, 211, 98–104. [CrossRef] [PubMed]

62



Nanomaterials 2023, 13, 407

20. Khair, O.A.; Davies, R.J.; Devalia, J.L. Bacterial-Induced Release of Inflammatory Mediators by Bronchial Epithelial Cells. Eur.
Respir. J. 1996, 9, 1913–1922. [CrossRef]

21. Adler, K.B.; Fischer, B.M.; Wright, D.T.; Cohn, L.A.; Becker, S. Interactions between Respiratory Epithelial Cells and Cytokines:
Relationships to Lung Inflammation. Ann. N. Y. Acad. Sci. 1994, 725, 128–145. [CrossRef]

22. Longhin, E.; Holme, J.A.; Gualtieri, M.; Camatini, M.; Øvrevik, J. Milan Winter Fine Particulate Matter (WPM2.5) Induces IL-6
and IL-8 Synthesis in Human Bronchial BEAS-2B Cells, but Specifically Impairs IL-8 Release. Toxicol. In Vitro 2018, 52, 365–373.
[CrossRef]

23. Tian, G.; Wang, J.; Lu, Z.; Wang, H.; Zhang, W.; Ding, W.; Zhang, F. Indirect Effect of PM 1 on Endothelial Cells via Inducing the
Release of Respiratory Inflammatory Cytokines. Toxicol. In Vitro 2019, 57, 203–210. [CrossRef]

24. Herzog, F.; Loza, K.; Balog, S.; Clift, M.J.D.; Epple, M.; Gehr, P.; Petri-Fink, A.; Rothen-Rutishauser, B. Mimicking Exposures to
Acute and Lifetime Concentrations of Inhaled Silver Nanoparticles by Two Different in Vitro Approaches. Beilstein J. Nanotechnol.
2014, 5, 1357–1370. [CrossRef]

25. Klein, S.G.; Cambier, S.; Hennen, J.; Legay, S.; Serchi, T.; Nelissen, I.; Chary, A.; Moschini, E.; Krein, A.; Blömeke, B.; et al.
Endothelial Responses of the Alveolar Barrier in Vitro in a Dose-Controlled Exposure to Diesel Exhaust Particulate Matter. Part.
Fibre Toxicol. 2017, 14, 7. [CrossRef]

26. Di Ianni, E.; Erdem, J.S.; Møller, P.; Sahlgren, N.M.; Poulsen, S.S.; Knudsen, K.B.; Zienolddiny, S.; Saber, A.T.; Wallin, H.; Vogel, U.;
et al. In Vitro-in Vivo Correlations of Pulmonary Inflammogenicity and Genotoxicity of MWCNT. Part. Fibre Toxicol. 2021, 18, 25.
[CrossRef]

27. Meindl, C.; Öhlinger, K.; Zrim, V.; Steinkogler, T.; Fröhlich, E. Screening for Effects of Inhaled Nanoparticles in Cell Culture
Models for Prolonged Exposure. Nanomaterials 2021, 11, 606. [CrossRef]

28. Barosova, H.; Karakocak, B.B.; Septiadi, D.; Petri-Fink, A.; Stone, V.; Rothen-Rutishauser, B. An In Vitro Lung System to Assess
the Proinflammatory Hazard of Carbon Nanotube Aerosols. Int. J. Mol. Sci. 2020, 21, 5335. [CrossRef] [PubMed]

29. Cappellini, F.; di Bucchianico, S.; Karri, V.; Latvala, S.; Malmlöf, M.; Kippler, M.; Elihn, K.; Hedberg, J.; Wallinder, I.O.; Gerde,
P.; et al. Dry Generation of CeO2 Nanoparticles and Deposition onto a Co-Culture of A549 and THP-1 Cells in Air-Liquid
Interface—Dosimetry Considerations and Comparison to Submerged Exposure. Nanomaterials 2020, 10, 618. [CrossRef] [PubMed]

30. Wang, Y.; Adamcakova-Dodd, A.; Steines, B.R.; Jing, X.; Salem, A.K.; Thorne, P.S. Comparison of in Vitro Toxicity of Aerosolized
Engineered Nanomaterials Using Air-Liquid Interface Mono-Culture and Co-Culture Models. NanoImpact 2020, 18, 100215.
[CrossRef] [PubMed]

31. Loret, T.; Peyret, E.; Dubreuil, M.; Aguerre-Chariol, O.; Bressot, C.; le Bihan, O.; Amodeo, T.; Trouiller, B.; Braun, A.; Egles, C.;
et al. Air-Liquid Interface Exposure to Aerosols of Poorly Soluble Nanomaterials Induces Different Biological Activation Levels
Compared to Exposure to Suspensions. Part. Fibre Toxicol. 2016, 13, 58. [CrossRef]

32. Herzog, F.; Clift, M.J.D.; Piccapietra, F.; Behra, R.; Schmid, O.; Petri-Fink, A.; Rothen-Rutishauser, B. Exposure of Silver-
Nanoparticles and Silver-Ions to Lung Cells in Vitro at the Air-Liquid Interface. Part. Fibre Toxicol. 2013, 10, 11. [CrossRef]

33. Friesen, A.; Fritsch-Decker, S.; Hufnagel, M.; Mülhopt, S.; Stapf, D.; Weiss, C.; Hartwig, A. Gene Expression Profiling of Mono-
and Co-Culture Models of the Respiratory Tract Exposed to Crystalline Quartz under Submerged and Air-Liquid Interface
Conditions. Int. J. Mol. Sci. 2022, 23, 7773. [CrossRef]

34. Kaur, K.; Mohammadpour, R.; Ghandehari, H.; Reilly, C.A.; Paine, R.; Kelly, K.E. Effect of Combustion Particle Morphology on
Biological Responses in a Co-Culture of Human Lung and Macrophage Cells. Atmos. Environ. 2022, 284, 119194. [CrossRef]
[PubMed]

35. Friesen, A.; Fritsch-Decker, S.; Hufnagel, M.; Mülhopt, S.; Stapf, D.; Hartwig, A.; Weiss, C. Comparing &alpha;-Quartz-Induced
Cytotoxicity and Interleukin-8 Release in Pulmonary Mono- and Co-Cultures Exposed under Submerged and Air-Liquid Interface
Conditions. Int. J. Mol. Sci. 2022, 23, 6412. [CrossRef] [PubMed]
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Abstract: Exposure to Cr(VI) compounds has been consistently associated with genotoxicity and
carcinogenicity, whereas Cr(III) is far less toxic, due to its poor cellular uptake. However, contradictory
results have been published in relation to particulate Cr2O3. The aim of the present study was to
investigate whether Cr(III) particles exerted properties comparable to water soluble Cr(III) or to
Cr(VI), including two nano-sized and one micro-sized particles. The morphology and size distribution
were determined by TEM, while the oxidation state was analyzed by XPS. Chromium release was
quantified via AAS, and colorimetrically differentiated between Cr(VI) and Cr(III). Furthermore, the
toxicological fingerprints of the Cr2O3 particles were established using high-throughput RT-qPCR
and then compared to water-soluble Cr(VI) and Cr(III) in A549 and HaCaT cells. Regarding the
Cr2O3 particles, two out of three exerted only minor or no toxicity, and the gene expression profiles
were comparable to Cr(III). However, one particle under investigation released considerable amounts
of Cr(VI), and also resembled the toxicity profiles of Cr(VI); this was also evident in the altered gene
expression related to DNA damage signaling, oxidative stress response, inflammation, and cell death
pathways. Even though the highest toxicity was found in the case of the smallest particle, size did
not appear to be the decisive parameter, but rather the purity of the Cr(III) particles with respect to
Cr(VI) content.

Keywords: Cr2O3 particles; Cr(VI) release; cytotoxicity; gene expression profiles; DNA damage
signaling; DNA repair proteins; oxidative stress; cell death pathways

1. Introduction

Chromium (Cr) is a naturally occurring element, with three thermodynamically stable
forms, namely, Cr(0), Cr(III), and Cr(VI). From a toxicological perspective, the distinction
between hexa- and trivalent chromium is of major importance. Exposure to various Cr(VI)
compounds has been consistently associated with elevated incidences of respiratory cancers
in humans and experimental animals. In contrast, there is no evidence of a carcinogenic
action in case of trivalent chromium compounds [1–3]. This difference is explained by
the so-called uptake-reduction model originally described by Wetterhahn [4]. Cr(VI) ions
travel easily through the anion channels of the plasma membrane, and are reduced by
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intracellular electron donors in three one-electron steps via Cr(V) and Cr(IV), to the stable
form of Cr(III). Whereas the anionic chromate is unable to react with DNA directly, Cr(III)
forms stable binary (Cr(III)-DNA) and ternary (ligand-Cr(III)-DNA) DNA adducts in Cr(VI)
treated cells, where the ligand can be ascorbic acid (Asc), glutathione (GSH), cysteine,
or histidine [5]. One proposed outcome of processing the respective DNA lesions is the
induction of microsatellite and chromosomal instability [6]. Furthermore, reactive oxygen
species are generated in the course of the intracellular reduction of Cr(VI) to Cr(III), leading
not only to oxidative stress associated with oxidative DNA damage, but also the activation
of redox-regulated signal pathways [7,8]. In addition, epigenetic changes, both on the
level of DNA methylation as well as post-translational histone modifications, appear to be
associated with Cr(VI) induced carcinogenicity (for a recent review see [9]). It is very likely
that a combination of all these mechanisms is involved in Cr(VI)-induced carcinogenicity.

In contrast, the absence of toxic effects in Cr(III) complexes results from their poor
ability to enter cells, their lack of intracellular accumulation, and their high stability of
coordinated multidentate ligands, which prevent binding to cellular macromolecules (for
review see [5]). Nevertheless, contradictory results have been published concerning partic-
ulate Cr(III) compounds, which may enter the cell via endocytosis, thereby circumventing
the cell membrane barrier reported for water-soluble Cr(III) compounds. Horie and cowork-
ers [10], in particular, demonstrated that in human lung carcinoma A549 cells and human
keratinocyte HaCaT cells, Cr2O3 nanoparticles show severe cytotoxicity, an increase in
intracellular reactive oxygen species (ROS) levels, and an activation of antioxidant defense
systems and apoptosis; cellular responses were stronger in the Cr2O3 nanoparticle-exposed
cells when compared to cells exposed to micro-sized Cr2O3 particles or CrCl3 [10]. The
authors proposed extracellular and/or intracellular Cr(VI) release from nano-sized Cr(III)
particles, which needs further clarification, since usually Cr(VI) is reduced in biological
media as well as intracellularly to Cr(III). Therefore, the oxidation of Cr(III) particles to
Cr(VI) would contradict the current understanding of chromium-induced toxicity, but
would be quite important for the toxicological risk assessment of Cr(III) compounds.

Within the present study, we compared two nano-sized and one micro-sized Cr2O3
particles with respect to cytotoxicity and cellular effects related to genomic stability, and
compared it to both K2Cr2O7 and CrCl3. Two different cell lines were used, namely the
human keratinocyte cell line HaCaT, and A549 human alveolar lung carcinoma cells. The
particles were characterized with respect to size, oxidation state, as well as in relation to
the release of Cr(III) and Cr(VI) ions in ultrapure water and artificial lysosomal fluid (ALF).
Furthermore, besides cytotoxicity, special attention was given to gene expression profiles
related to genomic stability, including the genes coding for proteins involved in metal
homeostasis, specific DNA repair factors, DNA damage response, oxidative stress response,
cell cycle control, and cell proliferation. To this end, a high-throughput RT-qPCR approach
was applied as described previously [11]. We observed cytotoxicity and pronounced gene
expression alterations, typical for Cr(VI)-induced cellular damage, in the case of water-
soluble Cr(VI) and one nano-sized particle. There were very minor, or no effects, in the case
of the other two particles under investigation.

2. Materials and Methods

2.1. Materials

The Cr2O3 particles were purchased from Nanostructured & Amorphous (Katy, TX,
USA) Lot: 1910-091918 (particle A), and Sigma Aldrich (Steinheim, Germany) Lot: 634239
(particle B). Particle C (Lot: CHC 2018-19) was kindly provided by Lanxess (Cologne,
Germany). CrCl3 hexahydrate (≥97%) and K2Cr2O7 (≥99.5%) were purchased from Carl
Roth (Karlsruhe, Germany).

Dimethyl sulfoxide (≥99.9%) and 1,5-diphenylcarbazide (≥97.0%) were purchased
from Sigma Aldrich (Steinheim, Germany). A CellTiter-Glo® Luminescent Cell Viability
Assay was purchased from Promega (Madison, WI, USA). All PCR consumables, including
PCR tubes, strips, reaction tubes, and tubules, as well as cell culture dishes and flasks,
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were obtained from Sarstedt (Nuembrecht, Germany). The primer pairs were synthesized
by Eurofins Genomics (Ebersberg, Germany) or Fluidigm (San Francisco, CA, USA). The
DNA suspension buffer, PCR-certified water, and TE buffer were obtained from Teknova
(Hollister, CA, USA). The 2X Assay Loading Reagent and 20X DNA Binding Dye Sam-
ple Loading Reagent were purchased from Fluidigm (San Francisco, CA, USA). Bio-Rad
(Munich, Germany) provided the 2X SsoFastTM EvaGreen® Supermix with Low ROX and
the 2X SYBR Green Supermix. The 2X TaqMan® PreAmp Master Mix was obtained from
Applied Biosystems (Darmstadt, Germany) and exonuclease I from New England Biolabs
(Frankfurt am Main, Germany).

2.2. Physicochemical Characterization of Cr2O3 Particles
2.2.1. TEM

The Cr2O3 particles were suspended in either sterile ultrapure water or complete
media at different concentrations. After sonification, the particle suspensions were applied
on copper grids (Plano, Wetzlar, Germany), and then dried prior to analyses. To charac-
terize primary core size, size distribution, and morphological shape, the particles were
examined using transmission electron microscopy (CM 200 FEG/ST, Philips, Eindhoven,
The Netherlands). ImageJ 1.52d software (U.S. National Institutes of Health, Bethesda, MD,
USA) was used to analyze the diameter of individual, non-overlapping particles, and their
size distribution was calculated by counting 300 to 500 particles.

2.2.2. Hydrodynamic Size and Polydispersity Index (PDI)

The hydrodynamic size and PDI were determined for particles A and B ( Supplemen-
tary Tables S1 and S2). Particle C exerted a very high PDI and sedimented rapidly, which
did not allow for respective measurements.

2.2.3. XPS

The XPS measurements were conducted by applying a PHI VersaProbe II system
(Physical Electronics PHI/ULVAC-PHI, Chanhassen, MN, USA) equipped with an Al Kα

anode (1486.6 eV). For survey spectra, a pass energy of 93.9 eV was used. For all XP detail
spectra, the pass energy was set to 23.50 eV. The X-ray power was 100 W and the spot
was scanning over an area of 1400 μm × 100 μm. The powder samples were pressed into
PTFE cups to achieve a compact and smooth surface. During measurement, a PHI dual
beam charge neutralization with low energy Argon ions (~10 eV) and electrons (~2 eV)
was used, ensuring a uniform potential without charging effects. Data evaluation was
performed using CasaXPS (version 2.3.22, Casa Software Ltd.). All XP spectra in this work
were calibrated in relation to the signal of adventitious carbon at 284.8 eV. For the signal
fitting, a Shirley background and GL(30) line shapes were used.

2.2.4. Solubility Measurement/Oxidation State

The release of soluble chromium from the Cr2O3 particles was determined under
neutral pH conditions or under acidic pH conditions, the latter resembling conditions in the
lysosomes, as previously described [12]. Briefly, stock solutions of 1 mg/mL Cr2O3 particles
were prepared by weighing them into 1.5 mL polystyrene reaction tubes, followed by dilu-
tion in 50 mL sterile snap-on lid glasses with either sterile ultrapure water or with artificial
lysosomal fluid (ALF), pH 4.5 (composed of sodium chloride (3.210 g/L), sodium hydrox-
ide (6.000 g/L), citric acid (20.800 g/L), calcium chloride dihydrate (0.1285 g/L), disodium
hydrogen phosphate (0.0710 g/L), sodium sulphate (0.0390 g/L), magnesium chloride
(0.0476 g/L), glycine (0.0590 g/L), sodium citrate dihydrate (0.0770 g/L), sodium tartrate
dihydrate (0.0900 g/L), sodium lactate (0.0850 g/L), or sodium pyruvate (0.0860 g/L).
The tubes were ultrasonicated for 10 min in a water bath. After 0, 24, 48, or 120 h at
room temperature, 1 mL solutions were centrifuged at 16,000× g and 4 ◦C for 1 h. The
chromium content was either quantified by the 1,5-diphenylcarbazid (DPC) method or by
graphite furnace atom absorption spectrometry (GF-AAS). For the DPC method, 50 μL of
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reaction mix consisting of 8 μL DPC (1% DPC in acetone), 15 μL sulfuric acid (1 M), 15 μL
phosphoric acid (1 M), and 15 μL ultrapure water were added to 200 μL of the sample in
a 96-well plate. After shaking for 3 min and incubating for 17 min, the absorption was
measured at 540 nm using a multiplate reader TECAN® Infinite M200 Pro (TECAN Group,
Maennedorf, Switzerland). Freshly prepared solutions in concentrations of 0, 0.1, 0.2, 0.5,
1.0, and 2.0 mg/L hexavalent chromium (K2Cr2O7 in ultrapure water or ALF, respectively)
were used for the calibration.

For the GF-AAS measurement (PinAAcle 900 T, Perkin Elmer, Rodgau, Germany)
of the total soluble chromium, 1 mL of the supernatant was heated stepwise to 95 ◦C to
dry up. The remnants were further digested with 1:1 HNO3 (69%)/H2O2 (30%) (v/v) by
repeated stepwise heating to 95 ◦C. The residue was then solubilized for measurement
in 1 mL HNO3 (0.2%). The following AAS temperature program was applied: drying at
120 ◦C for 30 s, and 140 ◦C for 45 s, 30 s pyrolysis at 1500 ◦C, atomization at 2300 ◦C for 5 s,
and cleaning for 3 s at 2450 ◦C.

2.3. Cell Culture Experiments
2.3.1. Cr2O3 Particle Suspensions and CrCl3 as Well as K2Cr2O7 Incubation Dilutions

The Cr2O3 suspensions, as well as soluble Cr(III) and Cr(VI) dilutions, were freshly
prepared for each experiment. Particles, received as dry powder, were aliquoted by weigh-
ing them into 1.5 mL sterile polystyrene reaction tubes. Watery stock solutions of 1 mg/mL
Cr2O3 were prepared in an endotoxin-free snap-on lid glass by ultrasonication for 10 min.
Dilutions in the range of 2, 10, 20, and 50 μg/mL were prepared by adding aliquots of
the stock solution into 15 mL sterile falcon tubes filled with adequate volumes of fresh
complete medium. Incubation volumes of 200 μL/cm2 were chosen to receive particle
doses of 0.4, 2.0, 4.0, and 10 μg/cm2. Stock solutions of water-soluble CrCl3 (200 mM) and
K2Cr2O7 (20 mM) were prepared and diluted accordingly, skipping the sonication step.
For comparison purposes, the particle suspension of 10 μg/mL (=2 μg/cm2) Cr2O3 was
considered equimolar to 132 μM Cr(III) or Cr(VI).

2.3.2. Cell Culture and Incubation

The human adenocarcinoma cell line A549 (ATCC CCL-185) was kindly provided
by Dr. Roel Schins (Leibniz Research Institute for Environmental Medicine, Düsseldorf,
Germany). The A549 cells were cultured as a monolayer in RPMI-1640, supplemented with
10% heat-inactivated fetal bovine serum (FBS, Invitrogen, Darmstadt, Germany), 100 U/mL
penicillin, and 100 μg/mL streptomycin (both Sigma Aldrich, Steinheim, Germany) at 37 ◦C
in a humidified atmosphere containing 5% CO2 (HeraSafe, Thermo Scientific, Langensel-
bold, Germany). Human keratinocytes HaCaT cells (CLS 300493) were kindly provided by
Prof. Dr. Brunhilde Bloemeke (Trier University, Department of Environmental Toxicology,
Trier, Germany). The cells were cultured at 37 ◦C, 5% CO2 in a humidified atmosphere
in Dulbecco’s modified Eagle’s medium (DMEM, Sigma Aldrich, Steinheim Germany),
supplemented with 10% FBS (Invitrogen, Darmstadt, Germany), 100 U/mL penicillin,
100 μg/mL streptomycin (both Sigma Aldrich, Steinheim, Germany), and 2 mM Gluta-
MAX™ (Gibco, Carlsbad, CA, USA). Both cell lines were grown up to 80% confluency and
routinely split three times per week. Passage numbers from 8 to 25 (HaCaT) and from 14 to
35 (A549) were used for experiments. The measurement of the ATP content was carried out
in white-walled optical-bottom 96-well plates (ThermoFisher, Dreieich, Germany). Seeding
density was either 1 × 104 cells/well for HaCaT, or 3 × 104 cells/well for A549 cells.
For gene expression analyses 0.5 × 106 were seeded in 6 cm cell culture dishes (Sarstedt,
Nuembrecht, Germany). After 24 h (A549) or 48 h (HaCaT) the supernatant was removed
from the logarithmically growing cells and was replaced by the particle suspension or
Cr(III)/(VI) dilution. For consistent particle deposition, the incubation volume for each
experiment was set at 0.2 mL per square centimeter growth area.
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2.3.3. Cytotoxicity Assay

A Promega CellTiter-Glo® ATP assay was used to analyze cell viability and cell
proliferation. Logarithmically growing cells were incubated for 24 h with 0.4, 2.0, 4.0, or
10.0 μg/cm2 Cr2O3 particles; 26.4, 66.0, 132, 264, 660, or 1320 μM (not shown) CrCl3; or 1.32,
2.64, 6.6, 13.2, 26.4, or 66 μM K2Cr2O7. The incubation solution was removed after 24 h and
the cells were washed twice with PBS. The CellTiter-Glo® Luminescent Cell Viability Assay
was carried out according to the manufacturer’s protocol. Briefly, complete medium and
the equal volume of CellTiter-Glo® reagent were added to the cavities. The 96-well plate
was transferred on an orbital shaker for 2 min to induce cell lysis. The plate was incubated
for 40 min in the dark at room temperature to stabilize the luminescent signal, which
was then recorded with a microplate reader TECAN® Infinite M200 Pro (TECAN Group,
Maennedorf, Switzerland). Data were analyzed with Excel 2010 (Microsoft, Redmond,
CA, USA). The ATP content as a measure for cell viability was expressed as percentage
normalized to non-treated control cells. To test if soluble Cr(III) or Cr(VI) interfered with
the ATP assay, the relevant concentrations from above were added to a standard curve of
ATP (0.5, 1.0, 2.5, 5.0 μM).

2.3.4. Gene Expression Analyses

Gene expression analyses via high-throughput RT-qPCR using the Fluidigm dynamic
array on the BioMark™ System were performed as described by Fischer et al. [11]. Briefly,
0.5 × 106 cells were treated with different concentrations of Cr2O3 particles, CrCl3, or
K2Cr2O7 in complete medium. After 24 h, the cells were washed in PBS, trypsinized,
and resuspended in ice-cold PBS containing 10% FBS, and collected by centrifugation.
RNA isolation was performed using MN NucleoSpin® RNA Plus KIT (Macherey-Nagel,
Dueren, Germany), according to the manufacturer’s protocol. Then, 1 μg of RNA was
reverse transcribed in duplicates into complementary DNA (cDNA) using qScript™ cDNA
Synthesis Kit (Bio-Rad, Munich, Germany). Subsequently, a specific target amplification
(STA) and an exonuclease I digestion (EXO) were performed prior to qPCR. Then, 5 μL
of the STA and EXO mix containing 1.25 μL cDNA mix from cDNA synthesis, 0.5 μL
pooled primer mix (PPM), 2.5 μL 2X TaqMan® PreAmp Master Mix, and 0.75 μL PCR-
certified water were applied on the Fluidigm dynamic array. Controls, such as a no-
template control (NTC-STA) and a non-reverse transcribed RNA control (NoRT) were
considered. All pipetting steps, until reverse transcription, were performed under a sterile
RNA hood. Pipetting the cDNA was carried out under a DNA/DNase-free hood, to prevent
cross-contamination during the entire qPCR experiment. Any details regarding various
temperature profiles for RT, STA, EXO, qPCR, and melting curve analyses can be found
in the original publication from Fischer et al. [11]. Preparation and loading of Fluidigm
96.96 Dynamic Array IFC (integrated fluidic circuit) were performed according to the
manufacturer’s instructions. After priming, the chip was loaded with samples and primer
reaction mixes within 1 h to prevent unfavorable evaporation effects and loss of pressure.
Samples and primer reaction mixes were loaded into the chip by running the Load Mix
(136×) script of the IFC Controller HX (Fluidigm, San Francisco, CA, USA). The chip was
transferred into the BioMark™ System (Fluidigm, San Francisco, CA, USA) immediately,
and qPCR and subsequent melting curve analyses were performed. Data analysis was
executed with the Fluidigm Real-Time PCR Analysis tool and GenExTM 5 software (MultiD
Analyses AB, Gothenburg, Sweden). Transcription levels of five reference genes (ACTB,
B2M, GAPDH, GUSB, and HPRT1) were used for normalization. Alterations in transcript
levels of the target genes were displayed as a log2 fold change compared to a control group
by calculating relative quantities corresponding to the ΔΔCq method [13,14].

2.3.5. Statistics

If not stated otherwise, all data are displayed as the mean of three independently
performed experiments, each of which was conducted at least in duplicates. For cell
viability, differences on the cellular level between the negative control (non-treated cells)
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and the metal compound treatment were analyzed using one-way ANOVA followed by a
Dunnett’s T post hoc test.

3. Results

3.1. Particle Characteristics

Three different Cr2O3 particles were included, two in the nano-sized range and one in
the micro-sized range. Particle A was nano-sized and was obtained from the same supplier
as stated in the study of Horie and coworkers [10].

No differences in morphology were detected between the particles. Particle size was
determined using transmission electron microscopy (TEM). Representative TEM images
of the particles are shown in Figure 1(1). Particles A and B are nano-sized, with average
diameters of 40 nm and 80 nm, respectively. Particle C is micro-sized, with an average
diameter of 150 nm (Figure 1(2)).

Figure 1. Physicochemical characterization of different Cr2O3 particles. Size distribution was mea-
sured in ultrapure water at a concentration of 10 μg/cm2. 1A–1C: representative transmission electron
microscopy (TEM) images of the particles. 2A–2C: average diameters of particle A (42 nm), B (78 nm)
and C (146 nm). 3A–3C: X-ray photoelectron spectroscopy (XPS) spectra of the particles. The red
signal at 579.6 eV only present in Figure 1(3A) is characteristic for Cr(VI), while the blue multiplet
signal between 575.3 and 578.6 eV is characteristic for Cr(III).

The oxidation state of the Cr2O3 particles was measured using X-ray photoelectron
spectroscopy (XPS), and detailed spectra of chromium 2p3/2 are shown for the three differ-
ent particles (Figure 1(3)). Particles B and C show relatively pure Cr(III) multiplets spectra
(shown in blue), as expected for Cr2O3 [15]. Compared to values in the literature [15],
the peaks are broadened, which is most likely due to the powder nature of the sample.
However, in contrast to particles B and C, particle A clearly shows a contribution of Cr(VI)
to the spectrum (red signal), accounting for about 15% of the total chromium content.
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3.2. Cytotoxicity

In the next step, the cytotoxicity of all three particles was investigated, as well as
water-soluble Cr(III) and Cr(VI), by applying the CellTiter-Glo® luminescent cell viability
assay (Promega). This assay is based on the quantification of ATP after complete cell lysis,
via the reaction of beetle luciferin to oxyluciferin and photons. The luminescence generated
correlates with the ATP content, and therefore, the number of viable cells in culture.

The cytotoxicity of K2Cr2O7, CrCl3, and the three different Cr2O3 particles was mea-
sured after 24 h incubation. Results for both cell lines are shown in Figure 2A,B. Treatment
with K2Cr2O7 exerted pronounced dose-dependent cytotoxicity starting in the low micro-
molar concentration range; the ATP content was reduced by 11% (A549) or 18% (HaCaT)
after treatment with 6.6 μM, and by 42% (A549) or 49% (HaCaT) after treatment with
26.4 μM. Severe cytotoxicity was observed after treatment with Cr(VI) concentrations of
66 μM and above. In case of CrCl3, neither differences in confluency nor a reduction in ATP
content were evident at concentrations up to 264 μM. Treatment with 660 μM showed a mi-
nor reduction of the ATP content by 20% in HaCaT cells and 10% in A549 cells. Concerning
the three different Cr2O3 particles, only particle A showed cytotoxic effects at doses above
1 μg/cm2. As displayed in Figure 2A, the viability of the A549 cells decreased by 35% after
incubation with 4 μg/cm2, and by 58% after incubation with 10 μg/cm2. ATP depletion
was even more pronounced in HaCaT cells (Figure 2B). Here, viability was reduced to
81%, 65% and 21% at 2, 4 and 10 μg/cm2 Cr2O3, respectively. In contrast, no significant
cytotoxicity was observed in either cell line for particles B or C.
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Figure 2. ATP content of A549 (A) and HaCaT (B) cells after 24 h treatment with Cr(III) oxide particles
Cr2O3, CrCl3, or K2Cr2O7. Treatments below 66 μM (corresponding to 1 μg/cm2 chromium) are
shown in (A.1) and (B.1). Treatments covering the entire dose range investigated are depicted in
(A.2) and (B.2). Mean values ± standard deviations derived from three independent experiments are
shown. Statistics were performed using ANOVA followed by Dunnett’s T post hoc test: ** p ≤ 0.01,
*** p ≤ 0.001.
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3.3. Release of Soluble Chromium from Cr2O3 Particles

Since particle A showed considerable cytotoxicity, while neither CrCl3, nor particles B
and C were cytotoxic, we investigated whether this may be due to Cr(VI) release as indicated
by our XPS studies. As a first step, chromium release from the particles was determined
via AAS to quantify the content of all soluble chromium species in supernatants. For this
purpose, 1 mg/mL particles were either suspended in ultrapure water (pH 7.0) or artificial
lysosomal fluid (ALF) with a pH of 4.5 (both at room temperature), to simulate potential
intracellular chromium release after endocytosis within the lysosomes. Supernatants were
centrifuged at 16,000× g for 1 h before measurement. To investigate a potential time
dependency of chromium release, the measurements were performed immediately after
the preparation of the suspension (0 h), after 24 h, 48 h, or 120 h as depicted in Figure 3A.
The results obtained by AAS demonstrated an immediate chromium release from particle
A of around 4% in ultrapure water, with no considerable increase in time. This fraction was
a little less pronounced in ALF, reaching around 3.5%. Chromium release from particle B
was significantly lower, resulting in 0.18% in ultrapure water and 0.15% in ALF. Chromium
release from particle C was not quantifiable in a reproducible manner.
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Figure 3. Release of chromium from Cr2O3 particles in different media. Cr2O3 particles measuring
1.0 mg/mL were either incubated in ultrapure water (pH 7.0) or artificial lysosomal fluid (ALF)
(pH 4.5) for 0 h, 24 h, 48 h, or 120 h. The remaining particles were removed from the supernatant
by centrifugation as described in Materials and Methods. Total chromium release was quantified by
atomic absorption chromatography (AAS) (A) or Cr(VI) release by a colorimetric DPC assay (B) by
applying the chromogenic dye 1,5-diphenylcarbazone. Mean values of 3 independent determinations
± SD are shown.

To differentiate between the release of Cr(VI) and Cr(III), a colorimetric assay was
applied. Due to the tetrahedral structure of Cr(VI), it is prone to form complexes with
chromogenic dyes, such as 1,5-diphenylcarbazone (DPC), which forms red–violet products,
proportional to the amount of Cr(VI) present in the sample. As shown in Figure 3B, a Cr(VI)
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content of 3.9% for particle A, and 0.16% in case of particle B, was detected in ultrapure
water after 24 h. For particle C, the chromium content was below the limit of quantification
of 0.038 mg/L. As previously, particle suspensions were measured after 0 h, 24 h, 48 h, and
120 h to examine a time-dependent dissolution of the particles, and a potential release of
Cr(VI) in ultrapure water and ALF. As depicted in Figure 3A,B, chromium was detectable
immediately after contact with either ultrapure water or ALF, while no significant pH or
time dependency was observed.

3.4. Gene Expression Analysis

As described in the introduction, Cr(VI) has been shown consistently to induce DNA
damage as well as oxidative stress, while Cr(III) is considered to be largely non-toxic due to
a very limited uptake in cells. Nevertheless, whether or not this applies also to Cr(III) oxide
particles, which can enter the cells via endocytosis, remains to be elucidated. In the present
study, therefore, we aimed to obtain toxicity profiles for all three particles and to com-
pare them with water-soluble Cr(VI) and Cr(III). To this end, we applied gene expression
analyses using high-throughput RT-qPCR, established previously in our group using the
BioMark HD system [11], and which has been used successfully for metal-based nanomate-
rials, both after submersed and air-liquid interface (ALI) exposure [16–18]. This method
enables the parallel investigation of 96 samples with regard to their impact on 95 genes of
interest. Within our system, the genes were selected to yield expression profiles related to
genomic stability, and can be grouped into six gene clusters: xenobiotic metabolism, metal
homeostasis, (oxidative) stress response and inflammation, DNA damage response and
repair, cell cycle regulation, and apoptosis. A complete list of genes and their encoding
proteins is provided in Supplementary Table S3. For better visualization, changes in tran-
scription were calculated as fold2 changes of expression levels. A reduction of at least 50%
(log2 fold change ≤ −1) or a doubling (log2 fold change ≥ 1) were considered relevant
when compared to the respective control [16]. Within these investigations, the impact of
K2Cr2O7, CrCl3, and the three Cr2O3 particles on gene expression profiles was examined
in both cell lines after 24 h incubation. Based on the cytotoxicity data shown in Figure 2,
particle doses of 0.4, 2.0, 4.0, and 10.0 μg/cm2 were chosen and compared to toxicity pro-
files at 2.64, 6.6, 26.4, and 66 μM Cr(VI) and 66, 264, and 1320 μM CrCl3. The heatmaps
in Figures 4 and 5 summarize expression patterns of those genes for which expression
alterations were considered relevant. A complete overview of the results obtained for the
entire gene set is provided in Supplementary Figures S1 and S2. For both cell lines, a strong
impact of Cr(VI) was observed in the gene clusters of DNA damage response, cell cycle
regulation, and apoptosis.

3.4.1. Water Soluble Cr(VI) Treatment

Within the applied dose range of 2.64 to 66 μM, treatment with K2Cr2O7 elicited some
distinct changes in gene expression. As a general picture, both cell lines showed similar
gene expression profiles, with some differences for individual genes and dose-dependencies
(Figures 4 and 5).

In A549 cells, the strongest impact on gene expression was seen after treatment with
26.4 μM Cr(VI). Genes related to DNA damage response and repair were affected the
most. Thus, the DNA damage response gene GADD45A (growth arrest and DNA damage-
inducible gene α) showed a pronounced dose-dependent increase starting at the lowest,
non-cytotoxic concentration, and reached induction levels up to a 28-fold expression
change. This was also the case for the HaCaT cells, although to a slightly lesser extent.
Interestingly, the expression of specific DNA repair proteins was downregulated in both
cell lines, particularly in case of ATR, BRCA1, BRCA2, ERCC4/XPF, MLH1, MSH2, LIG3,
RAD50, RAD51, and XPA, which are involved in all major DNA repair pathways. Once
again, effects started at the lowest dose and transcription levels were reduced by up to 80%
at cytotoxic concentrations. Even though the gene expression pattern was similar in both
cell lines, respective alterations occurred at lower concentrations in the A549 cells.
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Figure 4. Overview of the impact of K2Cr2O7, CrCl3, or three different Cr(III) oxide particles on
human lung epithelial cells (A549) using a high-throughput RT-qPCR approach with a custom-
designed gene set. The genes under investigation have been clustered into groups associated with
metal homeostasis, oxidative stress response, inflammation, apoptosis, and cell cycle regulation as
well as DNA damage response and repair. A549 cells were treated with the respective chromium
compound for 24 h. Displayed are the log2 fold changes of relative gene expression as a heatmap.
Red colors indicate an enhanced expression, and blue colors indicate a down-regulation. The mean
values of at least three independently conducted experiments are shown.
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Figure 5. Overview of the impact of K2Cr2O7, CrCl3, or three different Cr(III) oxide particles on
human keratinocytes (HaCaT) using a high-throughput RT-qPCR approach with a custom-designed
gene set. The genes under investigation have been clustered into groups associated with metal
homeostasis, oxidative stress response, inflammation, apoptosis, and cell cycle regulation as well
as DNA damage response and repair. HaCaT cells were treated with the respective chromium
compound for 24 h. Displayed are the log2 fold changes of relative gene expression as a heatmap.
Red colors indicate an enhanced expression, and blue colors indicate a down-regulation. The mean
values of three independently conducted experiments are shown.
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In the cluster of oxidative stress response and inflammation, in both cell lines a
concentration-dependent and relevant induction was only evident for IL8 (Interleukin 8),
which is involved in the inflammatory response. Several other genes such as heme oxyge-
nase 1 (HMOX1) were slightly up-regulated at low concentrations, but down-regulated at
higher concentrations. Again, effects were more pronounced in the A549 cells when com-
pared to the HaCaT cells. K2Cr2O7 further down-regulated the expression of antioxidant
responsive genes such as GCLC (γ-Glutamyl cysteine synthetase), NFkB1, and NFkB1A in
the A549 cells, as well as NFkB1 and NFkB2 in the HaCaT cells.

With regard to cell cycle regulators, one of the most striking effects was the dose-
dependent up-regulation of CDKN1A in both cell lines, which encodes the protein p21. In
addition to its involvement in cell cycle arrest upon DNA damage, it plays an important
role in DNA repair, DNA replication, and apoptosis.

Regarding genes related to specific cell death pathways, in A549 and to a lesser extent
HaCaT cells, the induction of PMAIP, which encodes the proapoptotic BCL-2 protein Noxa,
was observed, predominantly at higher concentrations. In contrast, the strongest gene
repression was exhibited by the gene MAP3K5 coding for Ask1 (apoptosis signal-regulating
kinase 1); low dose treatment with 6.6 μM decreased the transcription rate of this gene
by more than 50% in A549 and HaCaT cells. Similarly, BTRC (beta-transducin repeat
containing E3 ubiquitin-protein ligase) was strongly repressed in A549 and HaCaT; it also
plays a key role in apoptosis. Finally, JUN coding for the transcription factor c-Jun was
up-regulated in both cell lines; after incubation with 26.4 μM, the transcription increased
three-fold (A549) and five-fold (HaCaT).

3.4.2. Water Soluble Cr(III) Treatment

The gene expression patterns of CrCl3 differed strongly from those of K2Cr2O7. In
general, the applied Cr(III) treatments exhibited no significant modulations of the genes
under investigation over the complete concentration range.

3.4.3. Cr(III) Oxide Particle Treatment

In direct comparison with the gene expression results of the soluble Cr(VI) compound,
it was noticeable that the gene expression patterns of the K2Cr2O7 treatment and those of
the Cr(III) oxide particle A treated cells were almost identical, suggesting that the cellular
effects were solely due to the release of Cr(VI).

Particle B exhibited almost no changes in gene expression. Only in the A549 cells were
GADD45A transcript levels very slightly elevated, signaling low levels of DNA damage, as
well as CDKN1A involved in cell cycle arrest, both apparent at the highest dose level. No
relevant effects were observed in the HaCaT cells.

Finally, particle C showed no relevant alterations in gene expression profiles in either
cell line within the applied dose range of 0.4 μg/cm2 to 10 μg/cm2.

4. Discussion

Based on the publication of Horie et al. [10] we aimed to investigate whether Cr(III)
particles—especially those in the nano-sized range—exerted properties of Cr(VI), due to
either intracellular Cr(III) release with the subsequent induction of DNA damage, or via
the release of Cr(VI) either extracellularly or intracellularly. This question is of utmost
importance for toxicological risk assessment, since Cr(VI) is considered to be carcinogenic,
and diverse mechanisms, including the induction of DNA damage, have been identified to
contribute to carcinogenicity. On the other hand, Cr(III) is considered to be far less toxic
and/or genotoxic, but clarification is still needed whether this also applies to nano-sized
Cr(III) particles.

In addition to the determination of cytotoxicity, we used a very sensitive high-
throughput RT-PCR method [11,16,17] as a central approach, to establish the toxicological
fingerprints of water-soluble Cr(VI) and Cr(III), as well as those of three different Cr2O3
particles differing in size and manufacturer. While gene expression profiles of Cr(VI)
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clearly identified the induction of DNA damage, and to some extent also the induction
of oxidative stress, water soluble Cr(III) provoked no changes in gene expression profiles
up to millimolar concentrations, in agreement with its low toxicity. Regarding the Cr2O3
particles under investigation, our results confirm in principle the cellular damage provoked
by particle A, which was apparent also in the Horie study [10]. The cause for the observed
damage appears to be the Cr(VI) present in the particles, as well as its subsequent release.
Only very minor effects were observed in the case of the nano-sized particle B, whereas no
corresponding effects were apparent for particle C, which was micro-sized.

Within the present study, K2Cr2O7 exerted the highest toxicity, causing severe deple-
tion of ATP content in both cell lines in the low micromolar concentration range. CrCl3, on
the other hand, had no significant impact on the metabolic activity and did not decrease
the ATP levels in either the A549 or HaCaT cells. A study by Hininger and coworkers
revealed similar results for the cytotoxicity of water-soluble Cr(III) and Cr(VI) in HaCaT
cells, determined by MTT conversion and LDH release. Even though the toxicity endpoints
differ and a direct comparison of the cytotoxic effect requires some adjustment, Cr(VI) was
found to be strongly cytotoxic at low micromolar concentrations, whereas Cr(III) chloride
exerted toxicity only in the millimolar range [19].

These differences are due to the considerably higher permeability of cell membranes
in relation to Cr(VI) when compared to Cr(III). As described extensively in the litera-
ture, Cr(VI), due to its tetrahedral configuration, enters the cell via sulfate or phosphate
ion channels, whereas the permeability of cell membranes in relation to Cr(III) is much
lower [4,20]. The toxicity of Cr(VI) is attributed to its intracellular reduction to Cr(III).
In the course of reduction, highly reactive chromium intermediates Cr(V) and Cr(IV) are
generated, concurrent with the formation of reactive oxygen species (ROS), that mediate
the oxidation of molecular targets, including membrane-associated phospholipids, proteins,
and DNA [21,22]. The final intracellular reduction product is Cr(III), which forms stable
binary (Cr(III)-DNA) and ternary (ligand-Cr(III)-DNA) adducts, the latter with ascorbic
acid (Asc), glutathione (GSH), cysteine, or histidine as ligand, depending on the availability
of intracellular reductants [5].

With regard to the three different Cr2O3 particles under investigation, only particle
A exerted toxicity in the applied dose range, whereas there was no reduction in ATP
content detectable for either the nano-sized particle B, nor for the micro-sized particle
C. Therefore, even though particle A was the smallest, the size of the particles is not the
effective parameter explaining the toxicity. When comparing both cell lines, the HaCaT cells
showed a more pronounced reduction in ATP content, and therefore, in cell viability after
exposure towards particle A and soluble Cr(VI). This is consistent with results published
by Horie and coworkers. In their study, the same particles were investigated, also using
HaCaT and A549 cells, even though different toxicological endpoints (MTT conversion and
LDH release), higher Cr2O3 concentrations, and shorter incubation times were applied [10].

These differences in cytotoxicity of the three particles under investigation were further
elucidated. Since neither particle B, which is nano-sized like particle A, nor particle C
in the micro-sized range was cytotoxic, the toxicity was not related to the size of the
particles. Therefore, differences in particle toxicity were most likely related to the Cr(VI)
content. As a first step, the oxidation state of the Cr2O3 particles was measured using
X-ray photoelectron spectroscopy (XPS.) While particles B and C exerted relatively pure
Cr(III) multiplets spectra as expected for Cr2O3, particle A clearly revealed a considerable
Cr(VI) content of about 15%, based on the total chromium content. This raised the question
whether Cr(VI) is released from the particles, and if so, whether or not Cr(VI) is expected
to be released extracellularly at a neutral pH, or whether it is more likely to be released
intracellularly, for example after endocytic uptake of the particles into lysosomes, under
acidic pH conditions. To discriminate between these possibilities, the release of total
chromium under both conditions was investigated via AAS, as a first step. In the second
step, a colorimetric Cr(VI)-specific assay was applied to distinguish between the two
chromium species. The Cr2O3 particles were dispersed for up to 120 h in either ultrapure
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water or in ALF (pH 4.5). After centrifugation at 16,000× g, the supernatants were analyzed
accordingly. Soluble chromium released from particle C was neither quantifiable by AAS,
nor within the Cr(VI) specific DPC assay. Particle B showed a moderate chromium release
of 0.18%, which was also detected in its entity by the colorimetric approach (0.19%), and
thus, identified as Cr(VI). Particle A, however, showed a pronounced chromium release
of around 4%, detected by AAS immediately after dissolution in water, with no time-
dependent increase. Furthermore, experiments with the chromogenic dye DPC revealed
that the chromium released from particle A was almost exclusively Cr(VI), amounting to
3.6%. Compared to the total chromium content of 15%, as determined by XPS (Figure 1(3)),
it is evident that Cr(VI) was not released completely. This fraction was also not increased
in artificial lysosomal fluid when compared to water. These data provide evidence that
particle A immediately released considerable amounts of Cr(VI) extracellularly under
neutral pH conditions.

Our results indicate that the release of chromium strongly depends on the specific
particles under investigation. This confirms published results, even though only few studies
discriminated between Cr(VI) and Cr(III). Even studies conducted with particles from the
same manufacturer have shown large deviations when assessing chromium release, also
depending on the respective method of quantification. Horie et al., for example, observed
1.0–1.5% soluble chromium with 0.4% Cr(VI) in supernatants of particle A suspensions
after ultrafiltration and centrifugation in complete media containing FBS [10]. Another
group using nano-sized Cr2O3 from the same manufacturer detected a total chromium
release of up to 0.15% with 0.09% Cr(VI) from particles suspended in artificial wastewater
(100 mg/L) [23]. Nanoparticles from other suppliers also differed with respect to chromium
release. While Kumar et al. [24] could not detect any release of chromium via AAS under
their test conditions, Peng and colleagues found 4.1% soluble chromium after 24 h and 5.4%
after 48 h in a saline buffered solution [25]. Both studies used Cr2O3 NP from different
manufacturers, and did not distinguish between the chromium species. In another study
conducted by Costa et al. particle suspensions of 1.0 and 10.0 g/L were analyzed, reporting
a total chromium release of approximately 0.15%, with a Cr(VI) content of up to 0.08%. [26].

These findings raise the question why in some cases Cr(VI) is released from Cr2O3
particles, while in other cases no chromium release is observed at all. This phenomenon
could be caused by differences in production processes of the respective Cr2O3 particles.
They are produced by the reduction of alkali chromates. To obtain pure Cr2O3, a complete
reduction of chromates, with a subsequent purification process, is mandatory. Production
processes with incomplete reductions of alkali chromates, or insufficient purification steps,
result in detectable amounts of Cr(VI). This may be more pronounced in the case of nano-
sized particles [27]. Therefore, under toxicological considerations, a characterization of the
particles including Cr(VI) release prior to use is of utmost importance.

Within this study, to the best of our knowledge, a quantitative high-throughput RT-
qPCR method was applied for the first time to elucidate the toxicological impact of the
three Cr2O3 nano- and micro-sized particles in comparison with water-soluble Cr(VI) and
Cr(III). Since Cr(VI) is carcinogenic, via the induction of DNA damage as the primary mode
of action, special emphasis was given to genes involved in DNA damage signaling, DNA
repair, cell cycle control, and apoptosis. Furthermore, potential effects on the oxidative
stress response were considered. In principle, cellular alterations of gene expression
patterns may result from Cr(VI) released by the particles, but could also be the consequence
of uptake via endocytosis, followed by intracellular chromium release and the formation of
DNA adducts typical for Cr(III). The investigations of water-soluble chromium compounds
clearly shows significant differences in the effect of Cr(III) and Cr(VI). Even low micromolar
concentrations of Cr(VI) resulted in altered gene expression in the clusters of DNA damage
response, cell cycle regulation, and cell death pathways, as well as in—even though less
pronounced—oxidative stress response. Cr(III), on the other hand, showed no relevant
changes in gene expression patterns, even after treatment with millimolar concentrations.
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As a predominant mode of action, Cr(VI) induces DNA damage after intracellular
reduction. Besides the formation of highly reactive Cr(V) and Cr(IV) intermediates, which
may lead to the formation of ROS, stable binary (Cr(III)-DNA) and especially ternary
Cr(III)-DNA adducts are generated, involving cellular reducing agents such as ascorbate
or glutathione [5,9,28]. One proposed outcome of processing the respective DNA lesions
is the induction of microsatellite and chromosomal instability [5]. With regard to the
gene expression profiles obtained for Cr(VI) within the present study, the most eminent
outcome was the induction of the DNA damage signaling gene GADD45A in both cell lines.
Furthermore, the cell cycle regulator CDKN1A was induced, coding for p21, and stabilizing
p53 upon the induction of DNA damage, with a subsequent cell cycle arrest [29]. In contrast,
the expression of several specific DNA repair factors was down-regulated. The inhibited
transcription was particularly pronounced in case of ATR, BRCA1, BRCA2, ERCC4/XPF,
MLH1, MSH2, LIG3, RAD50, RAD51, and XPA, coding for enzymes and proteins involved
in DNA double-strand break (DSB) repair (ATR, BRCA1, and BRCA2, LIG3, RAD50, RAD51),
nucleotide excision repair (XPA and ERCC4/XPF) or mismatch repair (MLH1 and MSH2).

The down-regulation of DNA repair genes appears to be an important mechanism
in order to modulate cellular DNA repair capacity. In this context, epigenetic changes
play an important role in gene regulation, and likely contribute to carcinogenicity [30].
In some studies, the interaction of Cr(VI) with proteins related to transcription, or its
interference with epigenetic modulators, was also demonstrated and associated with
genomic instability [9,30,31]. Thus, many of the not yet fully understood toxic effects
of Cr(VI), such as Cr(VI)-induced cellular DNA repair deficiencies or Cr(VI)-induced
genomic instability, are currently thought to be due to epigenetic changes [6,32]. Impaired
transcription can occur due to different reasons. Thus, promotor regions of genes can
accumulate 5-methyl cytosine (5-mC) in guanine- and cytosine-rich regions (CpG islands),
which are predominantly found in close distance to the transcription starting site. For
instance, in Cr(VI)-exposed lung epithelial cells, a sequence-specific increase of 5-mC led
to the down-regulation of DNA repair genes [31,33]. Furthermore, hypermethylation of
the MLH1 gene has been linked to a defective mismatch repair, resulting in microsatellite
instability in lung tissue of Cr(VI)-exposed workers [34,35]. Also, recently published
transcriptome studies support the hypothesis that Cr(VI) may have a pronounced effect
on the transcriptional response via a variety of epigenetic modifications, contributing
to carcinogenesis [32]. In addition to altered DNA methylation patterns, there is some
evidence that chromates lead to a decreased transcription rate via changes in histone
modifications, by interference with enzymes involved in the acetylation and methylation of
histone side chains. Thus, in a study conducted by Sun et al. exposure of A549 and BEAS2B
cells to Cr(VI) resulted in a decrease in histone modification H3K27Me3, and an increase
in modifications H3K4Me3, H3K9Me2, and H3K9Me3 [36]. In particular, methylation at
H3K9 or H3K27 is closely associated with transcriptional repression [37].

One other postulated mechanism of Cr(VI) induced cellular toxicity is the generation
of ROS. Thus, after the anion carrier-mediated uptake of Cr(VI) [38,39], it is reduced
intracellularly to the highly reactive chromium intermediates Cr(V) and Cr(IV), causing
oxidative stress [5,9,37]. However, our data do not seem to support the extensive generation
of ROS. At low concentrations, only marginal effects were observed in the gene cluster
of oxidative stress response. One exception was IL8, signaling inflammation, which was
induced in both cell lines. At higher concentrations, Cr(VI) ions instead caused a repression
of oxidative stress-related genes, such as NFKB1 and NFKB2. These observations appear
to contradict results reported by Ye and Shi [40], who described elevated transcription
levels of glutathione peroxidase (GPx), copper-zinc superoxide dismutase (SOD), and
metallothionein 2A (MT2A), as well as the metal-regulatory transcription factor 1 (MTF1)
in A549 cells. However, in their study, two hour, high-dose (K2Cr2O7, 300 μM) treatments
were applied. With respect to particle A, the data of Horie and colleagues also indicated
an increased formation of ROS. However, in this case, ROS were not detected at the
transcriptional level, but were measured directly by the colorimetric DCFH assay. By this
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approach, a clear increase of the intracellular ROS was observed in the A549 and HaCaT
cells after treatment with Cr2O3 particle A or K2Cr2O7. However, more than a 10-fold
higher dose of particle A (88 μg/mL), and up to a 20-fold higher concentration in the case
of K2Cr2O7 (1 mM), as well as far shorter treatment times, were applied [10]. Therefore, we
assumed that after 24 h of treatment, the initial chromium intermediates responsible for
the generation of ROS may have already been vanished due to their instability and short
biological half-life [41,42].

Transcriptional alterations were also observed with respect to apoptosis factors. Pro-
nounced repressions were observed for the genes MAP3K5 and BTRC. In case of MAP3K5,
a downregulation was associated with an increase in cellular stress levels and dysfunction
of apoptotic regulatory pathways. Dysregulation can lead to inhibition of programmed cell
death, and thus, a shift toward uncontrolled, necrotic cell death mechanisms, some of which
result in severe inflammatory responses [43]. However, toxic concentrations of Cr(VI) also
resulted in the induction of pro-apoptotic genes, such as PMAIP, PPM1D, and TNFRSF10B
in both cell lines. Therefore, the impact on cell death pathways on the transcriptional level
appears to be controversial and needs to be further elucidated.

5. Conclusions

In conclusion, the results of the present study show that gene expression profiles
obtained using high-throughput RT-qPCR provide valuable toxicity profiles for different
chromium compounds, reflecting the mode of action of chromium in different oxidation
states, especially with respect to the higher toxicity and genotoxicity of Cr(VI) vs. Cr(III).
Regarding the Cr2O3 particles, the cytotoxicity, as well as the gene expression profiles,
indicate that the toxicity of the particles resemble either completely (particle 3) or mostly
(particle 2) respective profiles obtained for water soluble Cr(III), i.e., showing no or only
mild effects, respectively. Therefore, Cr2O3 nanoparticles or microparticles as such are
neither cyto- nor genotoxic. However, this statement holds only for particles not releasing
Cr(VI). If the latter is the case, as shown for particle A and—to a much lesser extent—for
particle B, observed effects resemble Cr(VI), both qualitatively and even quantitatively.
Since the same solubility was observed in distilled water and in artificial lysosomal fluid,
Cr(VI) is expected to be released extracellularly, and to be taken up via anion channels,
as is known for water soluble Cr(VI). Our findings also have an important impact on
the toxicological risk assessment of Cr(III) oxide particles, either in the nano- or in the
micro-sized range. Intracellular conversion to Cr(VI) with subsequent reduction, and the
subsequent induction of DNA damage, appears to be absent or negligible; also, the same
applies to the intracellular release of Cr(III) and the induction of DNA damage. Therefore,
the cellular damage depends not on particle uptake, but solely on whether or not Cr(VI) is
released from the particles, which needs to be elucidated on a case-by-case basis for risk
assessment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12081294/s1, Table S1: Hydrodynamic size of the particles;
Table S2: Polydispersity index of the particles; Table S3: Name of coding proteins for the selected
genes; Figure S1: complete log2 fold gene expression data A549 cells; Figure S2: complete log2 fold
gene expression data HaCaT cells.
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Abstract: Graphene-related two-dimensional nanomaterials possess very technically promising
characteristics, but gaps exist regarding their potential adverse health effects. Based on their nano-
thickness and lateral micron dimensions, nanoplates exhibit particular aerodynamic properties,
including respirability. To develop a lung-focused, in vitro/in vivo screening approach for toxico-
logical hazard assessment, various graphene-related nanoplates, i.e., single-layer graphene (SLG),
graphene nanoplatelets (GNP), carboxyl graphene, graphene oxide, graphite oxide and Printex 90®

(particle reference) were used. Material characterization preceded in vitro (geno)toxicity screen-
ing (membrane integrity, metabolic activity, proliferation, DNA damage) with primary rat alveolar
macrophages (AM), MRC-5 lung fibroblasts, NR8383 and RAW 264.7 cells. Submerse cell exposure
and material-adapted methods indicated material-, cell type-, concentration-, and time-specific effects.
SLG and GNP were finally chosen as in vitro biologically active or more inert graphene showed
eosinophils in lavage fluid for SLG but not GNP. The subsequent 28-day inhalation study (OECD 412)
confirmed a toxic, genotoxic and pro-inflammatory potential for SLG at 3.2 mg/m3 with an in vivo-
ranking of lung toxicity: SLG > GNP > Printex 90®. The in vivo ranking finally pointed to AM (lactate
dehydrogenase release, DNA damage) as the most predictive in vitro model for the (geno)toxicity
screening of graphene nanoplates.

Keywords: graphene; 2D; nanoplates; lung; inhalation; toxicity; genotoxicity; in vitro; inflammation;
hazard assessment

1. Introduction

Graphene-related two-dimensional (2D) nanomaterials (nanoplates; GRNP) belong to
the group of graphene-based engineered nanomaterials that are currently subject to an accel-
erated toxicological characterization. Before its first isolation from graphite by Novoselov
and Geim in 2004, graphene was only a scientific model and known as a building block of
already well-known carbon-based three-dimensional (3D) nanomaterials, such as graphite,
carbon nanotubes (CNT) and fullerenes [1]. Graphene emerged as a 2D allotrope of carbon
nanomaterials characterized by a single flat atom layer as a monocrystalline structure.
Graphene is believed to be composed of benzene rings stripped of their hydrogen atoms.
The carbon atoms are sp2-hybridized and hexagonally arranged, similar to a lattice honey-
comb structure, with a C-C bond length of 0.142 nm [2,3]. Graphene belongs, as a pristine,
defect-free, single-atom layer carbon plate, to the graphene-based family of nanomaterials
(GFN), which also comprises graphene oxide (GO) as the most popular member, reduced
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graphene oxide (rGO), exfoliated graphene flakes, and graphene nanoplatelets (GNP) as
well as the respective chemically functionalized versions [4]. Graphene nanoplates include
single-layer (SLG), bilayer, trilayer and few-layer graphene (FLG; 3–10 well-defined stacked
graphene layers) as well as graphene nanoplatelets (GNP) with more graphene layers [5,6].

GRNP are unique compared to spherical nanoparticles or one-dimensional (1D) carbon
nanomaterials such as CNT or nanorods, owing to their physicochemical (PC) properties.
GRNP possess unique features, e.g., high surface area per unit mass, excellent thermal
and electric conductivity, and outstanding mechanical properties and strength. Their
very promising PC properties have led to manifold applications in electronics, photonics,
composite materials, catalysts, energy generation/storage, sensors, computer memory,
metrology, and biomedicine [7,8]. However, the unique PC properties of GRNP can also
influence interaction with cells and cellular substructures and, thus, their biocompatibility,
with the probability to pose human health risks [9].

Given the large-scale use of GRNP in different industries (currently 1 to 10 tons per
annum [10]), occupational exposure, but also exposure to consumers and the general
population might occur. Appropriate risk assessment is, therefore, of high importance,
in order to draw qualified conclusions upon the delicate balance between technology
advancements and hazards to human health and the environment. However, according to
the notifications provided by companies to ECHA during REACH registrations, no hazards
have been classified for graphene [11]. Since large-scale production and commercialization
of GRNP are imminent, the study of real hazards is indispensable. Even if the health
effects associated with potential adversity of graphene have already been studied at the
cellular level (in vitro) and in animal models (in vivo), as shown by the increasing number
of research papers published on graphene toxicity and genotoxicity [2,5,12–14], the risk
posed to humans remains nearly unexplored.

Despite the popular image of GRNP, resulting from their PC properties and the
promising applications in various fields, many forms can be hazardous to human health, as
they are processed as dry powders, thus posing a significant exposure risk at workplaces,
in particular, through the inhalation route [15]. Humans can be exposed to graphene
from various sources, mostly during manufacturing, with the potential risk of inhalation
toxicity [16]. Therefore, the measurement of airborne dust levels in research laboratories
and pilot and full-scale manufacturing facilities should be performed and integrated with
aerodynamic diameters and deposition profiles from published theories on thin-plate
aerodynamics [9]. Nanomaterials up to 25 μm in diameter can deposit ahead of the ciliated
airways upon inhalation [17]. It is very difficult to figure out appropriate and real-life
exposure scenarios leading to significant toxicity, as the PC properties of graphene are novel
and have not been explored in depth in inhalation studies. However, a recent publication
provides important data on human exposure during GNP production for research and
development purposes, including real-time measurements and personal sampling. The
publication finally identified the most critical production phases [18].

A review on inhalation testing of graphene for hazard assessment demonstrated that
the existing database, especially for the inhalation route, is still too scarce to allow proper
risk assessment [19]. Although important toxicological analogies may be available from
other carbonaceous nanomaterials such as carbon black (CB) and CNT, direct extrapolation
from those material classes to GRNP is not appropriate, as new engineered nanomaterials
may pose unexpected risks [20]. In a 4-week inhalation test with rats at aerosol concen-
trations up to 1.9 mg of GNP per m3, no signs of inflammation were noticed at any time
point [21]. Due to their nano-thickness, GNP and, more generally, GRNP exhibit particular
aerodynamic properties, allowing deposition in the lung alveolar region. GRNP are nano-
scaled in one dimension, whereas the other two dimensions are often micron-scaled. The
specific aerodynamic consequences have been discussed in detail by [9]. Calculation of the
deposition of GNP with 0.5, 5 and 25 μm lateral dimensions resulted in unexpectedly high
deposition efficiencies of 45–10%. Compared to multiwalled carbon nanotubes (MWCNT,
tangled type), GNP showed a lower toxic potential in a 5-day inhalation test, whereas no
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relevant toxicity was detected for CB and graphite nanoplates. Rigid MWCNT, however,
showed a stronger toxic response than GNP [22]. After intravenous injection into mice,
no hematotoxicity and no pro-inflammatory potential of highly water-dispersed FLG in
lymph node and spleen cells were observed, thus pointing to high biocompatibility [13].

Due to the limited availability of in vivo data for pristine graphene nanoplates in par-
ticular and predictive toxicological in vitro screening approaches for GRNP in general, the
development of integrated in vitro/in vivo screening approaches and filling of data gaps
is inevitable to establish safe exposure levels. In-depth knowledge about graphene-based
materials in terms of biocompatibility as well as comprehensive toxicological evaluation
and risk analysis is imperative to ensure the safe application of these versatile materials.
Risk analysis of graphene should be done by completing the following steps: in vitro and
in vivo hazard assessment, risk assessment, risk characterization, risk communication, risk
management, and policy relating to risk in the context of risks of concern to individuals, to
the public- and private-sector organizations, and to society at a local, regional, national,
or global level [23]. The main objective for human health risk assessments is to finally
establish acceptable exposure levels for humans to specific GRNP.

In the EU-funded project PLATOX, eight mostly commercially available GRNP species
were, therefore, selected, i.e., two SLG, two GNP, carboxyl graphene (CG), graphene
oxide (GO) and graphite oxide, supplemented by technical soot (Printex 90®; non-platelet
reference), to develop an integrated, lung-focused approach for proper hazard assessment
of GRNP and to fill toxicological data gaps. Based on the 3R principles (Replacement,
Reduction and Refinement) regarding animal experiments, it is also highly desirable to
define in vivo-validated, predictive in vitro screening approaches for GRNP. As such, we
screened different lung-relevant cell types, i.e., primary rat alveolar macrophages (AM),
human MRC-5 lung fibroblasts, murine RAW 264.7 and rat NR8383 macrophages, using
different endpoints/screening methods regarding their ability to predict in vivo lung
toxicity of GRNP and, particularly, of pristine graphene nanoplates. In vitro results were
finally validated by a 28-day (with 4 weeks of recovery) inhalation study with the pristine
graphene nanoplate species that was least biologically active in vitro (GNP) and one of the
two that were highly active in vitro (SLG).

When considering the in vivo results (with a clear cytotoxic, genotoxic, and pro-
inflammatory potential of SLG, but less activity of GNP after 28 days of inhalation) AM
as the primary rat cell type directly derived from the respiratory tract showed the highest
reliability in predicting in vivo adverse lung effects of the pristine graphene nanoplates
tested in the present study, with lactate dehydrogenase (LDH) release and induction
of DNA strand breaks as most meaningful endpoints. It can be concluded from the
study results that predictive in vitro lung-focused toxicity screening of GRNP samples
seems, in principle, to be possible when adequately choosing relevant cell models and
endpoints, appropriate dispersion methods, incubation times and concentrations, and
carefully adapting photometric and immunological detection methods in particular to the
specific GRNP materials.

2. Materials and Methods

2.1. Graphene-Related 2D Nanomaterials (GRNP)
2.1.1. GRNP Species

For reasons of relevance, commercially available GRNP samples were chosen for the
present study. Six GRNP samples, including three functionalized materials, were purchased
from ACS Material, LLC (Medford, MA, USA). These samples comprised two single-layer
graphene samples (SLG), graphene nanoplatelets (GNP), carboxyl graphene (CG), graphene
oxide (GO) powder and graphite oxide. Additionally, an experimental GNP sample was
provided by Avanzare (Logroño, Spain). Spherical carbon black (CB; Printex 90®; Evonik
Industries AG, Essen, Germany), as a non-platelet reference, completed a total set of eight
test samples, subsequently encoded P1-P8 (see Table 1).
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2.1.2. Material Characterization

To supplement the PC information provided by the suppliers of the materials, the
specific surface area was re-evaluated as a service by the Fraunhofer Institute for Ceramic
Technologies and Systems IKTS (Dresden, Germany), using the Brunauer–Emmett–Teller
(BET) method. Part of the resulting data did not match the BET values given by the material
suppliers (Table 1). Sterility testing of GRNP was done by adding a defined amount of the
GRNP dispersions to thioglycolate broth (supporting the growth of a broad panel of bacteria
and fungi) and incubating duplicate samples at 34–35 ◦C for 14 days. Physiological saline
(0.9% NaCl) served as negative and Staphylococcus aureus (ATCC 25923) as a positive
control. Turbidity was finally determined by the naked eye. Additionally, endotoxin content
was measured by a commercial service laboratory (Lonza Bioscience, Verviers, Belgium) to
avoid unspecific pro-inflammatory effects due to bacterial contamination. Both sterility and
endotoxin testing did not point to relevant contaminations. Additionally, scanning electron
microscopic (SEM; Zeiss Supra 55, Carl Zeiss NTS GmbH, Oberkochen, Germany) pictures
(Figure 1) were generated for all samples to look for material morphology and dispersion
grade. Therefore, stock dispersions of 50 μg/mL were prepared by ultrasonication in cell
culture medium (in vitro experiments, see Section 2.1.3) or in a dispersion medium (in vivo
study), as described by [24]. Depending on the material, magnifications in the range of
1000–50,000× were used.

Figure 1. Scanning electron microscopic (SEM) pictures of the GRNP materials P1–P8, dispersed by
sonication in cell culture medium with 10% FCS. Magnifications used for the split pictures were as
follows, left: 1000–2000×; right: 20,000–50,000×. For the P3, a magnification of 500× was used, and
for P6, a magnification of 10,000× was used.
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2.1.3. Dispersion and In Vitro Treatment with GRNP Materials

For in vitro (geno)toxicity screening and respective SEM analyses, the various GRNP
were accurately weighed into glass vials and stock dispersions were prepared by suspend-
ing them in the cell type-specific cell culture media with 10% fetal calf serum (FCS), stirring
the dispersions for 10 min using a magnetic stirrer and finally applying ultrasonication.
At Fraunhofer ITEM, ultrasonication was performed by placing the dispersion on ice and
applying sonication using a Sonoplus HD2070 (70 W) ultrasonic homogenizer and a VS70T
sonotrode (diameter: 13 nm), both from Bandelin (Berlin, Germany). Ultrasonication was
applied three times for 5 min each with 1 min breaks in between (90% duty cycle amplitude
of 80 μm/ss and 0.9 s working intervals, 0.1 s rest intervals). A similar procedure was
followed at the University of Aveiro, except a Vibra-Cell ultrasonic processor (Sonics &
Materials, Inc., Newtown, CT, USA) was used. Appropriate dispersion was estimated
by light microscopy. Subsequent pH measurements of the GRNP dispersions indicated
slightly basic conditions for all samples, ranging from pH 8.18 (P5) to pH 8.50 (P7). For
cell exposure, the stock dispersions were finally diluted to the double-concentrated (AM
and NR8383) or final (other cell types) mass-based concentrations with the respective
FCS-containing cell culture media, and dispersions were vortexed for 5 sec directly before
cell treatment. Submerse cell treatment with the GRNP materials was done for 4–48 h,
depending on the cell type and endpoint used.

2.1.4. Sedimentation Kinetics

Sedimentation kinetics of the various GRNP species was estimated by determining
the decay of turbidity using spectrophotometric OD600 measurements. Dispersions of
the different GRNP (6.25 μg/mL, corresponding to the lowest concentration used for cell
exposure, i.e., 3.125 μg/cm2) were prepared, as described under Section 2.1.3. One milliliter
of FCS-containing cell culture medium (blank) and the GRNP dispersions were placed into
disposable semi-micro spectrophotometric cuvettes and turbidity (OD600) was measured
directly after material dispersion (time point zero) and after 1, 18, 24 and 48 h with an
Eppendorf BioPhotometer® (Eppendorf, Hamburg, Germany). In between measurements,
cuvettes were stored vertically under cell culture conditions (37 ◦C, 5% CO2, in a water-
saturated atmosphere) and were handled very carefully during measurements to avoid
unspecific swirling up of the sedimented GRNP fractions. The time point zero OD600
values were set to 100% and relative OD600 values were calculated to enable a direct
comparison of relative decays in turbidity for all GRNP materials.

2.2. In Vitro Screening
2.2.1. Cell Models

For in vitro (geno)toxicity screening of the various GRNP and, in particular, the pristine
GRNP, both lung-relevant primary/normal alveolar macrophages and lung fibroblasts and
macrophage cell lines were used and evaluated for their ability to finally predict in vivo
lung response.

Primary rat alveolar macrophages (AM) were chosen as the first primary lung-relevant
cell model, as AM represent the first site of contact for particles in the lung and had
previously been shown to represent a sensitive test system for the detection of membrane
and direct DNA damage (DNA strand breaks, oxidative base modifications) as well as
cytokine/chemokine release, when testing various particulate matter [25–27]. Cells were
obtained from healthy female (nulliparous and non-pregnant) Wistar rats [strain Crl:WI
(Han); Charles River Deutschland Co., Sulzfeld, Germany] by bronchoalveolar lavage
(BAL) in compliance with the German Federal Act on the Protection of Animals [28],
cultured and exposed to GRNP, as described previously [29]. After preparation, lungs
were lavaged 3 times, each with 4 mL of 0.9% NaCl (brought to room temperature to avoid
macrophage activation). Gentle massage enabled the isolation of sufficient cell numbers.
After 10 min of centrifugation (300× g, 4 ◦C) of the lavages, cells were counted and plated
at a density of 1.5 × 105 cells per well on 24-well plates with hydrophobic culture surface
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(1.9 cm2 cell culture surface per well; Nunc, Thermo Fisher Scientific, Brunswick, Germany).
Before being exposed to GRNP, cells were pre-cultured for 24 h in 500 μL of Dulbecco’s
Modified Eagle Medium (DMEM) with high glucose (4.5 g/L), GlutaMaxTM and sodium
pyruvate (110 mg/L), supplied by GIBCO, Thermo Fisher Scientific (Brunswick, Germany),
and supplemented with 100 μg/mL streptomycin sulfate, 100 U penicillin G, sodium salt
(Sigma-Aldrich, Taufkirchen, Germany) and 10% (v/v) FCS (Sigma-Aldrich, Taufkirchen,
Germany) at 37 ◦C and 5% CO2 in a humidified atmosphere using an incubator. The GRNP
materials were added to the cultures two-fold concentrated in a volume of 500 μL without
medium exchange to avoid unspecific cell activation. Cells were incubated for 4 or 24 h
with the test materials prior to endpoint analysis.

As the second lung-relevant cell type, human MRC-5 fetal lung fibroblasts were
used for in vitro GRNP (geno)toxicity screening. MRC-5 cells (pd19; ECACC catalogue
number 05072101; lot: 13H007) were received from Sigma-Aldrich (Taufkirchen, Germany).
MRC-5 cells exhibit fibroblast-like morphology, a predominantly normal 46, XY karyotype
(evident in 56% of cells in the present study), and grow as an adherent monolayer. They are
capable of approximately 45 population doublings before becoming senescent. Therefore,
19 population doublings in total were not exceeded. Under the culture conditions used,
the mean population doubling time amounted to 24 h. Cells were propagated from the
original pd19 aliquot, and the same working batch was used for validation purposes with
a harmonized culture protocol by two different laboratories (Fraunhofer ITEM and the
University of Aveiro). Cells were grown in Eagle’s Minimal Essential Medium (EMEM),
alpha modification, supplemented with 2 mM L-Glutamine, 1% non-essential amino acids,
100 μg/mL streptomycin sulfate, 100 U penicillin G, sodium salt (PAA Laboratories GmbH,
Cölbe, Germany) and 10% (v/v) FCS (same FCS batch in the two laboratories; Biochrom,
Berlin, Germany). For cell propagation, cells were grown in T75 flasks at 37 ◦C and 5%
CO2 in a humidified atmosphere using an incubator and were subcultured three times
per week, when 70–80% confluent, using trypsin/EDTA (0.05%/0.02%). After thawing,
cells were subcultured at least twice before the experiments, and then pre-cultured for 24 h
before GRNP exposure. A complete medium exchange to the finally concentrated GRNP
dispersions was performed at exposure start.

As an alternative to primary rat alveolar macrophages and to be independent of the
use of animals for in vitro (geno)toxicity screening, the normal rat alveolar macrophage
cell line NR8383 was included and evaluated regarding its predictivity for in vivo lung
effects of GRNP. NR8383 cells were purchased from the American Type Culture Collection
(ATTC, Manassas, VA, USA; AgC11x3A, NR8383.1]. BAL cells were originally isolated from
a male Sprague-Dawley rat and subsequently transformed [30]. These cells grow as mixed
cultures of adherent and suspension cells with a population doubling time of 32 h under the
culture conditions used. NR8383 cells were grown in Kaighn’s modification of Ham’s F12
medium (F12-K; ATTC, Manassas, VA, USA) with 2 mM L-Glutamine, 1500 mg/L sodium
hydrogen phosphate, 15% (v/v) FCS (Sigma-Aldrich, Germany), 100 μg/mL streptomycin
sulfate, and 100 U penicillin G sodium salt (PAA Laboratories GmbH, Cölbe, Germany)
on surface-activated culture vessels (TPP, Trasadingen, Switzerland) at 37 ◦C and 5%
CO2 in a humidified atmosphere using an incubator. Cells received new culture medium
twice a week by respecting the two cell fractions (adherent and suspension cells) and
were subcultured once a week by incubation at room temperature for about 20 min with
subsequent tapping. For experiments, NR8383 cells were used during passages 10 to 30
and were pre-cultured for 24 h before treatment with GRNP without medium exchange
using double-concentrated dispersions.

The murine macrophage-like cell line RAW 264.7 was purchased from the European
Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK). Cells were cultured in
DMEM (Gibco, Life Technologies, Grand Island, NY, USA), supplemented with 10% (v/v)
FCS (Gibco Life Technologies, Grand Island, NY, USA), 2 mM L-glutamine, 1% pen/strep
(100 U/mL penicillin, 100 μg/mL streptomycin) and 2.5 μg/mL fungizone (Gibco, Life
Technologies, Grand Island, NY, USA), in a humidified incubator at 37 ◦C and 5% CO2.
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Cell confluence and cell morphology were monitored frequently, and subculturing was
performed when monolayers reached 75–80% of confluence.

2.2.2. Cellular Uptake

Light microscopy served as a screening tool for evaluation of both cell density, cellular
uptake (NR8383 cells; Figure S2) and cell morphology, as well as for estimation of density
and homogeneity of the GRNP suspensions. For documentation, pictures were taken using
a camera-equipped Nikon ECLIPSE TS 100 infinity-corrected inverse microscope.

To look for cellular uptake of GRNP by AM and MRC-5 cells, fluorescence-coupled
darkfield microscopy (CytoViva, Auburn, AL, USA) was used. Therefore, cells were
plated in one-well NuncTM Lab-TekTM II glass chamber slides (Thermo Fisher Scientific,
Brunswick, Germany) at a density of 6 × 105 and 2 × 105 cells in 2 mL or 4 mL of cell
culture medium, respectively. A GRNP concentration of 6.25 μg/cm2 was used for both
cell types, as higher concentrations made it impossible to take meaningful pictures, because
of the material overlay. For AM, the various materials were added as 2 mL of a double-
concentrated dispersion without medium exchange. In contrast, for MRC-5 cells, GRNP
were added after a medium exchange to the final mass-based concentration. Cells were
subsequently incubated for 24 h, fixed with methanol/glacial acetic acid (3:1) and stained
with 4′,6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei. Finally, fluorescence-
coupled darkfield microscopy was used to detect DAPI-stained cell nuclei via fluorescence
and the GRNP materials via the darkfield microscopy unit.

2.2.3. Cytotoxicity Screening

For cytotoxicity screening of GRNP, different endpoints, i.e., membrane damage,
metabolic activity and cell proliferation, were investigated.

The influence of GRNP exposure on membrane integrity was investigated in all cell
types by measuring lactate dehydrogenase (LDH) activity in culture supernatants after 24 h
(depending on cell type) of incubation at 3.125, 6.25, 12.5, 25 and 50 μg/cm2. Concentrations
were limited to a maximum of 50 μg/cm2 to avoid artificial results due to in vivo irrelevant
concentrations. AM, NR8383, RAW 264.7 cells and MRC-5 cells were plated at a density of
1.5 (in 0.5 mL of culture medium), 0.56 (in 0.5 mL), 0.1 (in 0.5 mL) or 0.5 × 105 cells (in 1 mL)
per well of 24-well plates, respectively. Cells were pre-cultured for 24 h. For treatment with
GRNP, double-concentrated stock dispersions (0.5 mL) were directly added to AM, NR8383
and RAW 264.7 cultures, whereas a medium exchange to 1 mL of the finally concentrated
GRNP dispersions was performed for MRC-5 cells to eliminate persistent LDH activity
resulting from subculturing. At the end of treatment, cell supernatants were carefully
removed, transferred to 1.5-mL reaction tubes and centrifuged at 11,000× g for 30 min to
eliminate residing particle material. LDH activity in culture supernatants was subsequently
measured by transferring 100 μL of supernatant per well into optically clear 96-well flat-
bottom microplates (3–4 technical replicates), adding 100 μL of the reaction mixture of
the “Cytotoxicity Detection Kit” (Roche Diagnostics, Basel, Switzerland) and incubating
of plates for 30 min at room temperature in the dark, before photometric measurement at
490 and 630 nm using an ELISA reader. Percent cytotoxicity was finally calculated using
delta OD of the two wavelengths, subtracting the blank value and setting the result of Triton
X-100-treated cells [1% (v/v) for 10–15 min] to 100% to finally calculate relative cytotoxicity.

For analysis of the relative increase in cell count (RICC) for estimating the impact of
GRNP on cell proliferation, MRC-5 and NR8383 cells were seeded at a density of 0.56 × 105

cells in 0.5 mL (NR8383) or 0.5 × 105 cells in 1 mL (MRC-5) per well of 24-well plates and
were pre-cultured for 24 h. Before treatment started, cell density was determined (starting
cell count) using a Neubauer counting chamber. Cells were then treated with GRNP for
24 h. At the end of treatment, cells were detached, counted and RICC was calculated by
subtracting the starting cell number from the cell count at the end of treatment (increase in
cell count), dividing the results of the treated cells by the results of the negative controls
and multiplying these by 100.
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Metabolic activity was investigated using the AlamarBlue® test, based on the reduction
of blue, oxidized resazurin to reduced pink resorufin. Cell culture medium without
GRNP served as negative control and Triton X-100 [1% (v/v); 10–15 min] was used as a
positive control (complete loss of viability). Additionally, cell culture medium without
cells served as blank and GRNP background controls without cells (all materials and
concentrations) were incubated in parallel to compensate for potential redox activity of
GRNP or disturbance of photometric measurement by residual GRNP material. Incubation
time amounted to 24 h. For AM and NR8383 cells, seeding and treatment of cells were
performed as described above. After treatment, 10% (v/v) AlamarBlue® reagent (Bio-
Rad AbD Serotec GmbH, Puchheim, Germany) or AlamarBlue™ Cell Viability Reagent
(ThermoFisher Scientific, Brunswick, Germany) was added to both the cell cultures or
cell-free background controls for 2 or 8 h, respectively. Supernatants were finally sampled,
centrifuged for 11,000× g for 30 min at 4 ◦C, 4 × 100 μL per sample were transferred to
wells of a 96-well plate and were subsequently measured spectrophotometrically using a
measured wavelength of 570 nm and a reference wavelength of 600 nm. In the cases of
MRC-5 and RAW 264.7 cells, 7000 cells/well were seeded in 96-well plates, pre-cultured
for 24 h and then treated with the GRNP dispersions. At the end of treatment, the medium
was replaced by 100 μL of 10% (v/v) AlamarBlue® reagent in cell culture medium, and cells
were incubated for an additional 2 h before being directly measured. Like for the other cell
types, GRNP background controls were used for background correction. After background
correction, the percent reduction of AlamarBlue®, as an indicator of cell viability, was
calculated according to the formula given by the providers.

2.2.4. Genotoxicity Screening

To look for induction of both DNA strand breaks and oxidative DNA damage, i.e., induc-
tion of the pre-mutagenic, oxidative DNA lesion 8 hydroxy-2′-deoxyguanosine (8-OHdG), the
human 8-oxoguanine DNA N-glycosylase 1 (hOGG1)-modified alkaline comet assay [31] was
performed with both AM and NR8383 cells. Therefore, AM (1.5 × 105 cells) and NR8383 cells
(5.6 × 104) were plated in a volume of 0.5 mL in the respective 24-well plates and precul-
tured for 24 h. Then, two cultures per treatment were incubated for 24 h with 25 μg/cm2

of the various GRNP samples, added to the culture as two-fold concentrated dispersions.
KBrO3 (1 mM, 4 h) served as a methodological positive control, cell culture medium as
vehicle control, and Al2O3 as a particle-like negative control. Al2O3 was dispersed in cell
culture medium by ultrasonication for 15 min using a SONOREX Super RK 514 BH water
bath (Bandelin electronics, Berlin, Germany). For gentle detachment, cells were placed on
ice for at least 10 min at 4 ◦C.

The following steps were performed as described previously [32]. After centrifugation,
cells were resuspended in 80 μL of 0.75% (w/v) pre-heated low melting point agarose (LMA,
peqGold No. 35-2010, Sigma-Aldrich, Taufkirchen, Germany) and applied to purpose-made
slides with one roughened surface (Menzel-Gläser, Brunswick, Germany), pre-coated with
normal melting agarose. After gelation at 4 ◦C, one additional layer of 100 μL of 0.75%
LMA was applied. Slides were finally immersed in lysis solution [2.5 M NaCl, 100 mM
Na2EDTA, 10 mM Tris-HCl, 8 g/L NaOH, 1% Triton-X100, 10% (v/v) dimethyl sulfoxide]
and stored overnight at 4 ◦C. After cell lysis, slides were immersed in enzyme buffer
(40 mM HEPES, 100 mM KCl, 0.5 mM Na2EDTA, 0.2 mg/mL bovine serum albumin,
pH 8.0) and one of the two slides per treatment was incubated for 12 min at 37 ◦C in a
humidified atmosphere with human hOGG1 by adding 0.16 U/gel of hOGG1 enzyme
(New England BioLabs, Ipswich, MA, USA) in 100 μL of enzyme buffer to detect oxidative
DNA base modifications. The other slide was incubated in parallel with enzyme buffer only.
Electrophoresis was subsequently done using a pre-cooled electrophoresis platform filled
with pre-cooled electrophoresis buffer (300 mM NaOH, 1 mM Na2EDTA, pH > 13). DNA
was allowed to unwind for 20 min, before 24 V/300 mA were applied for 20 min. Finally,
slides were neutralized with 0.4 M Tris-HCl (pH 7.4) and stained with ethidium bromide for
at least 1 h. Slides were finally analyzed using an Axioskop fluorescence microscope (Carl
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Zeiss, Göttingen, Germany) and the Comet Assay III software (Perceptive Instruments,
Bury St Edmunds, UK). The hOGG1-modified comet assay was also used to look for
genotoxicity in bronchoalveolar lavage (BAL) cells from 5 animals per treatment group
of the inhalation study after 28 days of recovery. Therefore, the cell number in BAL fluid
was determined using a Neubauer counting chamber and 1.5 × 105 BAL cells were then
subjected to the hOGG1-modified alkaline comet assay as described above. As a follow-up
approach, alkaline comet assays without enzyme modification were performed using the
0.5 × BMD30 and BMD30 concentrations for the different materials (see Section 2.2.5) to
equalize cytotoxicity.

BMD30 concentrations were also used for genotoxicity screening with RAW 264.7 cells.
For RAW 264.7 cells, a slightly different comet assay protocol was used by the University of
Aveiro. Briefly, cells were seeded in 6-well plates and incubated for 24 h at 37 ◦C with GFNs
at BMD30 concentrations. Then, 20 μL of cell suspension (prepared in phosphate-buffered
saline) were mixed with 70 μL of 1% low melting point agarose in distilled water. Eight
drops with 6 μL of cell suspension were placed onto pre-coated slides (approximately
1000 cells). After solidification of agarose at 4 ◦C, slides were immersed in lysis solution
(2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 1% Triton X-100, pH 10) for 1 h, at 4 ◦C. After lysis,
slides were washed with cold buffer (0.1 M KCl, 0.5 mM EDTA, 40 mM HEPES, 0.2 mg/mL
bovine serum albumin, pH 8) and incubated with enzyme buffer for 30 min at 37 ◦C in a
humidified atmosphere. Slides were then immersed for 20 min in cold electrophoresis buffer
(200 mM Na2EDTA, 10 mM NaOH, pH 13) to unwind DNA strands and expose alkali-labile
sites. Electrophoresis was then conducted at 0.7 V/cm for 30 min at 4 ◦C, adjusting the
current to 300 mA by raising or lowering the buffer level. Slides were finally neutralized
with cold 0.4 M Tris buffer (pH 7.5) for 5 min and left to dry in the dark until staining and
analysis. Prior to analysis, slides were hydrated with chilled distilled water for 30 min and
stained for 20 min with propidium iodide (10 μg/mL). Slides were subsequently rinsed
with distilled water to remove excess stain. DNA strand break induction was analyzed
using a fluorescence microscope with 400× magnification and the Comet Assay IV software
(Perceptive Instruments, Bury St Edmunds, UK).

Tail intensity (%) was selected by both laboratories as the main measure for DNA
damage, as it represents the currently most accepted one. TI is, over a wide range, directly
proportional to the number of DNA strand breaks induced. At least one hundred appro-
priately stained, non-overlapping nuclei were evaluated per treatment. Comets without
heads were excluded. An increase in TI on the hOGG1-treated slides, as compared to the
slides treated with enzyme buffer only, was indicative of the occurrence of the oxidative
base lesion 8-OHdG. The mean of the single-cell data was calculated per slide. The means
of three slides per treatment stemming from three independent experiments were finally
subjected to statistical analysis.

2.2.5. Calculation of Benchmark Dose

The benchmark dose (BMD) is a dose level estimated from the fitted dose–response
curve, associated with a specified change in response, the benchmark response (BMR) [31].
This approach is applicable to all toxicological effects and estimates the dose that causes
a low but measurable effect. It can be used as an alternative or in parallel with other
dose descriptors (e.g., NOAEL). The benchmark dose lower confidence limit (BMDL) is
the lower confidence bound of the BMD, while BMDU represents the upper confidence
bound. The BMD approach can be used to derive a point of departure for further risk
assessment [33–35]. In this study, the dose–response in vitro data were processed in order
to calculate the BMD30, which represents the estimated dose corresponding to 30% of the
cell viability reduction, using the PROAST software (version 38.9) as an R package [36].
BMD30 values for the different cells were then used to compare and rank the GRNP based
on their cytotoxic potential (the response of 30% was selected due to the generally low
cytotoxicity of GRNP, a parameter that allowed comparison of the materials tested).
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2.3. In Vivo Validation
2.3.1. Animals

Female Wistar rats [strain: Crl:WI (Han)] delivered by Charles River Deutschland Co.
(Sulzfeld, Germany) were used for two animal experiments. The rats were acclimatized for
2 weeks in the animal facility and were aged 9 weeks at dosing. The animal studies had
been approved by the competent authority (file # 33.19-42502-04-16/2286/LAVES, Olden-
burg, Lower Saxony, Germany). For sacrifice, rats were anesthetized by intraperitoneal
administration (0.1 mL per 100 g body weight) of sodium pentobarbital (Narcoren®) and
exsanguinated by cutting the vena cava caudalis before preparation of the lungs.

2.3.2. Dose Range Finding (DRF) Study (Intratracheal Instillation)

A DRF test was conducted to define an adequate dosing scheme for the final 28-day
inhalation study. The rats were anaesthetized by CO2/O2 at 67/33 (v/v) for some seconds to
perform intratracheal instillation of GRNP dispersions in physiological saline (0.9% NaCl).
Concurrent controls were treated with vehicle only. Total particle doses were intratracheally
instilled using two administrations on consecutive days (each day 1

2 of the total dose). Total
GRNP and CB doses amounted to: P2 low (0.02 mg/lung); P2 high (0.2 mg/lung); P4
low (0.02 mg/lung); P4 high (0.2 mg/lung); Printex 90® (0.2 mg/lung). Dose justification
applied a space factor of 10 to mimic no lung overload in the low-dose groups and lung
overload in the high-dose groups.

For BAL, prepared lungs were lavaged with 0.9% NaCl, using two lavages with 4 mL
each. In the pooled BAL fluid, leukocyte concentration was determined using a manual
counting chamber, and two cytoslides were subsequently prepared for differential cell
counting (macrophages, neutrophils, eosinophils, lymphocytes). After centrifugation of the
BAL fluid, biochemical indicators relevant for the diagnosis of lung tissue damage were
determined by standard methodologies in the supernatant [LDH activity, β-Glucuronidase
(ß-Glu), total protein (TP)] [37]. The differential cell counts and enzyme/protein analyses
were performed as described previously [38].

2.3.3. 28-Day Nose-Only Inhalation Study

The two GRNP species P2 and P4 chosen for the 28-day nose-only inhalation study,
based on in vitro screening results, were aerosolized using a dry dispersion system opti-
mized for powdered substances and operated with pressurized air (high-pressure pneu-
matic disperser). For morphology of the aerosolized GRNP samples P2 and P4 see Figure 2.
The disperser was fed under computerized control. The scattering light signal of an aerosol
photometer was used to control the feed rate of the dispersion system in order to keep the
aerosol concentration in the inhalation unit constant. Actual P2 and P4 concentrations were
measured in the breathing zone of the animals. The aerosols were delivered to the rats in a
flow-past nose-only inhalation exposure system.

A 28-day nose-only inhalation test was conducted in accordance with [39]. Based on
the in vitro results with AM, the two pristine graphene nanoplates showing the highest
and lowest toxicity impact were selected for in vivo validation of the in vitro screening
results. The SLG graphene factory series sample P2 was chosen for the test material with
high adverse activity. It was preferred to the SLG sample P1, because of the affordable
price for the considerable amount of test items needed for inhalation exposure (in the gram
range). The GNP sample P4 was included as pristine graphene material with the lowest
biological activity in AM in vitro. The test design, as depicted in Table 2, allowed for the
direct comparison of a pristine SLG vs. a pristine GNP sample and estimation, amongst
others, of the impact of graphene layers on potential lung toxicity. As a CB nanoparticle
reference, Printex 90® (=P8) completed the pattern of test items.
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Figure 2. SEM photographs of aerosolized GRNP samples, i.e., P2 (left picture; SLG sample; magnifi-
cation: 8000×) showing high and P4 (right picture; GNP sample; magnification: approx. 10,000×)
showing low toxic potential in the in vitro screening with primary rat alveolar macrophages.

Table 2. Dosing scheme of the 28-day nose-only inhalation test with 28 days of recovery.

Clean
Air

P2 Low P2 Mid P2 High P4 Low P4 Mid P4 High
Printex

90®

Aerosol conc. [mg/m3] 0 0.2 0.8 3.2 0.2 0.8 3.2 3.2

MMAD [μm] n.a. 1.92 B 2.52 B 3.11 M - 2.72 B 2.63 B
3.87 B 0.92 M

GSD [–] n.a. (2.57) (2.34) (3.49) - (2.05) (2.34) (3.12) (3.53)

GSD: geometric standard deviation; n.a.: not applicable; M: Marple impactor; B: Berner impactor.

Because of the extremely light graphene materials (“mosquito behavior”), the precise
measurement of the mass median aerodynamic diameter (MMAD) was challenging. In
addition to the standard impactor-type Marple, an impactor of type Berner was also used.
With the latter, the gravimetrical analysis is more reliable because higher absolute masses
can be sampled on the filters. Measured MMAD values resulted in the ≤3 μm range,
ensuring respirability of the aerosols.

Calculated doses (Multiple-Path Particle Dosimetry (MPPD) model) in the high-dose
groups were similar to those administered in the intratracheal instillation DRF study: rat
unisex: 0.2 L/min × 360 min/day × 20 days × 3.2 mg/m3 × 2.4% (deposition fraction) =
0.11 mg/lung (for comparison: high dose in DRF: 0.2 mg/lung -> actually 0.14 mg/lung fol-
lowing rapid clearance) [40]. For the exact dosing scheme and MMAD values, see Table 2.

The endpoints investigated in BAL fluid were differential cell counts, LDH, ß-Glu
and TP, all of which were determined at day 1 and day 29 post-exposure using stan-
dard methods. In addition, the cytokines CINC-1 (a marker for macrophage recruitment)
and osteopontin (an indicator of inflammation) were analyzed using specific ELISA kits
(MesoScale Discovery-MSD; Multiplex) and concentrations of the stable thromboxane A2
(TXBA2; marker for acute lung injury) metabolite thromboxane B2 (TXB2) were measured
by Dr. Dirk Schäfer (TalkingCells c.o. dysantec, Wiesbaden, Germany) using a highly
specific competitive ELISA kit (Cayman Chemical, Ann Arbor, MI, USA).

Histopathology of the respiratory tract was performed for the lungs, including all
five lung lobes and their main bronchi, the lung-associated lymph nodes (LALN) from
the hilar region of the lung (LALN, mediastinal and tracheobronchial), trachea, larynx,
pharynx and the nasal cavities including the nasal-associated lymphoid tissue (NALT).
For histopathological examination, tissues were fixed in buffered formalin (10%) for up to
one day, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE).
In addition, Masson trichrome staining was used for the detection of connective tissue
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production within the lung. The nasal cavity was decalcified following formalin fixation
prior to paraffin embedding.

For cell cycle analysis in BAL, cell suspensions were centrifuged, the cell pellet fixed
in 1 mL of 80% (v/v) ethanol and stored at −20 ◦C until analysis. Cell suspensions were
then centrifuged (300× g, 5 min), resuspended in PBS and filtered through a nylon mesh
into the test tubes before adding 50 μL of RNAse (Sigma-Aldrich, St. Louis, MO, USA) and
50 μL of propidium iodide (PI, ≥94%, Sigma-Aldrich, St. Louis, MO, USA). The samples
were then incubated for 20 min at room temperature in the dark. PI-stained cells were
finally analyzed on an Attune® Acoustic Focusing Cytometer ((ThermoFisher Scientific,
Brunswick, Germany)) and the percentages of cells at G0/G1, S and G2/M phases were
determined using the FlowJo software (FlowJo LLC, Ashland, OR, USA).

2.3.4. Statistics

Differences between groups in both the in vitro and in vivo experiments were consid-
ered statistically significant at p < 0.05. For in vivo endpoints, data were analyzed using
analysis of variance. If the group means differed significantly in the analysis of variance,
the means of the treated groups were initially compared with the means of the control
groups using Dunnett’s test [41]. Finally, where indicated, the Student’s t-test for unpaired
values, two-tailed, combined with normality (Shapiro-Wilk) and equal variance testing
(Brown-Forsythe), was used for statistical analysis of most of the in vitro and in vivo end-
points (e.g., differential cell count, the liberation of TXB2, hOGG1-modified alkaline comet
assay, LDH release), comparing the treatment groups with the respective vehicle/negative
control group using the SigmaPlot 14.0 software (Inpixon GmbH, Düsseldorf, Germany).
To estimate the occurrence of oxidative DNA lesions, TI values from hOGG1-treated slides
were compared with enzyme buffer-treated slides using the Student’s t-test for paired
values, two-tailed. The statistical evaluation of the histopathological findings was done
using the two-tailed Fisher test and statistical significance of flow cytometry data was
calculated using the Dunnett’s test [41].

3. Results

3.1. GRNP Dispersion and Sedimentation Kinetics

Material morphology and dispersion grade are critical factors for cell interference
in nanomaterial toxicology. For example, MWCNT were previously shown to induce
malignant mesothelioma in rats after intraperitoneal administration, with morphology
(more straight or curved MWCNT) determining both tumor incidence and the earliest
appearance of tumors [42]. Ma-Hock et al. [22] further demonstrated in a 5-day inhalation
study that carbon-based materials with different morphology and agglomeration state,
i.e., MWCNT, CB, graphene and graphite oxide, behave very differently with regard to
pro-inflammatory potential, with no effect for CB and GO, but pro-inflammatory effects
for both MWCNT (highest adverse potential) and GNP. Even within the same group of
carbon-based nanomaterials, i.e., MWCNT, Reamon-Büttner et al. [43] demonstrated a
variable extent of in vitro effects such as membrane damage, inhibition of cell proliferation
and induction of gamma-H2A.X pan-stained nuclei in human peritoneal mesothelial LP9
cells. While strong effects were observed for long and straight MWCNTs, no or nearly no
effects were seen for tangled-type and milled MWCNTs, thus underlining the importance
of material morphology.

In the present study, the dry GRNP powders showed macroscopically different col-
ors and granularity (Figure 3) and exhibited diverse morphologies after dispersion in
FCS-containing cell culture medium (Figure 1) as determined by SEM. The microscopic
appearance comprised thin and in part transparent morphology for P2 (SLG) and P6
(graphite oxide), more sheet-like morphology for P3 (CG) and P4 (GNP), intensely folded
morphology in the case of P1 (SLG) and P5 (GO) and more particle-like morphology for P7
(GNP). When estimating the homogeneity of dispersions and agglomeration state by light
microscopy, P1 (SLG), P2 (SLG), P7 (GNP) and P8 (CB) demonstrated more homogenous
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and denser dispersions than P3 (CG), P4 (GNP), P5 (GO) and P6 (graphite oxide), which
showed, irrespective of ultrasonication, diverse and in part big agglomerate/aggregate
sizes (Figure 3). For P4, the observed heterogeneity in agglomerate sizes was in line with the
particle size distribution given by the supplier, with a D10 of 13.56 μm, a D50 of 48.93 μm
and a D90 of 122.2 μm. In addition, the sedimentation kinetics demonstrated marked differ-
ences for the various GRNP samples. While no or nearly no sedimentation was observed
for P8 (no reduction in turbidity ± 6.71%) and P2 (4.7 ± 4.45%) after 48 h of incubation, P1
showed intermediate (29.6 ± 6.00%) and P7 (75.7 ± 5.85%) and P4 (80.0 ± 6.22%) highest
sedimentation rates (Figure 3). Notably, the lowest sedimentation rates correlated with the
highest specific surface, higher dispersion homogeneity and lowest biocompatibility in AM.

Figure 3. GRNP dispersions. Left: Light microscopic pictures of the different GRNP (P1–P8) dispersions at
6.25 μg/mL corresponding to the lowest concentration used for in vitro screening (3.125 μg/cm2). Right:
Sedimentation kinetics for the various GRNP (P1–P8) at 6.25 μg/mL. GRNP dispersions were placed in
semi-micro cuvettes and turbidity (OD600) was measured directly after material suspension (time point
zero) and after 1, 18, 24 and 48 h of incubation at 37 ◦C in a water saturation atmosphere using an incubator.
OD600 at time point zero was set to 100% and relative turbidity was calculated for the other time points.
Data represent the means ± SD of three independent experiments.

When evaluating the sedimentation kinetics, the question has to be raised whether
differences in the extent of effects seen in the comparative in vitro screening experiments
are in part a consequence of variable sedimentation rates and variable dispersion grades,
leading to highly variable in vitro and intracellular material doses. Irrespective of the
same mass-based concentrations, the different material dispersions might also considerably
differ in nanoplate number, with, e.g., a higher nanoplate number for the two SLG species,
leading to a completely black dispersion with the highest concentration used (50 μg/cm2).
A clear definition of in vitro doses for non-particle-like nanomaterials, i.e., nanoplates and
fibers, thus poses a real challenge and should be an important topic for future research
along with the quantification of intracellular material in the field of GRNP materials.
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3.2. In Vitro Screening
3.2.1. Cytotoxicity Screening

After evaluating different dispersion methods for submerse GRNP exposure of cells,
comparative cytotoxicity screening was performed using different lung-relevant cell models,
which covered three different species (rat, mouse and human), primary cells and immortal-
ized cell lines and two different cell types, i.e., rat alveolar macrophages/macrophage-like
cells and fetal lung fibroblasts, to evaluate the predictivity of the cell models for the in vivo
situation after lung exposure.

Cytotoxicity screening was started with the two lung-relevant, normal cell models, i.e.,
primary rat alveolar macrophages (AM) and human MRC-5 lung fibroblasts (investigated
in two independent laboratories), to initially exclude an impact of cell immortalization.
Cells were incubated for 24 h with the different GRNP samples at 3.125, 6.25, 12.5, 25 and
50 μg/cm2 to enable the calculation of BMD30 values for the final ranking of material
adversity. Membrane damage (LDH release), metabolic activity (AlamarBlue® assay), and
RICC (cell counts; MRC-5 cells) were chosen as endpoints because of ease of measurement
and, thus, good applicability for in vitro screening approaches. LDH activity, furthermore,
represented a direct correlate to the in vivo investigations.

In MRC-5 cells, there was no GRNP sample that reproducibly mediated at least a 30%
increase in membrane damage or reduction in metabolic activity in MRC-5 fibroblasts after
24 h of incubation in the concentration range tested (see BMD30 values in Figure 4). Despite
the replacement of the GRNP dispersions before the final addition of the AlamarBlue®

reagent and the use of cell-free background GRNP controls, however, an artificial reduction
of the AlamarBlue® reagent seemed to occur, a phenomenon that was also observed in
methylthiazoyldiphenyl-tetrazolium bromide (MTT) assays with GO and graphene sheets
and human skin fibroblasts [44]. The resulting higher reduction values as compared to
the negative control might mask cytotoxic effects. Notably, a proliferation-inhibiting effect
of the GRNP materials was observed in MRC-5 cells using RICC and, thus, cell counts
as an endpoint. The decrease in RICC in MRC-5 cells seemed to correlate with GRNP
thickness, as P5, P3, P2 and P1 demonstrated the lowest BMD30 values (thickness between
0.6 and 1.2 nm), followed by P6 (1–3 nm), P4 (2–10 nm) and P7 (3 nm), and might indicate
direct mechanical interference with the cytoskeleton and the mitotic apparatus of the cells,
as discussed previously for induction of micronuclei by two types of pristine graphene
nanoplatelets in THP-1 cells [45].

In contrast to the MRC-5 lung fibroblasts, both SLG materials (P1 and P2) with the
highest specific surface and lowest sedimentation rates mediated strong, concentration-
dependent membrane damage in primary rat alveolar macrophages (AM). BMD30 values
amounted to as low as 3.22 and 2.47 μg/cm2. Some increase in LDH activity was also
observed for P5 (GO) and P7 (GNP), with remarkably higher BMD30 values of 39.25 and
45 μg/cm2, respectively. All other GRNP samples, including P4 (later used for in vivo
validation) as well as CB (P8) samples, exhibited no relevant membrane-damaging effect,
as judged by BMD30 values equal to or below 50 μg/cm2 (Figure 4). The final ranking was,
thus, P2 (SLG) > P1 (SLG) > P5 (GO) > P7 (GNP).

Notably, AM seemed to be finally predictive of the in vivo situation when consid-
ering LDH release. The LDH data for AM were clearly in line with subsequent in vivo
validation, as a strong effect was noted for P2, but no effect for P4. Disturbance of the
cell membrane in AM by GRNP was, furthermore, shown to be time-dependent, with
a statistically significant, small effect for P2 after 4 h at 50 μg/cm2 (19.7 ± 6.98% cy-
totoxicity; 72.3 ± 8.32% cytotoxicity after 24 h; Figure S1) only, and there seemed to
be some correlation with the specific surface area of the GRNP samples, as a ranking
of P1 (BET: 278 m2/g) > P7 (BET: 195 m2/g) > P4 (BET: 15 m2/g) was obvious (Figure 5).
Interestingly, P3 (CG) seemed to quench LDH activity under certain conditions. Additional
characteristics mediating the stronger membrane-disturbing effect of the SLG samples,
compared to the other GRNP, should be further investigated but might comprise a higher
particle number, better dispersion or different morphology, with potentially sharper edges,
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which could mediate membrane damage in the case of cell movements or cell overload or
direct cutting of cell membranes.

 

Figure 4. Heatmap of in vitro cytotoxicity screening results. The cytotoxic potential of GRNP was
screened in primary rat alveolar macrophages (AM), human MRC-5 lung fibroblasts, the rat alveolar
macrophage cell line NR8383 and the murine macrophage-like cell line RAW 264.7. Cells were
incubated for 24 h with the various GRNP samples and membrane damage (LDH release), metabolic
activity (AlamarBlue® test) and cell proliferation (RICC; MRC-5 and NR8383 cells) were determined.
Numbers given represent BMD30 values [μg/cm2], calculated from three independent experiments
with five concentrations (3.125, 6.25, 12.5, 25 and 50 μg/cm2) each. A value of 50 is given where the
final BMD30 value was calculated to be greater than 50 μg/cm2.

To investigate the reason for the absence of LDH release in the MRC-5 model, GRNP
uptake was determined after 24 h of incubation using fluorescence-coupled darkfield mi-
croscopy. Fluorescence-coupled darkfield microscopy showed that all GRNP materials were
taken up by AM. The cells were more or less tightly packed with GRNP material, located in
direct proximity to the cell nucleus (Figure 5). In contrast, when evaluating GRNP uptake in
MRC-5 cells, the materials seemed predominantly attached to the cell surface but were not
taken up to a marked extent. No obvious differences were observable between the different
test materials, except for different cell morphologies and agglomerate/aggregate sizes.

As described for MRC-5 cells, GRNP samples mediated an unspecific reduction of
the AlamarBlue® reagent in AM, however, to a lesser extent. This was perhaps based on
a different assay protocol with the measurement of the supernatant after centrifugation
and not a direct measurement of the cell culture plates. A very slight tendency towards a
concentration-dependent decrease in reduced AlamarBlue® was only observed for the SLG
sample P2, with 40.6 ± 6.03% at 3.125 μg/cm2 as the lowest concentration and 29.4 ± 6.10%
at 50 μg/cm2 as the highest concentration. A very slight tendency was also observed for P1
and P7, but none of these reached statistical significance, compared to 36.2 ± 3.01% for the
negative control. No effect was evident for P4 and all other GRNP.

In further experiments, cytotoxicity of the GRNP panel was investigated in NR8383
and RAW 264.7 cells as immortalized macrophage models to look for an animal-independent,
generally available screening model. However, in vivo prediction seemed to be limited
for the two cell types in the present study, based on cytotoxicity screening. RAW 264.7
cells showed no induction of membrane damage by the GRNP samples (Figures 4 and 5),
and in the AlamarBlue® assay, the GNP sample P4, but not the in vivo active P2 (SLG)
sample mediated a decrease in viability (Figure 4). However, this reciprocal ranking, com-
pared to AM, was in line with the subsequent uptake experiment with RAW 264.7 cells,
which demonstrated a significantly higher uptake for P4 than for P2. NR8383 cells, in fact,
demonstrated a slightly lower BMD30 value for P2 than for P4 in the AlamarBlue® assay,
but irrespective of a membrane-damaging potential of GRNP in NR8383 cells, the LDH
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assay demonstrated comparable BMD30 values for P2 and P4 and, additionally, a reciprocal
activity ranking based on RICC results, making predictions difficult (Figure 4).

 

Figure 5. Material-dependent induction of membrane damage and cellular uptake in rat alveolar
macrophages (AM; blue bars) and human MRC-5 lung fibroblasts (black bars). Cells were incubated
without (NC) or with the given concentrations of P4, P7 or P1 for 24 h, with subsequent measurement
of LDH activity in culture supernatants. Data represent arithmetic means ± SD of three independent
experiments. */**/*** Statistically significant difference from NC: p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001,
respectively. On the right-hand side, fluorescence-coupled darkfield microscopy pictures are given
for both cell types. Cells were incubated for 24 h with P4, P7 or P1 at 6.25 μg/cm2. Cell nuclei were
subsequently stained with DAPI.

The results from AM were in line with previous reports on different cell types, pointing
to higher cytotoxicity of pristine graphene and, in particular, SLG or FLG graphene, com-
pared to GO (single-layer), graphite or surface-modified graphene nanoplates. In a previous
study, Hinzmann et al. evaluated the impact of different GRNP on the viability of the
glioblastoma cell line U87. Notably, as determined by trypan blue exclusion, the graphene
sample demonstrated higher cytotoxicity than GO or graphite [46]. Using human bronchial
epithelial Beas2B cells and 24 h of incubation, Chatterjee et al., furthermore, showed higher
toxicity of pristine FLG (<4 layers) than of GO (single-layer) and CG using the endpoints
of colony formation and metabolic activity [47]. Higher cytotoxicity of pristine graphene
versus CG was thought to depend on hydrophobic interactions of pristine graphene with
the cell membrane, with subsequent intracellular ROS generation and induction of apop-
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tosis, whereas the more hydrophilic CG was taken up by cells without inducing marked
cytotoxic effects [48]. The higher membrane-damaging activity of the SLG versus the GNP
samples in AM might be based on the number of graphene layers, with higher stiffness and
consequently lower activity of the GNP, as previously discussed by Muzi et al. to explain the
very low cytotoxic potential of two multi-layer graphene samples in RAW 264.7 cells [49].

3.2.2. Genotoxicity Screening

In the initial cytotoxicity screening, the different macrophage models seemed to repre-
sent the more sensitive screening models when compared with human MRC-5 lung fibrob-
lasts, most likely based on limited uptake of GRNP by fibroblasts (Figure 5 and Figure S2).
Therefore, genotoxicity screening experiments were performed with the macrophage mod-
els only. There are only limited in vitro genotoxicity data, in particular for pristine graphene
nanoplates in lung-relevant cell types, and potential modes of action are still under discus-
sion, comprising direct DNA damage by entry into the cell nucleus and cutting or binding
of DNA, amongst others, but also indirect DNA damage by the generation of reactive
oxygen species by pristine graphene [13,48].

For genotoxicity screening, the hOGG1-modified comet assay with AM and NR8383
cells was used to look for both DNA strand break induction and oxidative DNA damage,
i.e., 8-OHdG as a pre-mutagenic DNA lesion. The induction of reactive oxygen species with
subsequent oxidative DNA damage has often been discussed as an indirect mode of action
for nanomaterials. AM and NR8383 cells were incubated for 24 h with 25 μg/cm2 with
either the different GRNP, culture medium only (negative control), or Al2O3 (particle-like
negative control). KBrO3 served as technical positive control for both DNA strand break
induction and oxidative DNA damage. Slight, but statistically significant induction of
DNA strand breaks was observed in AM for all GRNP samples (Figure 6A) compared
to the medium (mean TI: 0.29 ± 0.076%) and the particle-like negative control (Al2O3;
mean TI: 0.43 ± 0.159%). The SLG samples P1 (mean TI: 7.93 ± 4.424%) and P2 (mean
TI: 7.89 ± 5.351%), as the most active GRNP materials in cytotoxicity screening, mediated
comparable, approximately 4.5-fold higher mean TI values than P8 (mean TI: 1.56 ± 0.590%)
and P6 (1.79 ± 1.081%), as the GFN samples with the lowest activity (Figure 6A). In the
present study, the arithmetic mean was used as summarizing measure for the cell nuclei
analyzed per slide to consider the more bimodal than normal distribution of induced DNA
damage in the case of particulate test items, and to enhance sensitivity. Like in AM, the
SLG samples P1 and P2 mediated the highest effects in NR8383 cells (Figure 6B).

Higher genotoxic activity of pristine graphene (<4 layers) than of GO (single-layer)
at 10 and 50 μg/mL was described previously in lung-relevant Beas2B cells after 24 h of
incubation using the alkaline comet assay [3]. Additionally, Hinzmann et al. investigated
the induction of DNA strand breaks in U87 cells after 24 h of incubation with subsequent
activity ranking of pristine graphene > graphite > GO. Unfortunately, no nanoplate dimen-
sions were given to estimate whether pristine SLG, FLG or GNP were used [46]. The results
of the hOGG1-modified comet assay were finally in line with the comet assay data from the
BAL cells of the 28-day inhalation study on day 29 post-exposure, with higher induction of
DNA strand breaks for P2 than for P4.

None of the GRNP samples induced oxidative DNA lesions in both AM and NR8383
cells, as there were no higher mean TI values for the slides incubated with the DNA repair
enzyme hOGG1 (specific for oxidative DNA lesions, i.e., 8-OHdG), compared to the slides
incubated with enzyme buffer only. A false-negative result could be excluded based on the
strong effect of KBrO3 as a specific positive control for induction of 8-OHdG (Figure 6A,B).
However, a trend toward oxidative DNA damage was noted in the BAL cells in the 28-day
inhalation study.

As the comet assay is supposed to be sensitive to unspecific effects based on exces-
sive cytotoxicity, follow-up experiments were performed using the BMD30 concentrations
calculated from LDH release data to equalize for cytotoxicity. In these experiments, all
GRNP samples mediated nearly the same effects, when compared to the respective nega-
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tive controls in both AM and RAW 264.7 cells (Figure 6C,D). In AM, no GRNP material
reached statistical significance, except for P8 (CB). In RAW 264.7 cells, higher TI values
were observed for both the negative control and the GRNP-treated cultures. Statistically
significant higher TI values were observed for P1–P4. P5 (GO) demonstrated the lowest TI
values in both cell types, in RAW 264.7 cells, even comparable to the negative control. The
outcome of the control experiments with AM and RAW 264.7 cells, thus, might indicate
that GRNP-mediated DNA strand break induction might be of a more unspecific nature,
based on cytotoxicity, and less likely due to direct genotoxicity. Alternatively, alignment of
the genotoxic potential might indicate an adaptation of particle numbers.

Figure 6. Genotoxicity screening of GRNP materials in AM, NR8383 cells and RAW 264.7 cells. (A,B)
hOGG1-modified alkaline comet assay. AM (A) or NR8383 cells (B) were incubated for 24 h without
(negative control, NC) or with 25 μg/cm2 of P1–P8. Al2O3 served as particle-like negative control
(PNC) and KBrO3 was used as positive methodological control. Data represent the arithmetic mean
tail intensities (TI) ± SD of three independent experiments. Increase in TI on slides with hOGG1
treatment, compared to the respective slides without hOGG1, is indicative of oxidative DNA lesions.
(B,C) Alkaline comet assay. AM (C) or RAW 264.7 cells were incubated for 24 h with or without
the calculated BMD30 concentrations of P1–P8. Data represent the arithmetic mean TI ± SD of
three independent experiments. For all experiments, the arithmetic mean was used as summarizing
measure for the single-cell data on slides. */**/*** Statistically significant difference from PNC
(A,B) or the respective NC (C,D): p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively; Student’s t-test
for unpaired values, two-tailed. ◦ Statistically significant difference from slides without hOGG1
treatment: p ≤ 0.05; Student’s t-test for paired values, two-tailed.

3.3. In Vivo Validation

From the initial in vitro (geno)toxicity screening of various GRNP it was concluded that
AM with the endpoints LDH release and DNA strand break induction might represent a
fair and not hypersensitive screening model to predict in vivo lung toxicity of GRNP. To
confirm this assumption, in vivo validation was performed with one of the two pristine
graphene samples that were most active in vitro in AM, i.e., P2 (SLG; sufficient material
available) and P4 (GNP) as the least biologically active pristine graphene sample. Two pristine
graphene nanoplates were finally chosen for the 28-day inhalation study, not only due to their
strikingly different cytotoxicity in AM in vitro, but also because in vivo lung toxicity data
are still sparse for this subgroup of GRNP. This choice, furthermore, enabled comparison of
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graphene nanoplates with single- (P2) and multi-layer morphology (P4) and thus, different
thicknesses (1–5 atomic layers versus 2–10 nm) and resulting stiffness, and investigation of
GRNP materials with markedly varying specific surface areas (620 versus 15 m2/mg).

3.3.1. Dose-Range Finding Test (DRF) with Instillation into Rat Lungs

In the DRF test with intratracheal instillation, P2 showed a very slight yet statistically
significant increase in inflammatory lung effects, i.e., an increase in polymorphonuclear
neutrophils (PMN; unspecific response) in the low-dose group 3 days after instillation, and
a slightly higher and statistically significant increase in PMN values in the high-dose group.
In contrast, P4 mediated no significant increase in PMN influx. Notably, in the differential
cell counts, strong induction of eosinophils was observed in BAL fluid of the P2 high-dose
group, which is normally not detected in the rat model after particle exposure. This pointed
to a specific inflammatory response, whereas the PMN showed markedly lower values
(Figure 7). In the P2 low-dose group, enzyme activities of LDH and ß-Glu, as well as
TP, were not significantly increased, whereas in the P2 high-dose group, a statistically
significant increase occurred. This was also observed in the P4 high-dose group, however,
to a lower degree (Table S1).

Figure 7. Differential cell counts 3 days after intratracheal instillation of P2 and P4. Note the high
eosinophilic percentage, indicating a specific immunological response. Depicted are relative PMN
and eosinophil numbers. Data represent means ± SD of four to five animals per group. **/***
Statistically significant difference from vehicle control (vehicle): p ≤ 0.01 or p ≤ 0.001, respectively;
Student’s t-test for unpaired values, two-tailed.

3.3.2. 28-Day Rat Inhalation Test

In the 28-day nose-only inhalation test, BAL fluid analysis in the P2 (SLG) low- and
mid-dose groups revealed PMN values at the control level, whereas in the P2 high-dose
group, an induction of moderate inflammation was noted. After recovery, the latter group
still showed slight inflammation. All three P4 (GNP) groups, as well as the carbon black
group, showed PMN values at clean air levels. Surprisingly, induction of eosinophil
recruitment, as observed in the DRF study after intratracheal instillation, was not observed
after inhalation. In the P2 high-dose group, but not in the P4 high-dose group, LDH levels
were significantly increased, mirroring the results observed in the respective in vitro assay
with AM (Figure 8).

In the P2 low- and mid-dose groups, BAL fluid analysis showed biochemical results
close to clean air control levels. In the high-dose group, however, all three parameters
(LDH, β-Glu and TP) were statistically significantly increased. All other groups, i.e., all
P4 (GNP) dose groups as well as the Printex 90 (CB) group, remained at control levels.
Following recovery, with the exception of the P2 high-dose group (SLG), all biochemical
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endpoints and PMN percentages, as well as absolute numbers in BAL fluid, had returned
to clean air levels. In the P2 high-dose group, however, the PMN moiety still remained at
approx. 10% and the biochemical endpoints β-Glu and TP, as well as the absolute PMN
numbers, were still significantly increased (Figure 8 and Figure S4).

At day 1 post-exposure, CINC-1 showed clear dose-dependence. When comparing
the high-dose groups of P2 and P4, the latter showed a 3.7-fold lower value. Osteopontin
results mirrored this finding. At day 29 post-exposure, following a 4-week recovery period,
the dose dependence of CINC-1 levels continued at reduced values in the P2 groups,
whereas all P4 groups returned to control group values. For osteopontin, increased values
were detected in the mid- and high-dose groups of P2 and P4, with P2 again exhibiting
maximum values (Figure 8).

As an additional endpoint for the 28-day nose-only inhalation study, the content
of TXB2 as a stable metabolite of the eicosanoid TXA2 was measured in BAL fluid. A
concentration-dependent, highly statistically significant increase in TXB2 was noted in
BAL fluid of the P2 high-dose group at day 1 post-exposure, amounting to about 3-fold
higher levels than in the vehicle controls. In contrast, P4 only mediated a very small
increase. After 29 days of recovery, the P2 and P4 high-dose groups mediated a comparable,
about 2-fold increase in TXB2, as compared to the saline control (Figure 8, bottom graphs).
TXB2 seemed to represent a promising eicosanoid marker with regard to early detection
and differentiation of inflammatory effects of different GRNP in the rat lung. Notably,
concentration-dependent induction of TXB2 liberation by GRNP treatment for 24 h was
also observed in preliminary in vitro experiments with NR8383 cells (Figure S3). Increased
TXB2 levels were only seen in pristine graphene nanoplate samples (P1, P2, P4 and P7) and
P5 (GO), but were nearly absent for P3 (CG), P6 (graphite oxide) and P8 (CB).

Cell cycle analysis with BAL cells demonstrated a decrease in the percentage of cells
at G0/G1 with increasing P2 dose, which for the P2 mid- and P2 high-dose groups was
followed by an increase in the percentage of cells at S-phase (Figure 9). This cell cycle
profile for P2-exposed animals was mostly maintained after the 29-day recovery period,
suggesting that P2 treatment can induce a prolonged S-phase arrest. Exposure to P4 at the
high dose also induced a decrease in the percentage of cells at G0/G1 and an increase in
the percentage of cells at the S-phase, which was recovered after 29 days of recovery. At
this time point, however, a decrease in the percentage of cells at G2 for the P4 mid-dose
group was detected. Previous studies have shown that graphene derivates may induce
alterations in the cell cycle dynamics. For instance, Hashemi et al. [50] found that nano-
and micron-sized GO triggered the cell cycle of fibroblasts and induced an arrest of cells at
the S-phase. Furthermore, Wang et al. [51] showed an S-phase block in HEK293T, MCF-7,
A549, and HepG2 cells exposed to GO-PEG-PEI. Proper progression through cell division
is assured by cell cycle checkpoints that keep the cell from progressing to the next phase
of the cell cycle before the prior phase has been completed. The S-phase checkpoint is
activated under conditions of threatened DNA replication, such as DNA damage. This
activation results in S-phase arrest, inhibiting DNA replication and promoting DNA repair
mechanisms, checking the fidelity of DNA replication. Additionally, an increase in the
coefficient of variation (CV) of the G0/G1 peak was observed in the P2 high-dose and P8
(CB) groups, which may reflect clastogenic effects (Figure S5).
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Figure 8. Results of BALF analysis at day 1 (left) and day 29 (right; 28 days of recovery) post-
exposure. Depicted from differential cell counts are relative PMN numbers only. Top: PMN [% of
total leukocytes]; middle: LDH activity, β-Glu activity, and total protein in BAL [relative to clean
air controls set to 100%]; bottom: CINC-1, osteopontin and TXB2 concentrations in BAL [relative to
clean air controls set to 100%]. Data represent the means ± SD of five animals per group. */**/***
Statistically significant difference from negative control (clean air): p ≤ 0.05 or p ≤ 0.01 or p ≤ 0.001,
respectively; Student’s t-test for unpaired values, two-tailed.
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Figure 9. Cell cycle analysis of BAL cells on day 1 and day 29 post-exposure of the 28-day nose-only
inhalation study. The distribution of cells in each of the cell cycle phases was based on cell DNA
content by staining with propidium iodide. The percentage of cells at each of the cell cycle phases
was determined using the FlowJo software. */** Statistically significant difference from control at
p ≤ 0.05, p ≤ 0.001, respectively; Dunnett’s test.

In the hOGG1-modified comet assay with BAL cells, a concentration-dependent induc-
tion of DNA strand breaks for P2, as well as a tendency towards oxidative DNA damage
was observed. In contrast, P4- and P8-treated animals demonstrated markedly lower
induction of DNA strand breaks after 29 days of recovery (Figure 10). This was in line
with the results of the cell cycle analysis with BAL cells (Figure 9 and Figure S5) and the
observation of still slight inflammatory effects in the P2 high-dose group after 29 days
post-exposure, but the absence of marked inflammation in P4-treated animals and the
P8-treated particle-like CB reference, as judged, in particular, by PMN, lymphocyte num-
bers, enzyme activities and TP in BAL fluid (Figure 8 and Figure S4). A tendency toward
the 8-OHdG formation and, thus, an increase in oxidative DNA damage was most likely
linked to P2-induced secondary genotoxicity by the inflammation-dependent generation of
reactive oxygen species.

Histopathological examination of the respiratory tract revealed findings related to the
inhalation of the GRNP samples P2 (SLG), P4 (GNP) and P8 (CB particle-like reference).
Findings were observed in the lung, the lung-associated lymph nodes and the nasal cavity.
In the nasal cavity, eosinophilic globules were seen in a multifocal pattern in the olfactory
epithelium, most prominently in the P2 high-dose group, with a slight increase during the
29-day recovery period (Tables 3 and 4).
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Figure 10. The hOGG1-modified comet assay with BAL cells on day 29 after the last inhalation. AM
were isolated by alveolar lavage and subsequently analyzed regarding induction of DNS strand
breaks and oxidative DNA lesions. Data represent the arithmetic mean tail intensities (TI) ± SD of 5
animals per treatment group, using the arithmetic mean as summarizing measure for the single-cell
data on slides. An increase in TI on slides with hOGG1 treatment, as compared to the respective
slides without hOGG1 incubation, is indicative of induction of oxidative DNA lesions, i.e., 8-OHdG.
*/**/*** Statistically significant difference from clean air control: p ≤ 0.05, p ≤ 0.001 and p ≤ 0.001,
respectively; Student’s t-test for unpaired values, two-sided.

Table 3. GRNP-related histopathological findings at day 1 post-exposure.

Test Material Group
Clean
Air

P2
Low

P2
Mid

P2
High

P4
Low

P4
Mid

P4
High

P8

Number of Animals 5 5 5 5 5 5 5 5

Occ. 0 5 5 5 2 4 5 5Alveolar
Grade 0 1 1.2 2 0.4 0.8 1.2 1.8
Occ. 0 0 0 1 0 0 0 1

Interstitial Grade 0 0 0 0.2 0 0 0 0.2
Occ. 0 0 0 2 0 0 0 4

Accumulation of particle-laden
macrophages

BALT Grade 0 0 0 0.4 0 0 0 0.8
Occ. 0 0 0 5 0 0 1 0Particle-laden giant cells

(syncytia) Grade 0 0 0 1 0 0 0.2 0

Lung

Occ. 0 0 0 4 0 0 0 0
Infiltration granulocytes Alveolar Grade 0 0 0 0.8 0 0 0 0

Occ. 0 0 0 0 0 0 0 3
LALN

Accumulation of particle-laden
macrophages Grade 0 0 0 0 0 0 0 0.6

Occ. 0 1 1 3 0 0 1 0Nasal
cavity

Eosinophilic globules Olfactory
epithelium Grade 0 0.2 0.2 0.6 0 0 0.2 0

Occ. = Occurrence: number of animals showing the findings in the respective group; Grade: mean
group grade of this lesion. Grades can range from 0 (normal) up to 5 (very severe change):

 .
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Table 4. GRNP-related histopathological findings at day 29 post-exposure.

Test Material Group
Clean
Air

P2
Low

P2
Mid

P2
High

P4
Low

P4
Mid

P4
High

P8

Number of Animals 5 5 5 5 5 5 5 5

Accumulation of
particle-laden macrophages

Occ. 0 3 5 5 1 3 5 5Alveolar
Grade 0 0.6 1 1.6 0.2 0.6 1 1.4
Occ. 0 0 0 3 0 0 0 1

Interstitial Grade 0 0 0 0.6 0 0 0 0.2
Occ. 0 0 1 0 0 0 0 5

BALT Grade 0 0 0.2 0 0 0 0 1
Occ. 0 0 1 5 0 0 0 0Particle-laden giant cells

(syncytia) Grade 0 0 0.2 1.6 0 0 0 0
Occ. 0 0 0 1 0 0 0 0

Lung

Infiltration granulocytes Alveolar Grade 0 0 0 0.2 0 0 0 0
Occ. 0 0 0 4 0 0 0 2

LALN
Accumulation of

particle-laden macrophages Grade 0 0 0 0.8 0 0 0 0.4
Occ. 0 0 1 5 1 0 3 1Nasal

cavity
Eosinophilic globules Olfactory

epithelium Grade 0 0 0.2 1.4 0.2 0 0.6 0.2
Occ. = Occurrence: number of animals showing the findings in the respective group; Grade: mean
group grade of this lesion. Grades can range from 0 (normal) up to 5 (very severe change):

 .

The lung showed the dose-dependent occurrence of particle-laden macrophages in
the alveoli, lung interstitium (Figures 11 and 12), and the bronchus-associated lymphoid
tissue (BALT). Notably, some macrophages fused time-dependently to giant cells (syncytia),
which were visible mainly in the P4 high-dose group (Figures 11 and 12 and Tables 3 and 4).
Additionally, alveolar infiltration of granulocytes occurred in the P2 high-dose group
on day 1 post-exposure after 28 days of inhalation, declining during the recovery pe-
riod (Tables 3 and 4). In the lung-associated lymph nodes, accumulation of particle-laden
macrophages was found in the P8 carbon black-treated group at day 1 post-exposure after
28 days of inhalation, as well as in the P2 high-dose and the P8 groups after 29 days of
recovery (Tables 3 and 4). A histopathological finding that was interpreted as adverse was
alveolar infiltration of granulocytes, which was observed only in the P2 high-dose group, but
not in any of the P4-treated groups and, thus, only for the pristine graphene SLG sample, but
not for the pristine graphene GNP sample. The other histopathological findings observed in
the present study were interpreted to represent adaptive non-adverse findings.

 

Figure 11. Histopathological findings at day 1 post-exposure following 28 days of inhalation. Control
without any histopathological findings. P2 (SLG) high-dose group with particle-laden macrophages
(bold black arrows), particle-laden giant cells (syncytia; black arrow) and infiltration of granulocytes
(blue arrow). P4 (GNP) high-dose group with particle-laden macrophages (bold black arrows). P8
(CB) also with particle-laden macrophages (bold black arrows).
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Figure 12. Histopathological findings at day 29 post-exposure following 28 days of inhalation. Control
without any histopathological findings. P2 (SLG) high-dose group with particle-laden macrophages
(bold black arrows) and particle-laden giant cells (syncytia; black arrow). P4 (GNP) high-dose group
with particle-laden macrophages (bold black arrows). P8 (CB) also with particle-laden macrophages
(bold black arrows).

4. Discussion

In the present study, we aimed to define a combined in vitro/in vivo approach to
predict adverse lung effects of graphene-related nanoplates (GRNP), in particular, pristine
single-layer graphene (SLG) and pristine graphene nanoplatelets (GNP), some of which
have previously been shown to exhibit at least in vitro cytotoxic and genotoxic potential,
depending, amongst others, on the specific material characteristics, the cell model used, the
endpoints, concentrations and incubation times. For the prediction of adverse lung effects
of graphene materials, it would, nevertheless, be highly desirable to have meaningful
and differentiating in vitro screening approaches in place to enable prescreening of new
materials before starting in vivo evaluations.

Up to now, a variety of in vitro assays have been established to predict the in vivo
lung toxicity of engineered nanoparticles in subacute intratracheal instillation or inhala-
tion studies in rats. Often, commercially available permanent lung epithelial or alveolar
macrophage cell lines are used as model systems. Cells are then exposed in a submerse
manner to nanomaterial dispersions, or the test items are dosed as aerosols using air-liquid
interface approaches. Acute lung inflammogenicity in a rat instillation model had pre-
viously been compared with certain in vitro toxicity endpoints (comprising cytotoxicity,
pro-inflammatory cytokine expression or hemolytic potential) by [52]. Nanoparticles acting
via soluble toxic ions (e.g., ZnO) showed positive results in most of the assays and were
consistent with the lung inflammation data, whereas low soluble dust showed a good corre-
lation only in the hemolysis assay. Wiemann et al. [53] selected the permanent rat alveolar
macrophage cell line NR8383, which was also used in the present study, to investigate
up to 18 inorganic nanoparticles. The authors were able to sort the test item panel into
toxic and non-toxic subgroups and recommend only the biologically active nano-dusts
for subsequent in vivo testing. Gorki et al. [54] described mouse ex vivo cultured alveolar
macrophages (AM) as a suitable model, maintaining typical morphological features and
expressing AM surface markers.

A combined in vitro/in vivo approach was reported by Sayes et al. [55], who com-
pared three different cell culture systems, i.e., ((i) immortalized rat L2 lung epithelial cells;
(ii) primary rat alveolar macrophages; (iii) co-cultures of (i) and (ii) regarding their capa-
bility to predict the cytotoxic potential and inflammogenicity of various samples of dust
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in vivo (here using intratracheal instillation in the rat model). The authors only found an
unsatisfactory correlation. However, they were still convinced that the approach could be
successful in principle but concluded that there was a need for better culture systems.

In the PLATOX project presented here, the aim was to establish an unpretentious yet
robust and well reproducible in vitro cell model able to deliver a good correlation of results
as compared to short-term inhalation tests in rats. Additional considerations were to focus
on a stable, easily accessible cell system, with preferably primary, non-transformed cells.
In this context, AM, representing primary cells of the lung, were chosen and harvested
from non-treated rats. These cells were finally shown to exhibit better predictivity than the
immortalized macrophage models. The combination of in vitro screening assays included
both cytotoxicity (membrane damage, cell proliferation and metabolic activity) and DNA
damage (DNA strand break induction) testing, thus covering decisive entry-level tests to
allow the commercialization of new materials. Notably, in contrast to cytotoxicity screening,
both AM and NR8383 cells were able to predict induction of DNA strand breaks in BAL
cells, observed in vivo in the 28-day inhalation study on day 29 post-exposure. However,
due to the monoculture type of the macrophage models, the in vitro models were not able
to predict the trend toward oxidative DNA damage, most likely representing secondary
genotoxicity due to ongoing inflammation. Irrespective of the chemical nature of pristine
graphene, which is rather inert in principle, genotoxicity is nevertheless a topic to be
considered. However, the exact mechanisms, besides secondary genotoxicity based on
inflammation and production of reactive oxygen species, still have to be determined [14,56].
Notably, in a study by Ursini et al., some genotoxicity was detected in workers with
occupational exposure to graphene by using the FPG-modified comet assay and analysis of
micronucleus frequencies [57].

The induction of micronuclei by pristine graphene nanoplates and, thus, of fixed DNA
damage was furthermore demonstrated in THP-1 cells, underlining the need to include
genotoxicity testing in the screening of pristine graphene nanoplates [45]. The same robust
endpoints could be mirrored and validated in the in vivo inhalation testing using cytotoxicity,
differential cell count in lung lavage fluid as well as histopathological equivalents.

In the DRF study with intratracheal instillation, the single-layer graphene P2 induced
a statistically significant increase in eosinophils at day 3 post-treatment, whereas carbon
black did not (Figure 3). Interestingly, this effect was not observed in the subsequent
28-day inhalation study. An increase in eosinophils in BAL fluid is not regularly found in
powder studies with rats; however, a paper by Lee et al. [58] reported similar effects after
intratracheal instillation of nickel oxide nanoparticles. Inflammatory cells were evaluated
at days 1, 2, 3 and 4 post-treatment. The authors concluded that NiO nanoparticles in rats
induced a unique mixed type of neutrophilic and eosinophilic inflammation 3 and 4 days
after instillation, which was consistent with the inflammation by NiCl2 at day 1 after
instillation. The mechanism of eosinophilia recruitment by nano-NiO seemed to be based
on the direct rupture of cells, releasing a significant level of intracellular eotaxin. Notably,
GRNP, in particular those with a low layer number, are thought to exhibit sharp edges,
potentially enabling membrane damage. Perhaps a bolus application by intratracheal
instillation might have triggered a NiO-comparable effect for the P2 SLG sample. A strong,
concentration-dependent membrane-damaging effect was also observed for P2 in the AM
in vitro model.

Moghimian and Nazarpour [59] reported an acute inhalation test performed under
Good Laboratory Practice (GLP) at Charles River Laboratories Montreal using graphene
powder with 6–10 graphene layers. The maximally feasible aerosol concentration of
1900 mg/m3 was found as the NOAEL value, thus showing the same low in vivo toxi-
city as found for the graphene nanoplatelet sample P4 in the present study. Kim et al. [21]
investigated a commercial multilayer graphene (Cabot Corp, USA; GPX-205; 20–30 layers)
in a 28-day inhalation test at aerosol concentrations of 0.12, 0.47 and 1.88 mg/m3. No dose-
dependent effects were recorded for body weights, organ weights, BAL fluid inflammatory
markers and blood biochemical parameters at days 1 and 28 post-exposure. No distinct
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lung pathology was observed at days 1, 28 and 90 post-exposure, suggesting low toxicity
and a NOAEL of no less than 1.88 mg/m3. These results are also in agreement with the
outcome of P4 in the 28-day inhalation study in the present PLATOX project that used a
similar dosing scheme.

In another study, mice were exposed to graphene nanoplates by pharyngeal aspiration
at doses of 4–40 μg/mouse [60]. Three types with lateral sizes of 1, 5 or 20 μm were
analyzed. At the high dose, increased lung inflammation was induced in lavage fluid
to a higher degree by the 5- and 20-μm-sized platelets (G5, G20) than observed for the
1-μm-sized (G1) and the carbon black reference. G5 and G20 showed no or minimal lung
epithelial hypertrophy and hyperplasia and no development of fibrosis at 2 months post-
exposure. Interestingly, with regard to fibrosis, the MRC-5 lung fibroblasts, used as one
in vitro screening model in the present study, were shown to lack significant uptake of
GRNP and induction of membrane damage.

For the new material class of GRNP, appropriate risk characterization is presently miss-
ing due to the limited database. In the PLATOX project, the highest biological response both
in vitro and in vivo was detected for the single-layer graphene. All other GRNP showed a
weaker or irrelevant toxic impact. According to literature searches, the modified GRNP
(e.g., CG, GO) of the in vitro test item set are relatively well toxicologically characterized,
with, e.g., CG exhibiting, in contrast to pristine graphene platelets, a higher hydrophilicity,
supposed to result in a lower disturbance of cells and subsequent cytotoxicity [44], and to
enable better clearance. Therefore, it was decided to use another non-functionalized, i.e.,
the multi-layer graphene P4 (GNP), as a counterpart for the final validation test in vivo.

Thus, the main output of this study is a justified step forward toward a validated
in vitro (geno)toxicity screening tool for unmodified/non-functionalized graphene nanoplate
species based on AM as a cell model. The screening tool, however, should be further sup-
plemented by endpoints that more concretely mirror the liberation of pro-inflammatory
mediators, with eicosanoids, TXB2 in particular, representing a promising candidate. Ad-
ditionally, with regard to the dispersion of nanomaterials in protein-containing media for
in vitro screening, protein corona should be considered to potentially have an impact on
screening outcomes. Any pristine particle interacting with a biological medium forms a
protein corona on its surface. However, its potential influence on particle toxicity is still
strongly under debate, as the protein corona is not equivalent to a covalent technical coating
that could hide particle surface-mediated toxicity excessively in the respiratory tract or in
cell line assays [61].

Finally, the screening approach used predicted conclusively the adverse findings
observed in the in vivo inhalation test. Based on these findings, the following toxicological
ranking of single-layer (SLG) vs. multilayer graphene (GNP) was derived, as compared to
the carbon black reference (Printex 90): SLG > MLG > P90. Based on BAL fluid analysis
(PMN percentage) and histopathological examination (granulocytic infiltration), a NOAEC
of 0.8 mg/m3 was finally derived for the investigated SLG. The evaluated GNP sample
and CB reference, however, were weaker in the toxic response and the calculated NOAEC
amounted to >3.2 mg/m3.

5. Conclusions

The present study has shown that the graphene nanoplatelet sample P4 (GNP; multi-
layer graphene) had almost no lung toxicity/pro-inflammatory potential following a 28-day
inhalation study, in contrast to a moderate effect found with the single-layer graphene
nanoplates P2 (SLG). When considering these in vivo results with a clear cytotoxic, geno-
toxic and pro-inflammatory potential of SLG, but less activity of GNP after 28 days of
inhalation, alveolar macrophages, as primary rat cells derived from the respiratory tract,
showed the highest reliability in predicting the in vivo adverse lung effects of the tested
pristine graphene nanoplates, as members of the graphene-related two-dimensional (2D)
nanomaterials group (GRNP). This includes lactate dehydrogenase (LDH) release and
the induction of DNA strand breaks as the most meaningful endpoints. It can be con-
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cluded from the study results that, in principle, a predictive in vitro lung-focused toxicity
screening of GRNP seems possible. However, relevant cell types and endpoints, as well as
appropriate culture conditions, incubation times, and concentrations, should be chosen.
Furthermore, the photometric and immunological detection methods should always be
carefully adapted to GRNP properties.
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AM Primary rat alveolar macrophages
BAL Bronchoalveolar lavage
β -Glu β-Glucuronidase
BMD Benchmark dose
BMD30 Benchmark dose 30%
BMR Benchmark response
BMDL Benchmark dose lower confidence limit
BMDU Upper confidence limit of BMD
CB Carbon black
CG Carboxyl graphene
CNT Carbon nanotubes
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
DAPI 4′,6-diamidino-2-phenylindole
DMEM Dulbecco’s Modified Eagle Medium
DRF Dose range finding
EMEM Eagle’s Minimal Essential Medium
FCS Fetal calf serum
FLG Few-layer graphene
GFN Family of graphene-based materials
GNP Graphene nanoplatelets
GRNP Graphene-related nanoplates
GO Graphene oxide
GSD Geometric standard deviation
HE Hematoxylin and eosin
hOGG1 Human 8-oxoguanine DNA N-glycosylase 1
LALN Lung-associated lymph nodes
LDH Lactate dehydrogenase
LMA Low melting point agarose
LPS Lipopolysaccharide
MLG Multilayer graphene
MMAD Mass median aerodynamic diameter
MPPD Multiple-Path Particle Dosimetry
MWCNT Multiwalled carbon nanotubes
n.a. Not applicable
NALT Nasal-associated lymphoid tissue
NC Negative control
NOAEL No observed adverse effect level
8-OHdG 8-hydroxy-2′-deoxyguanosine
PI Propidium iodide
PMN Polymorphonuclear neutrophils
rGO Reduced graphene oxide
RICC Relative increase in cell count
SD Standard deviation
SEM Scanning electron microscopy
SLG Single-layer graphene
TI Tail intensity
TP Total protein
TXA2 Thromboxane A2
TXB2 Thromboxane B2
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Abstract: It has been widely recognized that nanosafety studies are limited in reproducibility, caused
by missing or inadequate information and data gaps. Reliable and comprehensive studies should be
performed supported by standards or guidelines, which need to be harmonized and usable for the
multidisciplinary field of nanosafety research. The previously described minimal information table
(MIT), based on existing standards or guidelines, represents one approach towards harmonization.
Here, we demonstrate the applicability and advantages of the MIT by a round-robin test. Its modular
structure enables describing individual studies comprehensively by a combination of various relevant
aspects. Three laboratories conducted a WST-1 cell viability assay using A549 cells to analyze the
effects of the reference nanomaterials NM101 and NM110 according to predefined (S)OPs. The MIT
contains relevant and defined descriptive information and quality criteria and thus supported the
implementation of the round-robin test from planning, investigation to analysis and data interpreta-
tion. As a result, we could identify sources of variability and justify deviating results attributed to
differences in specific procedures. Consequently, the use of the MIT contributes to the acquisition
of reliable and comprehensive datasets and therefore improves the significance and reusability of
nanosafety studies.

Keywords: interlaboratory comparison; minimal information; quality criteria; description standards

1. Introduction

Nanosafety studies are necessary for the assessment of the potential human health
hazards of engineered nanomaterials (ENMs) and play a key role in addressing safety
issues already during the development and design phase of new ENMs [1,2]. In vitro
assays are used to assess the cellular effects of nanomaterials within decision-making
frameworks [3]. At this level, mechanism-linked bioactivity assays, e.g., focusing on
inflammatory responses, in combination with traditional cytotoxicity assays are thought
to be important tools as long as they provide reliable and reproducible data [4,5]. These
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assays are easy to handle, cost-efficient, fast, and enable high-throughput screening [6,7].
Moreover, cells and in vitro systems derived from relevant target organs are available,
according to the predominant exposure routes. Their use in regulatory processes is twofold
as they can (1) be used to prioritize the generation of in vivo data and (2) facilitate the use
of read-across approaches to avoid more animal experiments [8].

According to the advantages described above, the generated results are expected to
provide comparability among laboratories and high confidence, which are required for
safety assessment. In reality, established in vitro screening assays often lead to conflicting
results, even if similar assays are used for the analysis of identical ENMs. Such contradic-
tory and inconclusive research results have generated a wide discussion on data quality
in nanosafety assessment [9,10]. This is clearly demonstrated by round-robin tests or in-
terlaboratory comparisons, which are implemented in order to evaluate the comparability
of results from multiple laboratories. To enhance the consistency in terms of quality and
comprehensibility, standard operating procedures (SOPs) providing detailed instructions
on how to perform different steps of the experiment are recommended. As an outcome of
previous interlaboratory comparisons, the use of identical laboratory equipment, materials,
and preceding training for the experimenters to minimize potential variability have been
proposed [5,11]. This strategy improves the comprehensibility of results within single
projects or collaborating laboratories [12]. However, considering the number of research
groups in the field of nanosafety assessment, this time- and labor-intense approach cannot
be realized throughout the community. Furthermore, the development of new approach
methodologies (NAMs) as non-animal alternative models to mimic more realistic exposure
scenarios and physiological conditions poses additional requirements due to their com-
plexity [13,14]. These could only be partially described by already established toxicological
assays, which is challenging for interlaboratory comparisons. Therefore, description stan-
dards and quality criteria for nanosafety studies are a substantial issue in academic and
industrial research.

Various scientific projects and international organizations are developing standards
or guidelines and promote harmonization throughout the nanosafety community [5,9,12].
Widely known examples of scientific guidelines directly related to nanosafety research are
the Minimum Information Reporting in Bio–nano Experimental Literature (MIRIBEL) [15]
and the documents of the Organization for Economic Cooperation and Development
(OECD) Working party on Manufactured Nanomaterials (WPMNs) [16]. MIRIBEL focuses
on minimum information that should be reported with study results of experiments inves-
tigating bio–nano interactions. The OECD WPMN works on the development of methods
and strategies to identify and manage the potential health and environmental risks of
nanomaterials and provide Test Guidelines (TGs) and Guidance Documents (GDs) [16].
In regulatory toxicology, which also involves industry and contract research, good lab-
oratory practice (GLP) has been introduced as a comprehensive tool to ensure quality
standards [17]. Even though in academia, this standard is not adhered to, it was recently
shown that in nanoparticle-induced cytotoxicity testing, GLP can improve the quality
of results from in vitro toxicity assays [5]. Following the recommendations of minimum
information standards or guidelines will enhance the quality, reliability, and comprehen-
sibility of published research data. Furthermore, the resulting published research data
are limited in their findability, which complicates re-use. In this context, the collection
of information about, e.g., experimenter-dependent handling or deviations from SOPs
could support machine-readable data and metadata and therefore enhance findability
and accessibility. To implement this information and achieve FAIRification of nanosafety
research data, metadata schemas could be used [18]. Metadata schemas represent a com-
mon consensus on the hierarchical and relational structure of the descriptive information
and specify designations of parameters and required content. A starting point for the
development of metadata schemas is the previously introduced minimum information
table (MIT), which is a collection of descriptive information and quality criteria based
on existing standards or guidelines [19]. In order to facilitate multidisciplinary use, the
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MIT is divided into six modules: general information, material information, biological
model information, exposure information, endpoint readout information, an, analysis and
statistics. The relevance of containing descriptive information and quality criteria depend
on the types of studies (e.g., in vitro or in vivo) or methods (e.g., dynamic light scattering
or fluorescence microscopy) that have been used and therefore can be chosen in accordance
with the individual requirements. Furthermore, the modular structure enables the addi-
tion of study- and method-specific parameters, e.g., there are multiple methods for ENM
production or sample preparation that influence the behavior and interaction of ENMs in
biological systems. The use of the MIT could support data collection throughout the data
life cycle, bring improvement of data quality including completeness and reproducibility,
and facilitate the data comprehensibility and re-usability of future research in accordance
with the FAIR data principles.

This study was designed to evaluate the parameters and criteria collected by the
MIT to identify similar outcomes and explain differences in assay results based on the
descriptive data and implementation of quality criteria. Descriptive information, provided
by subject-specific metadata and quality criteria, plays a key role in data reliability and
comprehensibility. Furthermore, descriptive information helps to understand the study
purpose and design. The corresponding quality criteria are used to verify and evaluate
the test system and study conditions. For example, the conduction of a cytotoxicity assay
by using high ENM doses may not correlate with human exposure; however, high doses
are required in mechanistic studies, which could be justified by the study purpose. In this
context, quality criteria help to identify the interferences of ENMs with cytotoxicity assays,
e.g., caused by the optical properties of the ENMs, and the adsorption or reactions with
assay reagents or biomolecules and could improve the reusability and significance of the
resulting data [20,21] (Figure 1).

Figure 1. Role of descriptive information and quality criteria. Bold tags are used for highlighting
keywords.

The objective was to show how the content of the MIT could help to elucidate the
variation in results to systematically understand the potential sources of variability in the
study. Therefore, we demonstrate the study-dependent implementation and application of
the previously defined quality criteria and minimum information by the implementation
of a three-laboratory comparison of a nanotoxicity assay. The JRC reference nanomaterials
NM101 and NM110 were chosen as ENM models for analyzing their effects on the human
cell line A549. The study was conducted based on a round-robin approach that was
performed in the framework of the EU FP7 nanosafety project ENPRA [22]. To be able to
compare the experiments among laboratories, SOPs with detailed information and defined
quality criteria on ENM handling and dispersion, cell cultivation and exposure, and the
implementation of the WST-1 water-soluble tetrazolium salt-based assay were exchanged.
The corresponding results were analyzed, and important aspects, deviations, and their
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effects were identified based on the MIT. Consequently, we were able to identify and justify
reasons for the differences of the study results, which were mainly attributed to the MIT
modules’ biological model information and exposure information.

2. Materials and Methods

2.1. Study Design and SOP Development

The study design phase started with the planning of the experiments and the ac-
quisition of information on the used materials and methods and the roles of the various
partners in the round-robin test. These steps were supported by the MIT groups “General
Information”, “Material Information”, “Biological Model Information”, and “Exposure
Information”. The experimental procedure was based on protocols previously used as a
part of the ENPRA project [22,23]. Based on these protocols, (S)OPs for cell cultivation,
probe sonicator calibration, sample preparation, exposure of the cells, and the WST-1 assay
were defined. The SOPs were reviewed and discussed by one experimenter of each par-
ticipating partner, whereby a device- and experience-independent description should be
achieved. Additionally, the definition of the acceptance criteria (Table 1) served to ensure
the comparability of the results despite the use of different materials and equipment. The
detailed SOPs are available in the Supplement (Supplementary SOPs: SOP S1: Culturing
A549 cells; SOP S2: Sample preparation; SOP S3: Sonicator calibration; SOP S4: Cellular
viability—WST-1 assay in A549 cells). The procedures are briefly described below. Some
materials and methods, e.g., sources of chemicals and instruments, instrument settings,
cell culture conditions, etc., varied depending on the partner, but were recorded (Table S1:
Minimal information table (MIT)).

Table 1. Acceptance criteria to be fulfilled within the modules’ biological model and endpoint read
out information.

Acceptance Criteria Brief Description

Source cells Microscopy observation of cell morphology and viability during
cultivation: adherent cell growth and cuboidal cell morphology.

Biological test system

Healthy culture should contain at least 80% viable cells and exhibit a
confluence of >70%. Microscopy check of cell morphology and
confluence prior to cell cultivation, ENM treatment, and performance
of the WST-1 assay.

Viability assay
Corrected absorption of controls representing viable cells between 0.5
and 2, standard deviation of 4 replicates < 0.3.Corrected absorption of
cytotoxicity controls should be lower than the viability controls.

2.2. Preparation of Test Materials

Test materials: Two test materials (JRC reference nanomaterials) were used that were also
analyzed in the previously conducted ENPRA project [22]: NM 101 (Hombikat UV100; titanium
dioxide (TiO2), rutile with minor anatase; mean diameter 29.9 nm ± 13.1 nm) and NM 110
(BASF Z-Cote; nonfunctionalized zinc oxide (ZnO), mean diameter 62.7 nm ± 32.6 nm) [24,25].
To exclude the effects of different material batches, one batch of each of these ENMs was
split among the partners.

Sample preparation: The ENMs were supplied as dry powders. In order to obtain a
concentration of 2.56 mg ENM/mL, ENMs were weighed into a 50 mL Falcon tube, followed
by the addition of an appropriate amount of ultrapure water supplemented with 2% (v/v)
fetal calf serum (2% FCS). Dispersion was achieved by ultrasonic treatment according to
the ENPRA protocol: After application of a total energy of 7056 ± 103 J using a probe
sonicator, samples were immediately transferred to ice (see Figure S1) and used within
1 h. The ENM stock dispersion was further diluted 1:10 in full-cell culture media without
phenol red to obtain a concentration of 256 μg/mL (corresponding to 80 μg/cm2). Starting
from this concentration, twofold serial dilutions were prepared in a mixture containing
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assay medium (cell culture medium with 10% FCS, v/v) and ENM dispersion medium (2%
FCS in ultrapure water, v/v) at a ratio of 9:1 (v/v).

Probe sonicator calibration: The sonicators available at the three partner institutes
were calibrated to obtain comparable ENM dispersions. The calibration procedure (see
Supplementary SOPs) used was based on a calorimetric protocol described by Taurozzi
et al. [26], which was further improved in the frame of the NANoREG project (NANoREG
D4.12 SOP Probe Sonicator Calibration for ecotoxicological testing [27]).

According to this protocol, the sonicator was operated in continuous mode by starting
with the lowest output setting and increasing it to 20% of the maximum amplitude. The
temperature increase was recorded with a time resolution of no more than 30 s. The
recorded data were plotted, and the temperature vs. time values were fit using a least-
squares regression. The effective delivered power was calculated by the equation:

Pac (Watt) =
ΔT
Δt

MCP (1)

where Pac is the delivered acoustic power (W), ΔT/Δt the slope of the regression curve with
temperature T (K) and time t (s), CP the specific heat of the liquid (4.18 J/g × K for water),
and M the mass of the liquid (g). To deliver a total energy of 7056 ± 103 J, the amplitude
settings and the sonication time t were adjusted according to the equation [28]:

t (s) =
E (7056 J)

Pac(W)
(2)

2.3. Sedimentation Analysis

Cell responses to ENM exposure are considered to be dependent on the ENM dose
delivered to the cells rather than due to the administered concentration during an in vitro
experiment [18]. ENM transport in liquid media is determined by diffusion and gravi-
tational settling and therefore dependent on ENM size (including aggregates), density,
and agglomeration behavior [29]. The resulting particle sedimentation was expected to
influence the particle delivery during the exposure phase. In addition, sedimentation might
affect the quantitative handling of ENMs already during sample preparation, thereby influ-
encing the effective administered ENM concentration. In order to determine the relevance
of particle sedimentation for both instances, the time-dependent sedimentation of the used
ENMs dispersed in cell culture medium was examined by use of UV-Vis spectroscopy and
compared to theoretical sedimentation curves, described in the Supplement (Method S1).
Measurements were performed with a UV-Vis spectrometer ( UV-2600, Shimadzu Deutsch-
land GmbH, Duisburg, Germany) at room temperature (20 ◦C within a laboratory with
air conditioning), using a cuvette holder. In a first step, spectra of the cell culture medium
were recorded as a reference. After cleaning and drying, the cuvette was refilled with
the ENM dispersions prepared as described in Section 2.2. By adjusting the time interval
between measurements, long-term studies over up to 45 h were performed. At high particle
concentrations (c0 = 2.56 mg/mL), a 2 mm (layer thickness) quartz cuvette was used, while
all measurements at lower particle concentrations were performed with standard (10 mm)
polystyrene cuvettes.

2.4. Cell Culture

The cell line A549 (DSMZ No.: ACC 107) [30] was used as a model for human alveolar
epithelial type II cells as it is widely used for nanotoxicity studies [31]. Cells of the same
passage were distributed among the three partners. A549 cells were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% FCS in 75 cm2 cell culture
flasks in a humidified atmosphere at 37 ◦C and 5–10% CO2 (constant value, depending on
the sodium bicarbonate concentration of the used medium). At a confluence of 70–90%,
cells were detached by the addition of 2 mL 0.05% Trypsin/0.02% EDTA, incubation at
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37 ◦C for 3–5 min, and centrifugation at 200× g for 5 min. For subcultivation, cells were
replated at a ratio of 1:5–1:10 into 75 cm2 cell culture flasks.

2.5. Exposure of Cells to ENMs

For cytotoxicity experiments, A549 cells were seeded into 96-well plates at a density
of 1 × 104 cells per well and allowed to attach for 24 h. Cells were then washed using
serum containing medium without phenol red. Then, 100 μL of freshly prepared ENM dis-
persions with administered concentrations of 0.3125 μg/cm2, 0.625 μg/cm2, 1.25 μg/cm2,
2.5 μg/cm2, 5 μg/cm2, 10 μg/cm2, 20 μg/cm2, 40 μg/cm2, and 80 μg/cm2 (see Section 2.2)
or medium (as the control representing viable cells) was added and the cells incubated for
24 h. Afterwards, two of all replicates were exposed to 0.5% Triton-X 100 for additional
15 min at 37 ◦C (as the cytotoxicity control).

2.6. Viability (WST-1 Assay)

To determine viability (metabolic activity), the WST-1 assay (Roche Diagnostics) was
used according to a protocol initially adapted by Vietti et al. [32] and further adjusted in
the frame of the ENPRA project [22]. After incubation with 10 μL of WST-1 solution for 1 h,
absorption was measured at 450 nm and at 630 nm as the reference wavelength.

2.7. Analysis and Statistics

The WST-1 assay was performed by each experimenter (all in all, 6) within the three
partner institutes (nested design) three times independently (n = 3, biological replicates)
on different days, using different cell passages, freshly dispersed ENMs, and freshly
diluted Triton-X-100. Four wells per treatment per setup were used and served as technical
replicates. All these different “factors” were used as possible sources of variance in the
statistical analysis. For data analysis, the raw absorption data were entered into a shared
MS Excel calculation template. Corrected absorption values and normalized values were
calculated as follows:

1. Corrected absorption: To correct for unspecific medium and ENM absorption, the
absorption of the medium and the ENM-containing (at the corresponding concentra-
tions) medium at 450 nm was subtracted from the corresponding absorption values
obtained in the presence of cells. The values at 450 nm were further corrected by sub-
traction of the reference absorption values obtained at 630 nm. To further correct for
cell absorption (see SOP), the absorption of cells treated with the positive control (0.5%
Triton X-100) was subtracted from the absorption values of the ENM-treated cells;

2. Normalized values: The corrected quadruple ENM-treated cell sample values from
each treatment group were converted to normalized values by the following equation
and used for further statistical analyses:

normalized value x (%) =
A sample

A untreated control
× 100 (3)

The statistical analyses were performed using IBM SPSS Statistics for Macintosh,
Version 28.0 (IBM Corp. Released 2021. IBM SPSS Statistics for Macintosh, Version 28.0.
Armonk, NY, USA: IBM Corp) and GraphPad Prism version 9.2.0 for Mac OS X (GraphPad
Software, San Diego, CA, USA: www.graphpad.com, accessed on 20 February 2022). In
general, two statistical approaches were used to explore the data, one approach with and
another without normalization to the respective control conditions. The normalized data
were expressed as the percentage of the controls (range: 0% to 100%), and these values
were used to calculate sigmoidal functions describing the inhibitory potency of the tested
concentrations. The half maximal inhibitory concentrations (IC50) for the separate datasets
generated by each experimenter were calculated based on normalized values of the three
biological replicates. Before calculating these values, the data were inspected for outliers
(see Krebs et al., 2019 [33]) using the algorithm implemented in the box and whiskers plot
procedure of SPSS. Here, outliers are defined as values above the 3rd quartile + 1.5 ×
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interquartile range (IQR) or below the 1st quartile—1.5 × IQR. This procedure does not
assume normally distributed values and is therefore suitable for cytotoxicity tests where
this assumption is difficult to achieve due to the often skewed distribution of the dependent
variable in the range of the high or low concentrations. To avoid non-linear transformation
introduced by the normalization to the control wells, we used the corrected absorption as
provided by the plate readers available at the partners labs for the second analysis. Again,
these data were inspected for outliers as described before. To identify factors contributing
to the interlaboratory variation as nested (hierarchical), an analysis of variance (ANOVA)
model was used. The model (UNIANOVA in SPSS 28.0) consisted of four factors that were
(1) concentration (fixed factor), (2) biological replicate (random factor), (3) partner (random
factor), and (4) experimenter (nested factor within partner). All possible main effects and
interactions were included in the model, and post hoc tests and paired comparisons were
used to explore the significant effects in detail.

The IC50 values and their respective 95% confidence intervals (95%-CI) were calculated
in Prism using the nonlinear fitting algorithm “[Inhibitor] vs. normalized response—
Variable slope” that uses the following equation to describe the dose–response relationship
obtained by the six experimenters on the three biological replicates with the concentration
(Y) and the normalized response in the WST-1 assay (X).

Y =
100

1 +
(

IC50
X

)HillSlope (4)

3. Results

3.1. Cytotoxicity

The WST-1 assay, indicating metabolic activity, was selected to analyze the effects of
NM101 and NM110 on cell viability after 24 h of exposure. The round-robin testing was
carried out by two experimenters each at the three involved institutes.

As shown in Figure 2, all experimenters demonstrated a concentration-dependent de-
crease in the viability of A549 cells down to 0% after exposure to NM110 (ZnO). For NM101
(TiO2), no concentration-dependent decrease of the viability was observed (F(9,710) = 1.22;
p = 0.28; Supplementary Figure S1). Therefore, only the results of NM110 were used here
to evaluate whether the MIT can be used to identify sources of variance.

As described in Section 2.7, outliers were excluded before estimating the IC50 values
mathematically. The percentage of outliers in the normalized dataset for the six experi-
menters ranged from 0% to 4.1%. Thus, a maximum of 5 of the 120 values (4 [measures/
well] × 3 [biological replicates] × 10 [concentrations]) that were obtained in the experi-
ments of one experimenter were recognized as outliers. The results of the nonlinear fitting
algorithm for the outlier-corrected, normalized data are shown in Figure 2. The three
partners and the two experimenters within these institutes are given separately. The nor-
malized data clearly showed variations in the IC50 values obtained by the six experimenters
(Figure 2). The IC50 values varied in the range of 5.91–22.78 μg/cm2. Moreover, the 95%
confidence intervals (CIs) indicated differences in the accuracy of the IC50 estimates across
the experimenters. Experimenter B at Partner 1 and Experimenter A at Partner 3 obtained
very narrow 95%-CIs, indicating high reproducibility across the technical and biological
replicates, while other sets spanned a broader range of uncertainty. Figure 2 also illustrates
that the dose–response curves of the two experimenters at Partners 1 and 2 ran parallel to
each other, while at Partner 3, the slopes of the curves differed, and they crossed each other
at 10 μg/cm2.
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Figure 2. Viability of A549 cells, as indicated by the WST-1 assay after 24 h of exposure to NM110
(ZnO). Normalized data are presented corresponding to measurements performed by the various
experimenters (exp A/B) at the participating institutes (Partners 1–3). Solid lines represent the
nonlinear regression based on the calculated mean values; dashed lines represent the corresponding
95% confidence bands. The calculated IC50 values are given in the figure legends along with the
corresponding confidence intervals (CIs). The concentration is the administered concentration of the
ENMs based on the initial dispersion.

To explore these differences in more detail, as the next step of the analyses, the sources
of these variations should be identified by using the nested (hierarchical) ANOVA model.
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Explorative data analyses and box and whiskers plots were used to identify outliers per
concentration (see the Supplement) within the single datasets of the six experimenters. In
the datasets of three experimenters, no outliers were detected. In the other three sets, only
a few outliers were identified (0.8%, 1.7%, and 2.5% of the 120 data points/experimenter).
For these sets, mean values were calculated omitting the outlier values and subsequently
used to substitute the outlier values. Thereby, the calculation of the sum of squares (total
variation observed in the sample/factor of the model) and the mean square (total variation
divided by the degrees of freedom) given in the ANOVA table were based on an identical
number of observations. The results of the ANOVA are given in Table 2.

Table 2. Results of the nested (hierarchical) ANOVA showing type III sum of squares as an estimate
of the variation caused by the different factors and their interactions (sources, interactions of two or
more factors indicated by *) in comparison to the variation caused by the respective error terms. The
degree of freedom (df) values are used to calculate the mean squares of the respective sources, and
their ratio provides (hypothesis/error) the F-value.

Source
Type III Sum

of Squares
df Mean Square F Sig.

Intercept Hypothesis 964.142 1 964.142 12.790 0.067
Error 155.074 2.057 75.382

Concentration
Hypothesis 286.274 9 31.808 11.748 0.000

Error 45.014 16.625 2.708

Replicate Hypothesis 3.932 2 1.966 2.508 0.181
Error 3.700 4.720 0.784

Partner
Hypothesis 148.599 2 74.299 8.988 0.017

Error 47.589 5.757 8.267

Experimenter (partner) Hypothesis 17.565 3 5.855 5.744 0.023
Error 7.871 7.722 1019

Concentration * partner Hypothesis 50.524 18 2.807 6.956 0.000
Error 7.449 18.459 0.404

Concentration * experimenter (partner) Hypothesis 2.879 18 0.160 0.617 0.862
Error 9.331 36 0.259

Experimenter * replicate (partner) Hypothesis 10.674 27 0.395 1.575 0.078
Error 13.555 54 0.251

Concentration * partner * replicate Hypothesis 5.250 6 0.875 3.486 0.006
Error 13.555 54 0.251

Concentration * experimenter * replicate
(partner)

Hypothesis 9.331 36 0.259 1.033 0.450
Error 13.555 54 0.251

First, the main effect of the fixed factor concentration was shown to be highly signifi-
cant (F = 11.75, p < 0.001; see the black squares in Figure 3). This strong effect of the applied
concentrations on the corresponding corrected absorption values of the three partners is
illustrated by the roughly sigmoidal courses (see Figure 2 for plots using normalized data)
of the curves, when plotted against concentration. The curves approach y = 0 only at the
highest concentrations. The significant main effect of the random factor partner (F = 8.99,
p = 0.02) is also visible in Figure 3 as Partner 3 yielded an approximately two-fold higher
absorption value than the other two partners. However, as indicated by the significant
interaction of the factors partners and concentration (F = 6.96, p < 0.001), these absorption
differences were more pronounced at the lower concentrations. At the two highest concen-
trations, the absorption values of all partners approached zero. For all partners, post hoc
tests revealed that the absorption values obtained at 10 μg/cm2 differed significantly from
the values obtained at the next lower concentration (Partner 1: mean difference: −0.26,
p < 0.001; Partner 2: mean difference: −0.36, p < 0.001; Partner 3: mean difference: −0.70,
p < 0.001). This is also the concentration where the Dunnett t post hoc test of the random
factor concentration indicated the first significant difference from the control condition
(mean difference: −0.39, p < 0.001). However, from concentration step 20 μg/cm2 on, no
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significant differences in the measured absorption (see overlapping CIs) among the partners
could be found. The functions plotted in Figure 3 also illustrate the significant interaction of
the two factors: partner and concentration. The slopes of the sigmoidal curves were slightly
different, while Partner 2 yielded a flatter slope, while the slope of Partner 3 was steeper.

Figure 3. Concentration-dependent effects of the random factor partner on the absorption. Values
represent mean values (corrected absorption) of the three partners, as well as the average (black
square). Error bars indicate the corresponding 95% confidence intervals. The concentration is the
administered concentration of the ENMs based on the initial dispersion.

By evaluating the records of the experimenters in the MIT, we could identify deviations
in the seeded cell numbers (see MIT parameter “cell seeding details”) as a possible reason
for the high absorption values of Partner 3 at low concentrations. According to the SOP,
10,000 cells per well in a 96-well plate format should be seeded for the WST-1 assay. The
deviation of Partner 3 was caused by the attempt to meet the quality criteria of treating
the cells at 70% confluence. Partner 3 noted that this was not achieved with the given
cell number of 10,000 cells. Therefore, the information documented according to the MIT
revealed that the cultivation conditions differed between the individual partners, resulting
in variable cell growth.

Interestingly, the random factor replicates yielded neither a significant main effect,
nor a significant interaction with the fixed factor concentration (Table 2 and Figure 4)
Thus, the replication of the experiments yielded comparable results (Figure 4) across the
entire concentration range. Overall, Replicate 2 revealed slightly lower absorption values;
however, in general, the results were in good agreement, and overall, the replication of the
experiments showed comparable results.

However, the ANOVA results (Table 2) revealed that within the three partners (nested
effect), the values of the three replicate sets markedly differed for Experimenters A and B,
especially at lower concentrations. Thus, a huge amount of the variation can be explained
by differences between the three replicates performed by the two experimenters of the three
partners. This highly significant interaction of all factors (F = 25.52, p < 0.001) involved in
the model is depicted in Figure 5.

Within the three partners, the WST-1 results were differently affected by the concen-
tration and/or the replicates of the respective experimenters. For all partners, the two
involved experimenters produced significantly different results for most of the concen-
tration steps. These differences were systematic, as one experimenter always yielded
lower absorption values than the other at least up to the concentrations 2.5 μg/cm2 and
5 μg/cm2. Only at the lab of Partner 3, the two experimenters yielded comparable values
for the 5 μg/cm2 concentration, a generally non-cytotoxic concentration (see the Dunnett
t post hoc test). For Partners 1 and 2, the two experimenters yielded highly different
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results for the concentration steps 10 μg/cm2 and 20 μg/cm2. These differences were
to some extent less pronounced for Partner 3. However, all paired comparisons were
significant, and here, Experimenter B yielded highly significant differences among the bio-
logical replicates. Surprisingly, the cell viability increased with concentrations higher than
20 μg/cm2 for Experimenter A at Partner 2 with no strong variation across the replicates.
The concentration-dependent differences of the replicates were less pronounced for Partner
3, but here, Experimenter B showed huge differences among the replicates. In general, the
variation across the replicates was highest in the concentration steps around the IC50 values
(see Figure 1). However, even in this dose range, some experimenters showed almost no
(see Partner 2) or small differences (see Partner 3, Experimenter A).

Again, we matched these results to the entries in the MIT. Some explanations could
be found in the group “Endpoint Read Out Information”. As an acceptance criterion for
assessing the test system at its start, 70% confluence of the cells is defined in the SOP. It
has to be mentioned that this value was estimated by the experimenters and no values
were given by Partner 3. Nevertheless, the differences in absorption between the two
experimenters of Partner 2 may be in part due to the fact that Experimenter A had only
40–50% cell confluence and Experimenter B between 70% and 80%. Lower cell numbers
may result in decreased absorption in the WST-1 assay because of less reagent reduction.
Likewise, Experimenter A of Partner 1 estimated 80–85% confluence and Experimenter B
estimated values of 70–90%. This is reflected by the absorption values in Figure 5, revealing
that the absorption values of Experimenter A were usually significantly higher compared
to Experimenter B.

Additionally, if a lesser quantity of cells were treated, toxicity may also be increased
at lower ENM concentrations, which may explain the difference in IC50 values between
Experimenter A with an IC50 of 5.3 and B with an IC50 of 16.7. Kim et al. investigated
the effect of cell density and nanoparticle uptake, and they showed that lower cell density
results in higher nanoparticle uptake [34].

Figure 4. Concentration-dependent effects of the random factor replicate on the absorption. Values
represent mean values (corrected absorption) of the three biological replicates. Error bars indicate the
corresponding 95% confidence intervals. The concentration is the administered concentration of the
ENMs based on the initial dispersion.
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Figure 5. Bar chart showing the interaction of the factors concentration (x-axis), partner (panels
Partner 1–3), experimenter within the partners (color-coded bars), and biological replicate (purple
and brown dots and squares). Bars represent mean values (corrected absorption), and error bars
indicate the corresponding standard deviation. Individual measures of the three biological replicates
are given as color-coded dots and squares. # above the bars indicate significant differences among
the biological replicates of the two experimenters at a certain concentration step (p < 0.05 according
to pairwise comparisons, adjusted for multiple tests). Adjusted significant comparisons between the
two experimenters within in the partners are given above the bars (*: p < 0.05 according to pairwise
comparisons, adjusted for multiple tests). The concentration is the administered concentration of the
ENMs based on the initial dispersion.
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A further acceptance criterion was defined in the SOP for the test system at the end of
compound exposure. At this time point, the absorption should be between 0.5 and 2 with a
standard deviation of <0.3. The standard deviation criterion was met by all experimenters
except for one concentration (2.5 μg/cm2) in the sets of Experimenter B of Partner 3,
showing a standard deviation of 1.03. The criteria for raw absorption values were met for
most of the experiments, except for Partner 3. Here, Experimenter A obtained absorption
values between 2.2 and 2.5 in Replicate 1 and 2.4 and 2.6 in Replicate 3. Experimenter B
measured absorption values between 2.8 and 3.0, 2.3 and 2.6, and 2.2 and 2.4 in Replicates
1–3, respectively. This could be due to the increased cell numbers seeded into the well
plates. Although the measured values were outside the acceptance criteria, the resulting
curves and the IC50 of Partner 3 were within a suitable range. Overall, the acceptance
criteria for the test system were not achieved by all experimenters.

Finally, the overall impact of normalization should be analyzed. Figure 6 shows the
fitted sigmoidal curves for normalized and raw absorption data of the WST-1 assay. While
the estimated IC50 values and fitted curves were almost identical, the confidence intervals,
as well as the SDs of the raw data were wider. This is also expressed in the goodness-of-fit
values with an R2 of 0.50 for the raw data and an R2 of 0.80 for the normalized data. Thus,
by normalizing the data to the respective control condition, the impact of some sources of
variance identified and described in the previous sections could be reduced.

Figure 6. Viability of A549 cells, as indicated by the WST-1 assay, after 24 h of exposure to NM110
(ZnO). Both normalized data (blue) and corrected absorption (red) are given. Solid lines represent
the nonlinear regression based on the calculated mean values; dashed and dotted lines represent the
corresponding 95% confidence bands. The calculated IC50 values are given in the figure legend. The
concentration is the administered concentration of the ENMs based on the initial dispersion.

3.2. ENM Sedimentation

Deviations in the absorption values at IC50 not only between partners, but also between
the replicates of single experimenters could be due to the non-uniform dosage of the
ENMs. Such inconsistent dosage might be caused by particle agglomeration and/or
resulting sedimentation during sample preparation. In order to estimate the influence
of these effects on the reproducibility of the assay, the stability of the ENM dispersion
was tested by sedimentation analyses. Due to the unknown agglomeration state of the
nanoparticles in complex media, e.g., cell culture media, theoretical considerations about
the sedimentation (see the Supplement) cannot be used to predict particle sedimentation
times. However, qualitative comparisons are possible. An example illustrating qualitative
particle sedimentation analysis by recording UV-Vis spectra is shown in Figure 7 for the
used ZnO (NM110) nanoparticles. A gradient of nanoparticles from the top to the ground
of the cuvette is clearly visible.
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Figure 7. Sedimentation of ZnO (NM110) nanoparticles at c = 2.56 mg/mL and t = 30 h after
dispersion in cell culture medium. In the UV-Vis spectrophotometer used for qualitative analysis, the
light passes through the suspension as a flat vertical light sheet in the lower third of the cuvette.

In the UV range, absorption was very strong and noisy and clipped at units higher
than 10. Over the course of time, within a timescale of several hours, the absorption
decreased significantly in the visible and infrared wavelength range (Figure 8). This
can be explained by a reduction in the number of particles due to sedimentation. At
particle concentrations used for cytotoxicity assays (e.g., c = 256 μg/mL, the highest
concentration used), a comparable decrease in the absorption over time was observed
(Figure 8, right). Only at the lower concentration range used for the cytotoxicity assays
(e.g., c = 8 μg/mL, corresponding to 2.5 μg/cm2), hardly any decline in the absorption
over time was observed. However, under the conditions used, the observed particle
sedimentation and the concomitant increase in the delivered dose did not result in a
decrease of cell viability.

 
(a) (b) 

Figure 8. Time series of the UV-Vis spectra of NM110 TiO2 dispersed in cell culture medium (treat-
ment; see Section 2.2) at a concentration of c0 = 2.56 mg/mL (a) and 0.256 mg/mL (b); the lowermost
spectrum is from the cuvette and the medium without particles.

In comparison, the dispersion of NM 110 (ZnO) particles (Figure 9a for c0 = 2.56 mg/mL)
exhibited a sloping spectrum in the visible wavelength range and a roughly constant, low
absorption in the infrared range. Over time, only a minor decrease in the overall absorption
was observed, indicating a limited alteration of the particle dispersion, which in the case
of ZnO might be due to sedimentation, but also to particle dissolution [35]. However,
apparently not all ZnO particles transformed during the time course of the experiment. In
contrast, a prompt transformation of ZnO nanoparticles in the cell culture medium was
reported by Ivask et al. [35].
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(a) (b) 

Figure 9. Time series of UV-Vis spectra of ZnO nanoparticles (NM 110) dispersed in cell culture
medium (treatment; see Section 2.2) at a concentration of c = 2.56 mg/mL (a) and 0.256 mg/mL (b);
the lowermost spectrum represents the medium without particles.

The results indicated that due to the slowness of the sedimentation process (timescale
of hours), a strong influence on quantitative and reproducible handling of the dispersion
during sample preparation can be neglected. Following the SOP, the ENM dispersions
should be utilized within 60 min.

In comparison, particle sedimentation during the exposure of submerged, static cell
cultures increased the dose delivered to the cells over the time course of the experiment. Par-
ticle sedimentation might be increased by agglomeration but, on the other hand, decreased
by dissolution. Dissolution is regarded to be relevant for the impact of ZnO nanoparticles.
Data considering the sedimentation and dissolution behavior of ENMs should be provided
(see [20], Supplementary File) A recent review on mathematical models including in vitro
dosimetry was provided by Lamon et al., 2019 [36].

4. Discussion

Data from nanosafety studies frequently show discrepant outcomes and low repro-
ducibility even within single studies, which leads to contradictory assessments and limits
their use for regulatory purposes. In this round-robin test, we aimed to improve the com-
prehensibility of variable results by using the MIT containing descriptive information and
quality criteria [19]. The round-robin test was composed by a WST-1 assay for toxicity mea-
surement of ENMs to evaluate various sources of variance such as the laboratory (partners),
the experimenters performing the assay, and the independent replicates of these experi-
ments. Initially, SOPs for cell cultivation, ENM preparation, and WST-1 performance were
developed. Furthermore, the SOPs included acceptance criteria to monitor the biological
model system. Since the chosen test procedure is a common working process in a toxicology
laboratory, we assumed that the implementation could be carried out by the experimenters
without further training or explanation. In addition, it should be assumed that the use of
different materials and devices, provided they are approved for the described application,
should only have a limited influence on the results. In fact, this is not confirmed by various
published interlaboratory comparisons [11,12,22]. In previous round-robin tests in the field
of nanosafety research, the exchange of materials and the training of experimenters played
a key role in achieving less variability in the study results [5]. In contrast, we used the MIT
to identify reasons and sources of variances in the results. The main reasons for variances
could be found in the MIT groups General Information, Biological Model Information,
Exposure information, and Endpoint and Readout Information. Deviations from the SOP
based on the experimenter’s decision were a main factor.

Two experimenters at each partner laboratory performed three rounds (replicates) of
the test procedure. This setup allowed comparison of variances within one laboratory and
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between the laboratories concerning the WST-1 assay results. Variances could indeed be
detected between the three partners, but also between the experimenters within the same
laboratory. The results appeared to be influenced by the so-called human factor. Specific
laboratory practices such as pipetting techniques, which are not explicitly described in
the SOP, or experience and routine regarding the test procedure can be mentioned as
a source of variance. Therefore, critical steps in the protocol need to be identified and
defined in the SOP to ensure the overall robustness and reproducibility of assay results
within and between different laboratories. Additionally, appropriate and standardized
ENMs, including their reliable and curated characterization, are needed to ensure the test
performance.

Based on the concentration-dependent results obtained for NM-110, the IC50 values
were calculated. The values varied in the range of 5.91–22.78 μg/cm2. In comparison, a
multilaboratory toxicological assessment by Kermanizadeh et al. [22] obtained IC50 values
in the range of 5.39 ± 6.03 μg/cm2. Differences in these values were attributed to potential
differences in the handling of ENMs or a variation in cell stocks. ENMs tend to age at
different conditions during storage, such as, e.g., silver ENM [37]. A single-laboratory
study by Thongkam et al. obtained a higher IC50 value of 44 μg/cm2 while using the same
ENMs. Moreover, in the study of Thongkam et al., cells were seeded at lower densities in
order to align the conditions to mutagenicity studies performed in this context. Overall,
literature data on IC50 values for NM110 or ZnO varied in the range of 2.53–44 μg/cm2,
which is comparable to the results of the presented round-robin test (Table 3).

Table 3. Literature data on NM110 or ZnO ENM IC50 values.

Cell Type Assay ENM
Incubation

Time
Source

IC50

(μg/cm2)

THP-1 WST-1 NM110 24 h Safar et al. 2019 [38] 2.53
A549 WST-1 NM110 24 h Ding et al. 2020 [39] 3.3
A549 WST-1 ZnO (17 nm) 24 h Remzova et al. 2019 [40] 9.6
A549 WST-1 NM110 24 h Thongkam et al. 2017 [23] 44

4.1. Statistics

In risk assessment procedures, in vitro cytotoxicity assays are often used in the context
of read-across approaches [41] as they provide, first, quantitative information about adverse
effects. Thus, these estimations should be reliable and valid, and the data handling and
statistical analyses should be appropriate and described in detail. By analyzing and de-
scribing the proportion of outliers using standardized statistical methods, first, information
about the quality of the test results could be given and bias due to extreme values could be
excluded. Our analysis showed that only a few values of the WST assay were identified as
outliers, and they were either excluded from the analysis or substituted by mean values
of the remaining measures. Our results also showed that some interlaboratory variation
could be reduced by using normalized data (see Figure 6). However, these mathemati-
cal transformations mainly affect the confidence interval of the cytotoxicity estimations
without having a strong impact on the absolute values. When providing in vitro data in
repositories following the FAIR principles, information about outliers and normalization
should be given to enable quality assessment of the provided information.

4.2. Metadata Acquisition

The round-robin test was performed to evaluate the applicability and contribution of
the MIT to the analysis and identification of sources of variance. The process of the round-
robin test comprised the organization of the study design, including the development of
the SOPs, the measurements performed by the experimenters, up to the analysis of the
results (Figure 10). Nevertheless, these are only major steps that need to be considered
within a round-robin test. With regard to data comprehensibility and reuse, specifically,
the interfaces of information and data transfer play a key role with regard to data com-
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prehensibility and reuse. Usually, data are stored on private servers, and the data are
published in the end. However, the researcher decides which data and information will be
shared. In contrast, digital data transfer and non-publication outputs are demanding for
collaboration, curation, and (data) management activities. This process includes recording
important information about the data and their generation, sources, analysis methods, and
changes to the data, which can be fulfilled by the defined requirements for descriptive
information and quality criteria given in the MIT. Its use could result in an ongoing data
curation throughout the research data life cycle, contributing to data preserving in, e.g.,
repositories and enabling access and reuse in the future.

 

Figure 10. Evaluation process of the MIT by round-robin test. The planning and implementation of
the round-robin test could be separated into organization, measurement, and analysis. The connective
interfaces are transfer areas with collaboration processes including distribution, curation, sharing,
and (data) management.

However, there are aspects and actions that cannot be achieved by using the MIT as a
single tool. Therefore, further developments regarding comprehensibility and re-use are
necessary. For the first transfer point, it should be considered that, e.g., SOPs need to be
available and access conditions should be regulated; furthermore, they should be provided
with an identifier (e.g., DOI). Related descriptions should be generally comprehensive and
complete, to ensure that the SOP is reproducible by third parties. If necessary, appropriate
metadata should be made available, and criteria to evaluate the SOP quality should be
given. At the point of data transfer, the generated data are made accessible with the
assumption that sensitive data may only be accessible to a restricted circle. Additionally, a
persistent identifier is needed that is relevant for subsequent publication. To improve data
quality, the persistent identifier should be linked to corresponding SOPs and metadata,
e.g., in a standardized format, which could be provided and defined by the MIT. Further
developments are necessary to assess the completeness and quality of the data. With regard
to ensuring interoperability, SOPs and metadata need to be in a machine-readable format
to enable interchangeability across various systems and generate findable metadata (e.g., in
a database).
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It will be a future challenge to further optimize curation boundaries and develop
repositories for data sharing and units for (data) management in line with tasks such as
review of requests or corrective actions in the international and multidisciplinary field of
nanosafety research.

Supplementary Materials: The following Supporting Information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12071053/s1, Table S1: Minimal information table (MIT); SOP
S1: Culturing A549 cells; SOP S2: Sample preparation; SOP S3: Sonicator calibration; SOP S4: Cellular
viability—WST-1 assay in A549 cells; Method S1: Background information for the sedimentation
analysis; Figure S1: Viability of A549 cells in NM101 (TiO2). References [42–48] are cited in the
supplementary materials.
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Abstract: The approval of new nanomedicines requires a deeper understanding of the interaction
between cells and nanoparticles (NPs). Silica (SiO2) and gold (Au) NPs have shown great potential in
biomedical applications, such as the delivery of therapeutic agents, diagnostics, and biosensors. NP-
cell interaction and internalization can trigger several cellular responses, including gene expression
regulation. The identification of differentially expressed genes in response to NP uptake contributes
to a better understanding of the cellular processes involved, including potential side effects. We
investigated gene regulation in human macrophages and lung epithelial cells after acute exposure to
spherical 60 nm SiO2 NPs. SiO2 NPs uptake did not considerably affect gene expression in epithelial
cells, whereas five genes were up-regulated in macrophages. These genes are principally related to
inflammation, chemotaxis, and cell adhesion. Nuclear receptor NR4A1, an important modulator of
inflammation in macrophages, was found to be up-regulated. The expression of this gene was also
increased upon 1 h of macrophage exposure to spherical 50 nm AuNPs and 200 nm spherical SiO2

NPs. NR4A1 can thus be an important immediate regulator of inflammation provoked by NP uptake
in macrophages.

Keywords: nanoparticles; gene regulation; endocytosis; inflammation; NR4A1

1. Introduction

Administration of clinically relevant nanoparticles (NPs) to humans can occur in
various ways, including inhalation, oral ingestion, injection (intravenous, intramuscular,
and subcutaneous), and dermal and ocular penetration [1,2]. Once inside the human
body, the NPs can overcome organs and tissue barriers and then come into contact with
single cells. Strong evidence has indicated that cellular responses to NPs are cell-type-
and NP-dependent [1,3,4]. This means that each type of NP, with its intrinsic properties
(e.g., size, shape, stiffness, surface chemistry, etc.), may lead to different cellular responses
in different cell types [1,3–5]. For the design and optimization of biomedically relevant
NPs, it is important to understand the mechanisms induced at the single-cell level. Cell-NP
interaction may activate signaling cascades, leading to structural modifications inside cells
and at the cell surface, interfering with normal cell function [6].

When NPs are deposited on the outer cellular membrane, they may interact and be
internalized, mainly via endocytosis [7]. Endocytosis occurs via multiple mechanisms,
including phagocytosis and pinocytosis (macropinocytosis, clathrin-mediated endocytosis
(CME), caveolae-mediated endocytosis, and clathrin- and caveolae-independent endocy-
tosis) [8]. All of the aforementioned mechanisms are complex and involve a wide range
of molecules (e.g., surface receptors, lipids, and adaptor proteins) that work together to
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ensure an efficient process of endocytosis [9]. For example, non-porous silica (SiO2) and
gold (Au) NPs, which have been extensively studied in biomedical context thanks to their
controllable and large-scale syntheses, facile surface modification and biocompatibility,
revealed different uptake mechanisms in different cell types [10,11]. Shapero et al. re-
ported that spherical 50, 100, and 300 nm SiO2 NPs do not enter human lung epithelial
cells(A549) via clathrin- or caveolae-mediated endocytosis. However, independent of their
size, all NPs were internalized via an energy-dependent mechanism and ended up in
lysosomes [12]. On the other hand, a similar study led by Hsiao et al. concluded that
spherical 15, 60, and 200 nm SiO2 NPs are internalized via clathrin-mediated endocytosis
in A549 cells, but also in macrophage-derived THP-1 cells [13]. The authors also proved
that caveolae-mediated endocytosis contributes to the uptake of the 200 nm SiO2 NPs in
A549 cells and the uptake of 60 and 200 nm NPs in macrophage-like THP-1 cells. In this
study, the exposure of cells to NPs was conducted in the absence of serum, which might
explain the different findings. Clearly, both studies prove that the presence of proteins in
the cell-culture medium influence NP uptake and support the idea that observations in
one type of cell should not be extrapolated to another. Spherical-shaped SiO2 NPs have
received the most attention in nanomedicine; however it is known that NPs’ shape can
also influence the cellular internalization mechanism [7]. Similarly, while spherical AuNPs
are the main investigated type of NPs, several other studies looked into the effect of other
shapes, such as rods, stars, and triangles, on the cellular uptake mechanisms. Ding et al.
conducted a study to evaluate the effect of the cellular internalization of AuNPs in the form
of spheres, rods, and stars in mouse breast cancer (4T1), human hepatoma (SMCC-7721),
and human gastric mucosal (GES-1) cells [11]. The results showed that spherical AuNPs
(average diameter of 15 and 45 nm), rod-shaped AuNPs (33 × 10 nm), and star-shaped
AuNPs (average diameter 15 nm) were principally internalized through clathrin-mediated
endocytosis in the different cell types. In addition, authors revealed that the uptake of Au
nanostars also occurred via caveolin-mediated endocytosis, and that macropinocytosis was
involved in the internalization of larger spherical AuNPs (average diameter 80 nm).

Aside from the internalization mechanism, several researchers have focused their
investigations on different biological effects of SiO2 and Au NPs, such as cell viability,
oxidative stress, and pro-inflammation [14–17]. Lin et al. reported an increase in intracel-
lular reactive oxygen species (ROS), leading to oxidative stress and apoptosis after 12 h
exposure of A549 cells to spherical 37 nm SiO2 NPs at 50 μg/mL [18]. Zhao et al. concluded
that spherical SiO2 NPs of 27 nm can block the autophagic flux and impair lysosomal
acidification in A549 cells after 24 h exposure to 50 μg/mL [19]. Kusaka et al. found
that exposure of bone marrow-derived macrophages to 100 μg/mL of spherical SiO2 NPs
with 30, 100, and 300 nm for 4 h, trigger inflammation, lysosomal destabilization, and cell
death [20]. In summary, the recent in vitro experiments revealed that SiO2 NPs can impair
normal cell function, inducing autophagic dysfunction, oxidative stress, and inflammatory
response in different cell types in a dose and size-dependent manner. The exposure of
different cells to AuNPs also revealed potential harmful effects. Uboldi et al. showed that
72 h exposure of spherical AuNPs with 9.5, 11.2, and 25 nm to A549 cells, at ~138 μg/mL,
induced cytotoxicity [17]. Contrarily, Zhang et al. did not observe any sign of cytotoxicity
and inflammation in murine macrophage cells (RAW 264.7) after 48 h exposure to spherical
60 nm AuNPs (100 μg/mL) [21]. Another study from D. Bachand et al. concluded that
the exposure of spherical 20 and 60 nm AuNPs at concentrations of ~350 pg/mL did not
cause any significant change in neither oxidative stress, nor cytotoxicity after 24 and 48 h in
A549 cells [22]. Nevertheless, an increase in IL-8 secretion was observed for both AuNPs,
revealing that these NPs can trigger inflammation. A higher IL-8 release from A549 cells
was observed for 20 nm AuNPs, confirming that NP size affects the cellular responses. In
short, cellular responses are influenced not only by the physicochemical properties of the
NPs and the cell type, but also by other factors such as administered and delivered dose,
and exposure time. Omics-based research has been applied in some of the aforementioned
studies as it allows a thorough and systematic investigation of the changes that occur at the
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gene/transcript/protein level. This is crucial for a deeper understanding of the potential
molecular mechanisms associated with NP uptake and potential adverse effects. Thus far,
most of the research in this area has focused on the analysis of the transcriptome profiling
after extended exposure to NPs (i.e., 24, 48, and 72 h). Nevertheless, we presume that cellu-
lar responses to NPs start a few minutes/hours after exposure, as cellular internalization
occurs within this timeframe [12,23].

In this study, we evaluated the overall impact of spherical SiO2 NPs in human
macrophages and lung epithelial cells, by using RNA-Seq to examine genome-wide tran-
scriptional changes with a focus on endocytic and early-response genes. Based on previ-
ous findings [12,24] and on the in vitro sedimentation, diffusion, and dosimetry model
(ISDD)[25], we showed that a small fraction of administered NPs can reach the cells after
1 h and be internalized. In this sense, we have decided to evaluate the cellular effects of
SiO2 NPs exposure at three different time points: 1, 6, and 24 h. The current study is one of
the first to investigate whether NP uptake influences the expression of endocytic genes at
early time points. Our results show that the uptake of 60 nm SiO2 NPs did not affect the
expression of endocytosis-related genes in macrophages and lung epithelial cells, but did in-
crease the expression of five genes involved in inflammation, chemotaxis, and cell adhesion
in macrophages. In particular, the most relevant gene involved in inflammation, nuclear
receptor 4A1 (NR4A1), was up-regulated in macrophages upon 1 h exposure to 60 nm
and 200 SiO2 NPs. Furthermore, to study the effect of material composition, macrophages
were exposed for 1 h to spherical 50 nm Au NPs, which resulted in the up-regulation of
NR4A1, revealing NR4A1 as an early response gene and possibly an immediate regulator
of inflammation.

2. Materials and Methods

2.1. Synthesis of Nonporous SiO2-Rhodamine B NPs

SiO2 NPs measuring 60 nm were synthesized following a modified-Stöber method [26,27].
Briefly, a mixture of absolute ethanol (144 mL, EtOH, ≥99.8%VWR, Dietikon, Switzerland),
Milli-Q water (6.75 mL), and ammonium hydroxide (3.9 mL, NH4OH ≥25% NH3 in water,
Merck, Zug, Switzerland was heated in a 500 mL rounded-bottom flask provided with
a reflux system at 60◦C under magnetic stirring. After 30 min, tetraethyl orthosilicate
(11 mL, TEOS, >99%, Sigma Aldrich, Buchs, Switzerland) was added to the mixture and
stirred for 2 min. Then, 100 μL of a mixture containing 100 μL Rhodamine B isothiocyanate
(10 mg/mL RhoB in EtOH, Dye content ~95%, Sigma Aldrich, Buchs, Switzerland) and
1.5 μL of (3-aminopropyl) triethoxysilane (APTES, 99%, Sigma Aldrich, Buchs, Switzerland)
were added to the flask using a syringe. After 4 h at 60 ◦C, the fluorescently labeled NPs
were dialyzed against water for three days and stored at 4 ◦C in the darkness. The 200 nm
SiO2 NPs were prepared using a similar synthetic approach. A mixture of 11 mL of
TEOS, 180 mL of EtOH, 36 mL of Milli-Q water, and 24 mL of NH4OH was stirred at room
temperature for 2 min before adding 300 μL of an APTES-RhodB mixture (10 mg/mL RhodB
in EtOH) and 7.5 μL of APTES. The mixture was stirred overnight, and the particles were
cleaned twice by centrifugation at 100 g and redispersed in EtOH. Three additional washes
were carried out by centrifugation at 988 g to finally redisperse the NPs in autoclaved Milli-
Q water. The concentration of the particles was determined by measuring the weighted
average of dried 1 mL particle suspension in three different Eppendorf tubes.

2.2. Synthesis of Au NPs

Au NPs measuring 50 nm were synthesized by the Brown method [28,29]. Briefly,
1.34 mL of 0.22 M of hydroxylamine hydrochloride (NH2OH ·HCl, ACS reagent, 98%,
Sigma-Aldrich, Buchs, Switzerland) was added to a solution containing 144 mL of gold (III)
chloride trihydrate (0.25 mM, HAuCl4·3H2O, ≥99.9%, Sigma-Aldrich, Buchs, Switzerland),
as-prepared 15 nm gold seeds ([Au] = 0.0125 mM) and sodium citrate tribasic dihydrate
(0.5 mM NaCit, C6H5Na3O7·2H2O, ≥98%, Sigma-Aldrich, Buchs, Switzerland) under
vigorous magnetic stirring. After 15 min under magnetic stirring, the NPs were cleaned
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by centrifugation at 3500 rpm for 20 min and redispersed in 0.5 mM NaCit. Au seeds
measuring 15 nm were prepared by the well-known Turkevich method [30]. Briefly, 0.5 mM
HAuCl4 was boiled in the presence of 1.7 mM NaCit for 15 min. Au NPs measuring 15 nm
were cooled down to room temperature and stored at 4◦C overnight before using them to
synthesize the larger particles.

2.3. Fluoresbrite® Yellow-Green Polystyrene (PS)-Based Latex NPs

Yellow-green PS microspheres with ~50 nm in diameter were purchased from Chemie
Brunschwig AG (Basel, Switzerland). The company states that PS NPs are stable and dye
leaching is not expected, making them suitable for use in cell experiments.

2.4. Physicochemical Characterization

NPs were drop-cast onto a 300-mesh carbon-membrane-coated copper grid and im-
aged using a Tecnai Spirit transmission electron microscope (TEM) (FEI, Hillsboro, OR,
USA) operating at 120 kV equipped with a CCD camera (Eagle, Thermo Fischer, Waltham,
MA, USA). The core diameter and size distribution were calculated using an open-source
image processing program (ImageJ). UV−Vis extinction spectrum of Au NPs was recorded
in a Jasco V-670 spectrophotometer using 10 mm path length quartz Suprasil-grade cu-
vettes (Hellma Analytics, Plainview, NY, USA) at 25 ◦C. The stability of the NPs in the
cell culture media was tested at 0 and 24 h by DLS at 25 ◦C and one scattering angle
(90◦) using a commercial goniometer instrument (3D LS Spectrometer, LS Instruments AG,
Fribourg, Switzerland) equipped with a linearly polarized and a collimated laser beam
(Cobolt 05-01 diode-pumped solid-state laser, λ = 660 nm, P max. = 500 mW). Two APD
detectors, assembled for pseudo-cross-correlation, were used to improve the signal-to-noise
ratio. The scattering signal of complete RPMI 1640 (cRPMI 1640) and serum-free RPMI
1640 (i.e., without Fetal Bovine Serum (FBS) but supplemented with L-glutamine and peni-
cillin/streptomycin) obtained by DLS was subtracted from the signal of the NPs suspended
in the media, as presented elsewhere [31], to obtain only the contribution of the particles.
NPs dispersed in Milli-Q water were used as a control. The mean and standard deviation
were calculated from five independent measurements. The surface charge was determined
by phase-amplitude light scattering (ZetaPALS, Brookhaven Instruments Corp., Holtsville,
NY, USA) in Milli-Q water.

2.5. Cell Culture

Cell culture reagents were purchased from Gibco, Thermo Fisher Scientific (Zug,
Switzerland), unless otherwise specified. Human alveolar epithelial type II cells (A549 cell
line) from American Type Culture Collection (ATCC, Rockville, MD, USA) were cultured
in Roswell Park Memorial Institute (RPMI)-1640 cell culture medium supplemented with
10 vol.% FBS, 2 mM L-Glutamine (100 Units/mL), and Penicillin-Streptomycin (100 μg/mL).
The final solution is referred to as cRPMI 1640. Cell cultures were kept in a humidified
incubator (37 ◦C, 5% CO2, and 95% humidity). A549 epithelial cells were sub-cultured twice
per week using a mixture of 0.25% Trypsin-Ethylenediaminetetraacetic acid (EDTA) accord-
ing to the ATCC recommendations. Prior to seeding, cell concentration was determined
using the trypan blue exclusion assay (0.4%vol. in phosphate-buffered saline solution (PBS,
pH 7.2, Gibco, Life Technologies Europe B.V., Zug, Switzerland)) and an automated cell
counter (EVE, NanoEnTek Inc., Seoul, South Korea). A549 cells (5.26 × 104 cells/cm2), in
the passage range of 4–15, were seeded for 24 h in cRPMI 1640 followed by serum starvation
for 24 h before NP exposure. Serum starvation was performed to synchronize all cells
to the same cell cycle phase. Primary human monocyte-derived macrophages (MDMs)
were obtained by isolating and further differentiating human peripheral blood monocytes
from human blood buffy coats (Blood Donation Service, Bern University Hospital, Bern,
Switzerland), as previously described [32,33]. The work involving primary monocytes
isolation from human blood was approved by the committee of the Federal Office for
Public Health Switzerland (reference number: 611-1, Meldung A110635/2). Briefly, human
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blood was separated using density gradient filtration (Lymphoprep, Grogg Chemie, Stet-
tlen, Switzerland) and the monocyte fraction was extracted from the mixture and purified
using CD14+ magnetic MicroBeads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
according to the manufacturer’s protocol. For the monocyte differentiation, the isolated
blood monocytes were cultured in 6-well plates (Corning®Falcon, Reinach, Switzerland)
containing 3 mL of cRPMI 1640 supplemented with the macrophage colony-stimulating
factor (M-CSF) (10 ng/mL, Milteny Biotech, Bergisch Gladbach, Germany) for seven days
at a density of 106 cells/mL. After this period, cRPMI containing the M-CSF was removed
and MDMs (1.05 × 105 cells/cm2) were seeded for 24 h before NP exposure.

2.6. NPs Exposure

A549 and MDMs grown in 6-well plates and 35 mm glass-bottom dish (MatTek Inc.,
Ashland, MA, USA) were exposed to 3 mL of 60 nm SiO2-RhodB, 200 nm SiO2-RhodB,
60 nm PS particles ([NP] = 20 μg/mL), or Au NPs ([Au] = 20 μg/mL) previously suspended
in cRPMI 1640. For experiments where μ-Slide 8 Wells (Ibidi, Graefelfing, Germany) were
used (i.e., sections “Fluorescence imaging” and “Co-localization analysis”), cells were
exposed to 316 μL of previously suspended NPs. ISDD model was used to estimate the
particle deposition [25]. The relative densities and the diameter of each NP, based on TEM
analysis, were taken in consideration. Amorphous silica, 2.2 g/cm3; gold, 19.32 g/cm3;
polystyrene, 1.05 g/cm3. After exposure, cells were washed 3 times with PBS to remove the
non-cell adhered NPs.

2.7. Cytotoxicity Assay

Lactate dehydrogenase (LDH, Roche Applied Science, Mannheim, Germany) assay
was performed on the cell supernatants after NPs exposure in 6-well plates. Triton X-
100 at 0.2 vol.% was added to the cell culture medium as a positive control for 6 h prior
to collecting the supernatant. LDH levels were measured in triplicate by following the
manufacturer’s protocol. The absorbance of the colorimetric product was determined
by spectrophotometry (Benchmark Microplate reader, BioRad, Cressier, Switzerland) at
490 nm with a reference wavelength of 630 nm. Interference analysis was performed for
SiO2 NPs as recommended by Petersen et al. [34], at the administered dose (20 μg/mL),
in one independent experiment with 3 technical replicates. There was no evidence of
quenching or auto-absorption.

2.8. Flow Cytometry

After cell growth and NPs exposure for 1, 6, and 24 h in 6-well plates, MDMs were
scraped off in 1 mL of cRPMI, using a cell scraper (Sarstedt, Sevelen, Switzerland) and
collected in a flow cytometry tube (5 mL Polystyrene Round-Bottom Tube, Corning® Falcon,
Reinach, Switzerland). A549 cells were detached with Trypsin-EDTA (300 μL) for 6 min
followed by the addition of 700 μL of cRPMI 1640. Cells were centrifuged at 4 ◦C for
5 min at 300× g, washed 2 times in PBS and then resuspended and fixed with 2 vol.%
paraformaldehyde (PFA, Sigma-Aldrich, Buchs, Switzerland) in PBS for 15 min at 4 ◦C.
Two additional washing steps were performed in PBS, before resuspension in cold FC
buffer (PBS with 1 w/v.% bovine serum albumin (BSA, Sigma-Aldrich, Buchs, Switzerland),
0.1 vol.% sodium azide (Sigma-Aldrich, Buchs, Switzerland), and 1 mM EDTA (Sigma-
Aldrich, Buchs, Switzerland) at pH 7.4. Data acquisition was performed on a BD LSR
FORTESSA (BD Biosciences, San Jose, CA, USA) equipped with a yellow-green laser and
PE filter where 30,000 events were recorded. Flow cytometry data was analyzed using the
FlowJo software v.10.

2.9. Fluorescence Imaging

After NPs exposure for 1, 6, and 24 h, cells were fixed with 4 vol.% PFA in PBS for
15 min at room temperature and permeabilized for 10 min in 0.2 vol.% Triton X-100 in PBS.
Samples were washed thrice with PBS between steps. F-actin was stained with Alexa Fluor
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488 Phalloidin (0.66 μM in PBS, Cat. # A12379, Invitrogen, Thermo Fisher Scientific Inc., Zug,
Switzerland) for 1 h, and cell nuclei counterstained using 4′,6-diamidino-2-phenylindole
(DAPI, 1 μg/mL in PBS, Sigma-Aldrich, Buchs, Switzerland) for 5 min in PBS. Samples
were washed 3 times using PBS and kept in PBS until further analysis. During fixation
and staining, samples were kept at room temperature and dark conditions between steps.
Images were acquired in an inverted Zeiss LSM 710 Meta apparatus (Axio Observer.Z1,
Zeiss, Oberkochen, Germany) using an excitation laser of 405 nm (DAPI), 488 nm (Alexa
Fluor 488), and 561 nm (rhodamine B) equipped with a Plan-Apochromat 63x/1.4 Oil M27
objective (Zeiss GmbH, Oberkochen, Germany).

2.10. Co-Localization Analysis

Co-localization of the exposed NPs with early endosomes was evaluated after 1 and
6 h. NPs co-localization with lysosomes was studied at 6 and 24 h. After NPs exposure, cells
were washed 3 times with PBS and incubated with fresh cRPMI supplemented with 75 nM
LysoTracker Green DND-26 (Invitrogen, Thermo Fisher Scientific Inc., Zug, Switzerland) for
15 min to stain the lysosomes. Then, the cells were washed twice with PBS and immediately
imaged after the addition of cRPMI. For early endosomes labeling, immunostaining with
early endosome antigen 1 (EEA1) was performed. Cells were fixed and permeabilized, as
mentioned in the previous section. After, 20 μg/mL of EEA1 (Cat. # ab109110, Abcam,
Cambridge, UK) in antibody solution (1 w/v.% bovine serum albumin (BSA, Cat. # A7030,
Sigma-Aldrich, Zug, Switzerland) and 0.1 vol.% Triton-X in PBS) was added for 2 h. A
secondary antibody goat anti-rabbit Alexa Fluor 647 (2 μg/mL, Cat. # A21244, Invitrogen,
Thermo Fisher Scientific Inc., Zug, Switzerland) in antibody solution was added for 1 h.
Finally, cells were counterstained with DAPI. All steps were conducted at room temperature
and under dark conditions. The NPs co-localization was calculated using the Pearson’s
correlation coefficient (PCC) and the open source plugin for ImageJ, EzColocalization [35].

2.11. Dye Leaching from SiO2-Rho B NPs

The potential release of dye from SiO2 NPs in cell culture medium and lysosomal
milieu was investigated by incubating the NPs in cRPMI (without phenol red) and artificial
lysosomal fluid (ALF). ALF was prepared as previously reported [36]. Briefly, sodium
chloride (3.210 g), sodium hydroxide (6.000 g), citric acid (20.800 g), calcium chloride
(0.097 g), sodium phosphate heptahydrate (0.179 g), sodium sulfate (0.039 g), magnesium
chloride hexahydrate (0.106 g), glycerin (0.059 g), sodium citrate dihydrate (0.077 g), sodium
tartrate dihydrate (0.090 g), sodium lactate (0.085 g), sodium pyruvate (0.086 g), and
formaldehyde (1.000 mL, added fresh before use) were dissolved in 200 mL of MilliQ
water to obtain a 5× stock solution. The stock solution was later diluted with MilliQ
water and NPs to a final concentration of 20 μg/mL. NPs were incubated in cRPMI and
ALF for 24 h at 37 ◦C. Then, the NPs were centrifuged at high speed (16,000× g) for 1 h
and the supernatants were collected. The supernatants were centrifuged again at the
same speed, to guarantee that a minimum number of particles remains in suspension. A
control containing the NPs in water, at the administered dose (20 μg/mL), was included
in the experiments. Fluorescence emission intensity was measured on a Fluorolog TCSPC
spectrofluorometer (Horiba, Northampton, UK) with the FluorEssence software (v3.8). For
each sample, emission spectrum with a λem between 560 to 700 nm and a fixed λex of
550 nm, was recorded. The excitation and emission slits were fixed to 4 nm.

2.12. Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM)

Cells were seeded in a 35 mm glass-bottom dish (MatTek Inc., Ashland, MA, USA),
exposed to SIO2 NPs for 6 h and fixed with 2 vol.% PFA and 2.5 vol.% glutaraldehyde
(25%, Electron Microscopy Sciences, Hatfield, PA, USA) in PBS for 3 h on ice. Samples
were then treated with a mixture of 3 w/v.% potassium hexacyanoferrate(II) trihydrate
(≥99.95%, Sigma Aldrich, Buchs, Switzerland) and 2 vol.% osmium tetroxide (4% in H2O,
Sigma Aldrich, Buchs, Switzerland) in Milli-Q water, together with 0.2 M cacodylate buffer
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(Polysciences, Eppelheim, Germany) for 1 h at room temperature. After, a treatment
with 1 w/v% thiocarbohydrazide (98%, Sigma Aldrich, Buchs, Switzerland) in Milli-Q
water was performed for 20 min at 60 ◦C. Finally, samples were incubated with 2 vol.%
osmium tetroxide in Milli-Q water for 30 min. Samples were dehydrated using increasing
graded ethanol series, followed by embedding and polymerization in Epon resin (Epoxy
embedding kit, Sigma Aldrich, Buchs, Switzerland) for 48 h at 60 ◦C. Polymerized Epon
blocks were then attached to an aluminum stub with carbon tape, and a thin layer of ~2 nm
Au was sputtered onto the sample surface to render them conductive. FIB-SEM milling
and imaging was performed using a Thermo Scientific Scios 2 Dual Beam microscope
(Thermo Fisher Scientific, Waltham, MA, USA). A FIB operated at 30 kV was used to
localize the cells of interest underneath the resin block. Once the region of interest was
chosen, a trench was created using an ion (Ga+) beam (30 kV and current of 1 nA). A final
polishing step was performed 1 nA at 30 kV. The freshly milled cross-section was imaged
using an electron beam with an acceleration voltage of 2 kV and a current of 50 pA and the
backscattered electron detector. This investigation was complemented by energy-dispersive
x-ray spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA) for the chemical analysis
of silicon (Si).

2.13. Total RNA Isolation and Illumina Sequencing (RNA-Seq)

After NPs exposure, total RNAs were isolated from cells growing in 6-well plates.
Cell lysis was performed directly in the well, using 250 μL of BL + TG buffer (Promega
Madison, WI, USA), and total RNA was extracted using ReliaPrep™ RNA Cell Miniprep
System (Promega, Z6012, Madison, WI, USA) following the manufacturer’s protocol. The
quantity and quality of RNA were examined by Thermo ScientificTM NanoDropTM 2000
Spectrophotometer and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). Only RNA with OD 260/280≥ 1.8 and RNA integrity number≥ 7 were selected
for the subsequent experiments. Equal quantities of high-quality RNA, i.e., that met the
above-stated criteria, from each sample were pooled together for mRNA library preparation
(TruSeq Stranded RNA) and sequencing (HiSeq400 SR 150) at the Genomic Technologies
Facility, Lausanne, Switzerland. Statistical analysis was performed in R (R version 4.0.2).
Genes with low counts were filtered out according to the rule of one count per million
(1 cpm). Library sizes were scaled using TMM normalization. The normalized counts
were transformed to cpm values, and a log2 transformation was applied by means of the
function cpm with the parameter setting prior.count = 1 (EdgeR v 3.30.3) [37]. After data
normalization, a quality control analysis was performed through hierarchical clustering
and sample PCA. Differential expression was computed with the R Bioconductor package
limma [38] by fitting data to a linear model. The approach limma-trend was used. Sample
pairings were taken into account by including a factor in the model. Fold changes were
computed, and a moderated t-test was applied. p-values were adjusted using the Benjamini-
Hochberg (BH) method.

2.14. Real-Time qRT-PCR

The reverse transcriptase reaction was performed with the Omniscript RT system
(Qiagen, Hilden, Germany), OligodT (Microsynth, Balgach, Switzerland), and RNasin Plus
RNase Inhibitor (Promega, Madison, WI, USA, Switzerland). The synthesis of comple-
mentary DNA (cDNA) was performed by using 6.5 μL of isolated RNA (250 ng), 1 μL
oligo-dT primer (10 μM), 0.25 μL RNase inhibitor, 1 μL dNTP Mix (5 mM), 0.25 μL
Omniscript reverse transcriptase (1 Unit), and 1 μL buffer RT. The real-time PCR was
performed on the 7500 fast real-time PCR system (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA, USA) by mixing 2 μL 5-fold diluted cDNA with 5 μL SYBR-
green master mix (Fast SYBR Green master mix, Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA, USA), 2 μL nuclease-free water (Promega, Madison, WI, USA),
and 2 μL primer mix (91 nM). Relative expression levels were calculated using the Pfall
method [39] with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and tyrosine
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3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) as
internal standard genes. Primers were purchased from Thermo Fisher Scientific (Zug,
Switzerland). Details about the primers are included in the Supplementary Information
(Table S1).

2.15. Western Blot

Total protein was isolated from cells growing in 6-well plates. Cell lysis was performed
directly in the wells by adding 50 μL of ice-cold T-PER buffer (Cat. # 78510, Thermo Fisher
Scientific, Zug, Switzerland) supplemented with HaltTM Protease Inhibitor Cocktail, EDTA-
free (Cat. # 78425, Thermo Fisher Scientific, Zug, Switzerland) and sodium fluoride (Cat. #
27860, 20 mM, VWR, Dietikon, Switzerland). Plates were kept at 4 ◦C for 20 min. Protein
lysates were pipetted up and down, transferred to 1.5 mL Eppendorf tubes, kept on
ice for 10 min and centrifuged at 10,000× g for 5 min. The protein in the supernatant
was collected and quantified via Bradford assay. The samples were boiled in a reducing
Laemmli buffer for 5 min, and the same amount of protein was loaded in a 7.5% SDS-
PAGE (Bio-Rad, Hercules, CA, USA). Proteins were electrophoretically transferred onto
polyvinylidene difluoride (PVDF) membranes at 150 mA for 75 min under wet conditions.
A solution of 0.1 w/v.% Ponceau S (Cat. # 141194, Sigma-Aldrich, Buchs, Switzerland)
was used to confirm the transfer of proteins. A solution containing 3 w/v.% BSA and
0.1 vol.%Tween 20 (Cat. # P9416, Sigma-Aldrich, Buchs, Switzerland) in Tris-buffered saline
(TBS) solution was used to block the nonspecific sites for 1 h. The same solution was used
for immunostaining with primary and secondary antibodies. Three rounds of washing with
TTBS (0.1 vol.% Tween 20 in TBS) were performed between steps. Primary antibody was
added to the blots overnight at 4 ◦C. The following concentrations of antibodies were used:
α-tubulin (1 μg/mL, Cat. # sc-32293, Santa Cruz Biotechnology, Heidelberg, Germany)
GAPDH (1 μg/mL, sc-47724, Santa Cruz Biotechnology, Heidelberg, Germany), EEA1
(2 μg/mL, Cat. # ab109110, Abcam, Cambridge, UK), and Nur77 (2 μg/mL, Cat. # sc-365113,
Santa Cruz Technology, Heidelberg, Germany). The blots were then incubated with a goat
anti-mouse HRP conjugated secondary antibody (Cat. # HAF007, R&D, Abingdon, UK) for
1 h at 1:2000 (α-tubulin), 1:4000 (GAPDH), 1:1000 (EEA1), and 1:1000 (Nur77). A molecular
weight marker mPAGE® Color Protein Standard (Cat. # MPSTD4, Sigma-Aldrich, Buchs,
Switzerland) was used to identify the corresponding detected bands. Protein bands were
visualized using the chemiluminescent HRP detection reagent Immobilon Forte Western
HRP substrate (Cat. # WBLUF0020, Sigma-Aldrich, Buchs, Switzerland). The optical
density of the bands was estimated using ImageJ. The housekeeping proteins α-tubulin
and GAPDH were used as normalization controls.

2.16. Statistical Analyses

Comparisons between two related groups were made by paired t-test. Two-way
ANOVA (Dunnett’s post-hoc test for multiple comparisons) was used to compare more
than two groups with more than one variable. Statistical analyses were performed with
GraphPad Prism 9.2 software (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

3.1. Interaction and Localization of SiO2 NPs in MDMs and A549 Cells

Non-porous SiO2 NPs, measuring 60 and 200 nm in diameter, were synthesized and
functionalized with the fluorescent dye RhoB, to enable their detection within cells using
flow cytometry and confocal laser scanning microscopy (CLSM). Representative TEM
micrographs of the individual particles and physicochemical properties are represented
in Figures 1A and S1. It has been demonstrated that cellular responses differ significantly
after interacting with NPs in an aggregated form or as individual particles [40]. Therefore,
the stability of both 60 and 200 nm SiO2 NPs in serum-free RPMI 1640 and complete RPMI
1640 (cRPMI) was evaluated by dynamic light scattering (DLS) at 24 h. An increase in size,
a consequence of the aggregation of the NPs, was observed for both NPs in serum-free
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RPMI 1640, whereas in cRPMI the particles remain stable (Figure 1A inset table). The latter
is explained by the ability of proteins in the serum to adsorb on the NPs surface, creating
the so-called protein corona [41] and assisting NP stabilization via steric and/or hydration
interactions [3]. Due to the aggregation of both SiO2 NPs in serum-free RPMI 1640, as
demonstrated by DLS and CLSM (Figure S2), the exposure of cells to NPs was performed
in cRPMI. In addition, the stability of the fluorescent probes on the SiO2 NPs in cRPMI
and lysosomal fluid was evaluated (Figure S3). The performed fluorescence measurements
revealed that there is a minor signal from the supernatants after SiO2 NPs incubation in
cRPMI and ALF for 24 h at 37 ◦C. The findings confirm the stability of the fluorophore
RhoB on SiO2 NPs.

MDM and A549 cells were selected for this study as MDMs are phagocytic cells
and one of the first cell types to interact with NPs in the body, contributing to rapid NP
clearance from the tissue where these cells reside [42]. The non-phagocytic A549 cell
line is frequently used to mimic an alveolar type II epithelial barrier [43] and is one the
most widely used cell lines in human research in a wide range of applications, including
in the testing of novel drugs [44] and in particle uptake mechanism studies [14,45,46].
Initially, cellular cytotoxicity was evaluated using a lactate dehydrogenase assay after 6 and
24 h exposure (Figure S4). No significant alterations in cell membrane permeability after
exposure to 60 nm and 200 nm SiO2 NPs were observed for either cell type, confirming
their non-cytotoxicity.

The interaction and association (i.e., both plasma membrane-bound and internalized)
of 60 and 200 nm SiO2 NPs with A549 and MDM cells were evaluated after 1, 6, and 24 h
of NP exposure using CLSM, focused ion beam-scanning electron microscopy (FIB-SEM)
and flow cytometry (Figure 1, Figures S5 and S6). CLSM and flow cytometry showed that
the interaction between both cell types and NPs occurs within the first hour. However, in
CLSM images, it is possible to conclude that the majority of NPs interact with the A549
cell membrane in the first hour but are not internalized. CLSM and FIB-SEM micrographs
reveal the internalization of both SiO2 NPs by A549 cells after 6 h of exposure. In MDM
cells, the association of SiO2 NPs begins within the first hour and increases over time. A
high number of 60 and 200 nm SiO2 NPs can be seen inside MDMs at the 6 h timepoint.
The association rate of NPs with MDM cells was higher than with A549 cells, which is to be
expected based on the higher clearance capability of the latter cell type. In addition, cell
division in dividing cells (A549) takes place and the NP load might thus be lower than in
non-dividing cells (MDM) [47]. Macrophages are a type of cell of the reticuloendothelial
system (RES) [1]. RES is the biggest limitation in NP drug delivery because it is one of the
main factors responsible for the sequestration and clearance of NPs [48].

After uptake, it is expected that NPs will be localized within endocytic vesicles that
fuse together with the early endosomes/phagosomes and, later, with the lysosomes [1].
With this in mind, the co-localization of SiO2 NPs with early endosomes and lysosomes was
investigated. Our results (Figure 2) show a very weak co-localization (Pearson correlation
coefficient (PCC) < 0.3) with early endosome antigen 1 (EEA1) for both 60 and 200 nm
NPs in MDMs or A549 cells, confirming that SiO2 NPs only stay in the early endosomes
for a short period of time. As described in the literature, early endosomes rapidly fuse
with late endosomes, over an 8–15 min period [45], which is consistent with the obtained
results. In contrast, higher PCCs were obtained for co-localization between lysosomes
(Lysotracker) and SiO2 NPs. Higher co-localization values were obtained for 60 nm NPs in
both MDMs and A549 cells, which can be rationalized by a different phagosomal/lysosomal
transport mechanism of the NPs. The endosomes/phagosomes formed during NP uptake
have varying sizes, which can strongly affect endosomal/phagosomal transport [46] and,
consequently, maturation and fusion with lysosomes. After 24 h, there was an increase in
co-localization of both particles with lysosomes in MDM cells, possibly due to accumulation
of these particles in this compartment. Furthermore, the PCC is higher for both particle
types at all investigated time points in MDMs, which can be related to the higher number
of intracellular NPs.
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Figure 1. SiO2 NP characterization and cellular uptake. (A) Representative transmission electron
microscopy (TEM) micrographs and physicochemical characterization of SiO2 NPs used in this study.
Scale bar = 200 nm. Hydrodynamic diameter measured by dynamic light scattering in H2O, complete
RPMI 1640, and serum-free RPMI 1640, revealing the aggregation of both NPs in serum-free RPMI
1640. Confocal laser scanning microscopy (CLSM), focused ion beam-scanning electron microscopy
(FIB-SEM) micrographs and flow cytometry data (bar graphs on the left), revealing the association of
60 (B) and 200 nm (C) SiO2 with lung epithelial cells (A549) and primary human monocyte-derived
macrophages (MDMs) after 1, 6, and 24 h of exposure to 20 μg/mL. Bar graphs represent the median
fluorescence intensity (MFI), normalized to untreated cells. Data is presented as mean ± standard
deviation (n = 3). Cell nuclei (cyan), cytoskeleton (magenta), and NPs (yellow). Thicker and thinner
grey arrows indicate extracellular (surface bound) and intracellular localization of NPs, respectively.
The red dashed circles indicate the intracellular localization of NPs. Scale bar = 10 μm for CLSM
pictures. Scale bar = 2 μm for FIB-SEM pictures and scale bar = 200 nm for zoomed-in images.
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Figure 2. Co-localization of SiO2 NPs with early endosomes (EEA1, A,B) and lysosomes (Lysotracker,
C,D) at different time points. SiO2 of 60 nm are represented in (A,C), and 200 nm in (B,D). Cell
nuclei (grey), EEA1 and lysotracker (red), and NPs (green). The co-localization was determined by
the Pearson correlation coefficient and values are represented at the top right of each image. Phase
contrast images for NP-lysosome co-localization, in lung epithelial cells (A549), were included to
facilitate cell structure visualization. Scale bar = 10 μm.

3.2. Regulation of Gene and Protein Expression upon Uptake of SiO2 NPs

To investigate the early changes that occur at the genetic level upon cell-NP uptake,
A549 and MDMs were exposed to 60 nm SiO2 NPs for 6 h, followed by a genome-wide
transcriptome analysis via RNA-seq (Figure 3). Only 60 nm SiO2 were included in this
first screening. The results revealed that no gene was differentially expressed in A549 cells.
On the other hand, 117 genes (adjusted p-value < 0.2) were found to be differentially
expressed in MDM cells, but only five (NR4A1, NR4A2, FOSB, MIF, and ASIC3) showed a
change greater than 1.5-fold. Surprisingly, none of these five genes are related to endocytic
mechanisms. The most significantly changed gene, NR4A1, revealed a 2.06-fold change.
NR4A1 is an orphan nuclear receptor and is part of the nuclear receptor group 4A (NR4A)
subfamily of nuclear hormone receptors [49]. It modulates the inflammatory response of
macrophages through a number of mechanisms, including transcriptional reprogramming
of mitochondrial metabolism [50]. The up-regulation of this gene can be triggered via
physical stimulation and by inflammatory and growth factors [51]. Waters et al. also
revealed the up-regulation of NR4A1 in macrophages after 2 h of exposure to amorphous
SiO2 NPs [52]. A different analytical technique, gene set enrichment analysis (GSEA), was
performed for MDM cells, including all the differentially expressed genes, and the principal
gene ontology (GO) biological processes (BPs) are shown in Figure S7. The uptake of 60 nm
SiO2 NPs led to significant changes in the group of genes involved in cell–cell adhesion, cell
chemotaxis, immune response, and inflammation. The changes in these processes have also
been observed in previous studies [53–55]. These findings reveal that NP internalization
does not lead to major transcriptional changes at early time points in the genes related to
endocytosis, and lets us suggest that regulation might occur at the protein level (i.e., post-
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translation modifications). Furthermore, it demonstrates that NPs can cause inflammation
even when they are not cytotoxic. The main reason for NP uptake in macrophages is their
capability to recognize the opsonins present at NPs surface. The process of opsonization
occurs upon NPs interaction with physiological fluids, containing different biomolecules
including opsonins that promote cellular recognition and clearance by macrophages [7].
The opsonins at NPs surface can also dictate the extent of uptake and toxicity [42]. Fedeli
et al. produced 26 nm spherical SiO2 NPs and proved that high amounts of histidine rich
glycoprotein adsorbed at NPs surface avoided human macrophage recognition [56].

 

Figure 3. (A) Whole transcriptome screening via RNA sequencing upon exposure of A549 lung
epithelial cells and primary human monocyte-derived macrophages (MDMs) to 60 nm SiO2 NPs
for 6 h. Number of differentially expressed genes in lung epithelial cells and macrophages with an
adjusted p-value of less than 0.2. No changes in the gene expression were observed for A549 cells.
In MDM cells, 117 genes were found to be differentially regulated (26 down-regulated and 88 up-
regulated), but only five revealed a greater than 1.5 fold change. (B) List with the five up-regulated
genes in MDM cells.

In order to confirm the previous findings and to validate the RNA-seq results, the
endocytosis related-genes clathrin light chain (CLTC), caveolin-1 (CAV1), early endosome
antigen 1 (EEA1), lysosomal-associated membrane protein 1 (LAMP1), Rac family small
GTPase 1 (RAC1), and dynamin 2 (DNM2) were evaluated at 1, 6, and 24 h after exposure
to 60 and 200 nm SiO2 NPs by real-time qRT-PCR (Figure 4A). SiO2 NPs measuring
200 nm were included to investigate if particle size impacts cellular response at the gene
level. No gene was found to be differentially expressed in A549 cells after exposure
to either NPs. In MDM cells, LAMP1 was down-regulated (Fold change = −1.7) upon
24 h exposure to 200 nm SiO2 NPs. As previously stated, lower co-localization values
between 200 nm SiO2 NPs and lysosomes were observed after 24 h. In this regard, down-
regulation of LAMP1 might be associated with an impaired process of autophagic lysosome
reformation [21,22,57]. Since CAV1 is only weakly expressed in MDM cells, it was not
included in the analysis. Nevertheless, and to confirm the results of RNA-Seq, the nuclear
receptor subfamily 4 group A member 1 (NR4A1), one of the genes that was found to be
up-regulated in MDM cells, was included in the real-time qRT-PCR analysis. The results
confirmed the up-regulation of NR4A1 with 60 nm SiO2 NPs after exposure for 6 h. In
addition, we observed the up-regulation of this gene after 1 h, for 60 nm (Fold change = 2.3)
and 200 nm SiO2 NPs (Fold change = 3.1), but not after 24 h, which suggests that NR4A1 is
an immediate-early response gene.

The comparison between protein and gene expression was evaluated by Western blot
(Figure 4B). The results showed an increase of the expression for the NR4A1 protein in
MDM cells at 6 h but not after 1 h. This can be explained by the fact that other regulation
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events occur between transcript and protein products [58]. The expression of the protein
EEA1 in A549 cells was investigated and, as expected, its expression did not change
considerably.

A computation model [25] was used to estimate the dose of SiO2 NPs that reaches the
cells (i.e., delivered dose) (Figure S8). ISDD is a useful tool for calculating the delivered
dose of NPs and performing more accurate analysis of cellular responses. A higher number
of 60 nm SiO2 NPs reaches the cells in comparison with 200 nm SiO2 NPs after 1, 6, and
24 h. However, the obtained results do not directly correlate with the number of delivered
NPs, as a higher NR4A1 expression effect was observed after 1 h for the bigger NPs. It
has been proved that the biologically most relevant dose metric for the evaluation of NP
effects is the particle surface area [59]. When particle surface area was used as a metric, the
simulation showed similar results, demonstrating a greater delivered dose for 60 nm SiO2
NPs. In brief, there is not a good correlation between cellular response and delivered dose
in our study. This is due to the fact that the delivered dose is not the only factor influencing
the cellular response. Other factors, such as the uptake mechanism and intracellular fate,
can have an effect on biological responses [60].

Figure 4. Gene and protein expression upon exposure to SiO2 NPs. (A) Real-time qRT-PCR results
representing the expression of several genes upon exposure to 60 and 200 nm SiO2 NPs at different
time points (1, 6, and 24 h) in lung epithelial cells (A549) and primary human monocyte-derived
macrophages (MDMs). Statistically significant differences among the groups (Two-way ANOVA
Dunnett’s post-hoc test for multiple comparisons): * p ≤ 0.05; ** p ≤ 0.01. (B) Expression of proteins
NR4A1 and EEA1 were analyzed by Western blot. The representative images are shown. The mean
expression ratios of the indicated protein, determined via densitometry from three independent
experiments, are shown at the bottom of each blot. (C) Scheme representing the early activation of
NR4A1 upon SiO2 NP uptake.

3.3. Expression of NR4A1 in Macrophages upon Exposure to Au and PS NPs

To evaluate the effect of NP material composition on the expression of NR4A1, MDMs
were exposed to Au and PS NPs of similar size and shape for 1 and 6 h. Both NPs were
characterized by TEM, DLS, and UV-Vis spectroscopy (Figures 5A and S1). Similarly to
SiO2 NPs, Au NPs of ca. 50 nm diameter are colloidally stable in complete RPMI 1640, but
tend to aggregate in serum-free RPMI 1640. In contrast, the presence or absence of serum
does not affect the stability of PS NPs of ca. 60 nm diameter. This can be explained by the
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fact that PS NPs possess a different surface chemistry than Au and SiO2 NPs, and the ionic
strength of the cell-culture medium appears not to affect their stability.

Internalization of both NPs was confirmed at 1 and 6 h (Figure 5). Similarly to SiO2
NPs, NR4A1 was up-regulated at early time points after exposure to Au NPs. The gene up-
regulation was observed after 1 h but not after 6 h. A slight increase at the protein level was
detected at 6 h, as also observed for SiO2 NPs. In contrast, exposure to PS NPs did not affect
NR4A1 expression. This can be explained by the fact that NPs possess different properties
(e.g., material and surface chemistry), which per se can affect NP uptake. In addition,
due to the different NP surface properties, distinct protein corona can be formed [57,61],
which might also influence the internalization of NPs and, consequently, the signaling
pathways. In vivo studies revealed that AuNPs tend to primarily accumulate in the liver
and spleen [62]. Smaller NPs (<8 nm) are cleared through renal clearance and larger ones
via hepatobiliary excretion [48]. As shown, AuNPs can trigger inflammation, even at earlier
stages, which requires a deep understanding of the cellular processes that are initiating
this process. This knowledge is critical for the development of new NPs with optimized
properties for optimal clearance and the ability to modulate and control inflammation.

 

Figure 5. Effects of the cellular uptake of 50 nm Au and 60 nm PS in the expression of NR4A1 in
primary human monocyte-derived macrophages (MDMs). (A) Representative transmission electron
microscopy micrographs and physicochemical characterization of Au and PS NPs. Scale bar = 200 nm.
Hydrodynamic diameter measured by dynamic light scattering in H2O, complete RPMI 1640 and
serum-free RPMI 1640. (B) Differential interference contrast images showing the internalization of
Au NPs in MDMs upon 1 and 6 h exposure. Scale bar = 5 μm. (C) Confocal laser scanning microscopy
images revealing the uptake of PS NPs in MDM cells after exposure to PS NPs for 1 and 6 h. Scale
bar = 10 μm. NR4A1 gene expression upon exposure to Au NPs (D) and PS NPs. (E) NR4A1 protein
expression after exposure to Au NPs (F) and PS NPs (G). In (D,E) comparisons between groups were
performed with a paired t-test: * p ≤ 0.05. The representative Western blot images are shown in
(F,G). The mean expression ratios of the indicated protein, determined via densitometry from three
independent experiments, are shown at the bottom of each blot.
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4. Conclusions

In the present study, we confirm that the type of NP and the type of cell both influence
NP uptake. Macrophages revealed a higher uptake rate for SiO2 NPs than with lung
epithelial cells, which is attributed to the strong clearance, i.e., phagocytic, capability of
macrophage cell types. Internalization of SiO2 NPs by lung epithelial cells was much
slower and occurred to a lesser extent. Furthermore, cellular internalization of 60 nm
SiO2 NPs did not lead to significant transcriptional changes after 6 h exposure to lung
epithelial cells. In macrophages, despite our observation that genes related to endocytosis
were not differentially expressed, we were able to identify the significant modification
of the expression of gene NR4A1. The early up-regulation of NR4A1 also occurred when
macrophages were exposed for 1 h to 200 nm SiO2 and 50 nm Au NPs, which suggests that
NR4A1 is an immediate-early response gene for this type of NPs. NR4A1 is an important
modulator of inflammatory response and it would be useful to investigate whether NR4A1
could be a potential therapeutic target to avoid exacerbated inflammation caused by
NP uptake.
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cells (A549) and primary human monocyte-derived macrophages (MDMs) after exposure to SiO2
NPs; Figure S5. Cellular uptake of SiO2 NPs; Figure S6. Energy Dispersive X-ray (EDX) analysis of
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Abstract: Hazard assessment is the first step in nanomaterial risk assessment. The overall number of
studies on the biological effects of nanomaterials or innovative materials is steadily increasing and is
above 40,000. Several databases have been established to make the amount of data manageable, but
these are often highly specialized or can be used only by experts. This paper describes a new database
which uses an already existing data collection of about 35,000 publications. The collection from the
first phase between the years 2000 and 2013 contains about 11,000 articles and this number has been
reduced by specific selection criteria. The resulting publications have been evaluated for their quality
regarding the toxicological content and the experimental data have been extracted. In addition to
material properties, the most important value to be extracted is the no-observed-adverse-effect-level
(NOAEL) for in vivo and the no-observed-effect-concentration (NOEC) for in vitro studies. The
correlation of the NOAEL/NOEC values with the nanomaterial properties and the investigated
endpoints has been tested in projects such as the OECD-AOP project, where the available data for
inflammatory responses have been analysed. In addition, special attention was paid to titanium
dioxide particles and this example is used to show with searches for in vitro and in vivo experiments
on possible lung toxicity what a typical result of a database query can look like. In this review, an
emerging database is described that contains valuable information for nanomaterial hazard estimation
and should aid in the progress of nanosafety research.

Keywords: nanomaterials; hazard assessment; database; lung toxicity; titanium dioxide; study
quality

1. Introduction

The technical and chemical developments in nanotechnology have clearly demon-
strated that the schedule from invention to market release has become much shorter
compared to the last century. Additionally, the protection of the environment and human
health against toxic chemicals or materials and regulatory demands have also been inten-
sified. The combination of these two areas has conflict potential, thus, information about
new technological developments is needed to establish a comprehensive risk assessment
for new chemicals and innovative materials [1,2]. To support research and development
activities in industry and science institutes, many funding programs support the accom-
panying risk research. In the case of nanotechnology, national and international action
plans coordinate the funding of research on hazard and exposure of nanomaterials, e.g.,
the Nano Safety Cluster of the European Commission (https://www.nanosafetycluster.eu/,
last access 8 December 2021). These activities have led to an enormous increase in pub-
lished studies since the 2000s, as can be seen in Figure 1. In the PubMed literature database,
there exists more than 40,000 published studies on a huge variety of nanomaterials inves-
tigated in different biological models, such as animals, cell and tissue cultures or plants.
Keeping track of this tremendous number of published data is very difficult, both for sci-
entists but even more for representatives of the industry or regulatory authorities [3]. In
addition to the sheer number of publications, the quality issue is of great importance [4].
Not all published data are produced under good laboratory practice, or even under good
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scientific practice conditions. Many labs do not use standard operating procedures (SOPs)
or harmonized protocols for toxicological studies, although many projects funded in Eu-
rope for example produced such standardized methods and published the protocols on
different websites (e.g., the national DaNa project https://nanopartikel.info/en/knowledge/
operating-instructions accessed on 8 December 2021 and the European PATROLS-GRACIOUS
project consortium—https://www.nanosafetycluster.eu/joint-patrols-gracious-nanosafety-
cluster-event-on-harmonization-of-standard-operating-procedures-sops/ accessed on 8
December 2021).

Figure 1. Publications per year found with a specific search profile in PubMed for the topic “Nan-
otoxicology”. The bar for the year 2021 represents all publications until the 4th of November of
this year.

The constant growth of data and the diversity in quality requires a way to use the
existing knowledge effectively and properly. Therefore, several projects and activities
in recent years have established many databases on nanomaterials with different con-
tents (Table 1). It has already been discussed in detail that it is not easy to decide which
database fits best to the needs of a specific user [5]. Besides the fact that most databases
contain information about products containing nanomaterials or show relationships be-
tween nanomaterial properties and possible applications, good toxicological data are often
missing. Only three of the databases available online contain toxicological data, these are
eNanoMapper, NanoE-Tox and NBIK. Whereas NBIK is exclusively contains data from
zebrafish embryo exposure experiments [6], NanoE-Tox contains ecotoxicological data on
a huge variety of animal and plant species [7]. eNanoMapper delivers further additional
toxicological relevant data an many species and information about ontology and material
characteristics [8]. The two databases on ecotoxicological data are very special on the one
hand but, on the other hand will no longer be updated. The only living database with
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toxicological relevant data is eNanoMapper but it is relatively complex and can mainly
only be used by experts. Furthermore, there are no comparative values as result of a query,
that could indicate whether a nanomaterial poses a hazard or not.

The data collection which will be used for the establishing of the database has been
generated in several phases. The first phase reflects the literature between 2000 and 2013.
During this phase the focus was on all materials without exception and some of the results
have already been published [10]. In the year 2019 in a second phase the search was
extended for the years 2014 to 2018. From the literature found in the second phase, only
material specific evaluation has been carried out until now. Thus, the data presented here
mainly concern the first phase if not mentioned otherwise.

Table 1. Popular databases of nanomaterials (all the web links were accessed on 8 December 2021).

Databases Website Remark

caNanoLab https://cananolab.nci.nih.gov/ Nanotechnology in biomedical research on cancer

eNanoMapper https://data.enanomapper.net/ Ontology and safety assessment of nanomaterials

NR https://nanomaterialregistry.net/ Physicochemical properties of selected nanomaterials

NanoData https://nanodata.echa.europa.eu/ Nanotechnology in products in 8 different sectors

Nanodatabase https://nanodb.dk/en/ Nanomaterials in products

NanoE-Tox
http://www.beilstein-journals.org/bjnano/
content/supplementary/2190-4286-6-183-
S2.xls

Ecotoxicological data available as an excel sheet which
will not be updated anymore

NanoNature https://nano.nature.com/ Literature database on nanomaterials; will be retired in
June 2022

Nanowatch
https://www.bund.net/themen/chemie/
nanotechnologie/nanoprodukte-im-alltag/
nanoproduktdatenbank/

Commercially available products containing
nanomaterials; available in German only

Nanowerk https://www.nanowerk.com/ Database on suppliers of commercially available
nanomaterials

NBIK http://nbi.oregonstate.edu/
no safe connection on access day

Database on study results of nanomaterial exposure
effects in embryo zebrafish

NECID https://necid.ifa.dguv.de/Login.aspx?
ReturnUrl=%2fUser%2fFirstpage.aspx

Data on occupational nanomaterial exposure during
various exposure scenarios

NIL http://nanoparticlelibrary.net/ Physicochemical characteristics of very specifically
produced nanomaterials

NKB https://ssl.biomax.de/nanocommons/ Nano-safety knowledge infrastructure

PubVINAS http://www.pubvinas.com/
no safe connection on access day Virtual nanostructure simulation tool

PaFTox https://publica.fraunhofer.de/dokumente/
N-277711.html

Data on genotoxicity of nanomaterials; the database is
not available anymore although funded by
government money

StatNano https://statnano.com/ Applications and properties of nanomaterials

All these reasons have forced the consideration of the establishment of a new database,
as the relationship between the material properties and the biological effects that may be
induced can be very informative. To make scientific results especially available for users
outside the scientific community without excluding scientists, the CoCoN® database is
to be created based on the “Collection of Controlled Nanosafety Data”. Searching for
toxicological data related to the properties of specific nanomaterials should be possible
and the result would ideally have to be a comparable value that has good validity for
different biological models. One such value could be the NOAEL in animal studies and
the NOEC in cell or tissue culture experiments [9]. During the last 8 years, a very large
data collection has been developing, containing several thousands of datasets on many
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different nanomaterials, tested in various biological models for their toxicological potential.
This data collection is the basis for the programming of the CoCoN® database, which
aims to deliver a material property-related outcome. The CoCoN® database, which is
an active development, will deliver quality-assessed data on a huge variety of biological
endpoints affected by nanomaterials which will be taken from the available published
literature. This paper describes the idea behind CoCoN® and provides use case examples.
The database should help to develop a better understanding of the material property to
hazard relationship and its query tools may produce new knowledge for predicting the
toxic potential of advanced materials.

2. Materials and Methods

2.1. Literature Search and Study Selection

In the first phase, the literature was taken only from the PubMed database and
imported into an Endnote Library. The search profile is shown in Table 2. The number of
found citations with this search profile per year can be seen in Figure 1. For the first phase
it sums up to 11,058 and for the second phase to 24,303 publications.

Table 2. Search profile in Endnote for PubMed database for publications on nanotoxicological studies.

Field
Delimiter

Where How What

All Fields Contains nanotox *
Or All Fields Contains fulleren * AND toxic *
Or All Fields Contains carbo nanotube * AND toxic *
Or All Fields Contains bucky ball * AND toxic
Or All Fields Contains nanotube * AND toxic
Or All Fields Contains nanoparticle * AND toxic *
Or All Fields Contains nanomat * AND toxic *
Or All Fields Contains Nano * AND toxic
Or Year Contains 2021 1

1 for 2021 5515 records have been found on the 11th of November. *: wildcard for the search words.

As mentioned above in the first phase all investigated nanomaterials have been
recorded. The number of studies was reduced by a defined selection process focused
on toxicological investigations on nanomaterials. The exclusion criteria were defined
as follows:

• The study deals with medical treatment or therapeutic application of the nanomaterial
only, e.g., drug delivery or therapeutic application via injection.

• No real toxicological experiments have been shown; this is the case if a material- or
engineering-oriented publication uses the buzz word “toxicity” or similar within the
introduction or discussion, which led to the inclusion of the publication at the beginning.

• Neither animal studies nor cell- or tissue culture experiments have been described,
which excludes reviews as well.

• The content deals exclusively with environmental issues, e.g., air pollution with diesel
exhaust particles or ultrafine dust, or describes solely ecotoxicological topics such
as plant research or distribution in environmental compartments such as water, soil
or air.

• The publication is not available as pdf file and/or not written in English or
German language.

Based on this selection process the number of studies was reduced from 11,058 to 6626
for the first project phase [11]. To better handle the huge number of citations the excluded
non-relevant publications have been removed from the library.

In the second phase more than 24,000 publications have been found with the same
search profile and included into a second Endnote library. The number of publications
of the second phase has not been reduced with the same selection process as described
above. Until now only a rough selection (e.g., wrong language, etc.) has been carried out
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and the number of citations in this library is actually 19,732. These newer studies are the
basis for specific searches on defined materials such as silica, graphene, or titanium dioxide.
As the second library is not at the same stage as the first one, the following examples and
results concentrate only on publications from the first phase but represent examples for the
CoCoN® database as it is planned to be established.

2.2. Data Extraction and Collection

The publications from the first phase have been implemented into a huge table with
four different sections. The first section contains bibliographic data such as author names,
publication year, and the digital object identifier (DOI) as a specific identifier. Moreover,
information about the study type (in vitro or in vivo), the intended application of the
nanomaterial (food sector, cosmetics, technical applications, etc.), and a first indication
of whether this study is toxicology oriented or more of a mechanistic study is collected
here. The second part presents all the available information about the used material. Name,
size of primary particles, source, shape, surface charge and specific surface area, crystal
phase, coatings, aggregation or agglomerations state, the used concentrations within the
experiments and some more information are given in this section. Within the third part, the
information about the biological model is presented. Animal species for in vivo studies or
cell type for in vitro studies, the type of culture, the treatment design with information on
duration, repeats, exposure pathways, dose concentrations and OECD guideline number, if
available, and more. All these data are included as the authors have mentioned them in
the publication. Following this fundamental information about the respective study, the
biological endpoints are then recorded with their associated assays.

Each publication may result in several datasets within this table because each inves-
tigated material examined, and even each variation of it, e.g., different sizes or different
coatings, are recorded as a separate dataset. It may happen that one publication generates
a huge number of datasets when many materials have been tested in a large number of cell
cultures (e.g., [12]; with more than 200 datasets) but on average there are 2 to 4 datasets
per publication.

2.3. Quality Evaluation—Scoring

During the collection of the data, (readout) the quality of the study was evaluated.
During the first phase of the project, a rough estimation was made about the quality
just by looking for the obligatory characterization of the nanomaterial and the minimum
information about the biological model. Later, after several national and international
projects established criteria catalogues for the data quality of published studies (litera-
ture criteria catalogue from the German DaNa-project: https://nanopartikel.info/en/
knowledge/literature-criteria-checklist/ accessed on 8 December 2021 [13]; the European
GuideNano project established an Excel-Sheet for the quantitative evaluation of studies on
nanomaterials [14]; the ToxRTool, established by a European project to refine the Klimisch
scores for toxicological studies [15]). The studies were also evaluated for quality when the
datasets were implemented into the existing table, which led to a disappointing outcome,
in that more than 70% of the toxicological and mechanistical studies on nanomaterials were
not reliable [16]. Taken together, the most important criteria from the different criteria
catalogues and tools for the CoCoN® database a variation of the GuideNano-evaluation
scheme have been used to automatically generate a quality score which is attached to the
publication for the traceability of the process. The quality evaluation was performed in
four different sections and for each tox category (in vivo, in vitro, and ecotox) there was a
value calculated separately in combination with the material characterization. The rating
can take the following values (Figure 2), where 0 and 0.5 are low quality studies, 0.8 are
good studies and 1 is the value for very reliable studies.

The score is an important value which is included in the table (and later in the estab-
lished database as well). This gives the user of such a database the chance to select “all”
available data or “only the good” studies for their queries.
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Figure 2. A scheme of the four sections for which quality scores are generated. Each tox-section
calculated together with the material characterisation reveals a quality score for the specific kind
of study.

2.4. NOAEL/NOEC—Readout from Published Studies

The heart of the database and thus also the most important result is the possibility to
readout a real comparative value between the studies. For toxicological assessments, the
dose or concentration at which a biological effect is just not triggered is of importance. This
no-observed adverse-effect-level (NOAEL—in vivo) or no-observed-effect-concentration
(NOEC—in vitro) is included from each study for the observed biological effect or key
event which is described by the authors. One difficulty for the readout of this value from
published data is the fact that not all studies cover the concentration or dose range to
directly determine the NOAEL/NOEC. As shown in Figure 3, there exist mainly three
variations. In the best case, the concentration range is chosen correctly by the authors and
the NOAEL/NOEC can be read off from the data directly (Figure 3a). The second case
is that an effect was observed even at the lowest concentration used in the experiment.
In this situation, the NOAEL/NOEC is lower than the lowest concentration, which in
this case represents the lowest-observed-adverse-effect-level (LOAEL) or lowest-observed-
effect-concentration (LOEC). In such a case the value in the table is given with “<” to
demonstrate that there might be a concentration less than the number extracted from the
publication (Figure 3b). The last case consists of the fact that none of the used concentrations
changes the studied biological activity, that is, not even the highest one. Thus, the highest
concentration used is the upper-no-observed-adverse-effect-level (UNOAEL) or upper-no-
observed-effect-concentration (UNOEC), which means that there is no toxic effect at all
(Figure 3c). To show this in the table, the respective value is preceded by the character “>”.
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(a) (b) (c) 

Figure 3. An explanation of how the NOAEL/NOEC were readout from the data presented within the
published studies. The three examples shown here are based on real data taken from publications but
reproduced without any relation to the materials and the publications, as these are just to demonstrate
the process. All three examples are in vitro studies and measured cell viability or cytotoxicity. On
the left (a) the NOEC can be determined directly from the graph as 25 μg/mL. In the middle (b) the
lowest concentration used is still affecting the cells, thus it represents the LOEC. On the right (c) even
the highest concentration does not induce any toxic effect on the cells and the value of 100 μg/mL is
the UNOEC.

During the extraction of the data from the publications, a major hurdle to the usability
of the data became apparent, namely the information on the dose or concentration units
used. These are generally not standardized in the studies and therefore differ greatly
Table 3). Moreover, the exposure pathway is different too, especially for the exposure
pathway via the air, as there exists a huge variety of application methods. In addition to
inhalation (nose-only or whole-body exposure) and instillation (intranasal, intratracheal, or
oropharyngeal), the authors of the studies have used aspiration (pharyngeal or oropharyn-
geal), and intrapulmonary spraying. Wherever possible, units have been recalculated to
finally result in a greater number of matching dose units.

Table 3. Quantities in the dosing of nanomaterials in the in vitro and in vivo experiments as given by
the authors.

Given Concentration Units for
In Vitro Studies

Given Dose Units for
In Vivo Studies

μg/mL oral exposure inhalation/instillation
μg/cm2 μg/animal μg/m3

cm2/mL μg/kg BW and mg/m3

m2/cm2 mg/kg BW cm2/m3

mM/μM/nM dermal or intradermal /cm3

ppm μg/μL or mL μg/animal
/mL g or mg/ear μg/g lung tissue
/cm2 mg/animal μg/lung
/cell mg/kg

3. Results

Currently, more than 1500 studies of the first phase have been evaluated and included
in the data collection, which represent more than 4000 datasets. Additionally, more than
2000 studies from the second phase have been evaluated for specific materials and 888
have been included in the data collection, representing 1318 datasets for these specific
nanomaterials chosen. During the next phase of programming the new CoCoN® database,
more studies will be included taken from the pre-evaluated selection of both phases. In
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the following, only evaluations of studies from the first phase are presented, as they were
evaluated with the same approach and provide a consistent picture.

3.1. Key Figures of the Data Collection

The more than 4000 datasets of the first phase regarding the literature between 2000
and 2013 show results for more than 100 different nanomaterials which have been inves-
tigated. To really put this number in perspective, it is important to know that for this
calculation, e.g., all multi-walled carbon nanotubes are taken as “One” material. The same
applies for graphene, titanium dioxide, silica, and all other materials. Discriminating
between different crystallinities, fiber lengths, oxidation states and other properties of the
nanomaterials would result in a much larger number of materials. Additionally, more than
150 different coatings have been found, but most of them have been used only once or less
than five times. A comparable high number of cell cultures have been used for the in vitro
studies, as around 260 different cell lines are treated with nanomaterials. The variability is
much less for animal studies, where mainly rats, mice, fishes, nematodes, daphnia, mussels,
or drosophila have been investigated. The biological endpoints, which are described within
the studies, sum up currently to 107 in the table with the results, but are still increasing.
For the future database, some of the endpoints will have more than one choice concerning
gene expression, for example, other omics technologies which result in several alterations
of genes or proteins, which are probably up or down regulated. At the end of the table a
selection can be made during input of data which pathways of toxicity may be involved
and which adverse outcome pathway could be the result of the biological effects in the
investigated system. The input is mainly based on the statements of the authors. If there
is no clear statement or another possibility to derive this information from the data, then
these fields are left blank.

Not all the information provided by the authors is unambiguous. The most obvious
indication with high potential for misunderstandings is to present the applied amount
of nanomaterial to cell cultures in molarities. It is very difficult to re-calculate the given
concentration to μg/mL or similar for TiO2 nanoparticles [17,18] but the question remains
as to how to re-calculate the molarity of multi-walled carbon nanotubes into a comparable
dimension [19]. Such concentration units are not meaningful and are irrelevant to hazard
or risk assessment. Perhaps these papers should be rejected during the review process
because the most important part of the experiments is not comprehensible. In addition,
the concentration data in μg/mL for in vitro experiments are not always unambiguous
and traceable. Without the knowledge of which Petri dishes or multi-well plates have
been used, how much volume has been applied per dish, and how many cells have been
plated into these dishes, the exact design of the experiment cannot be reproduced. Without
the above-mentioned details, the real concentrations the cells are treated with may vary
by more than 100%. Such details become obvious when the studies are re-evaluated and
analyzed during data extraction for the database.

3.2. Readout Results from the Data Collection

A first look at the distribution of the studies in relation to the endpoints gives a clear
picture of the focus of the studies. Specifically, the in vitro studies have clear priorities in
the effects studied (Figure 4). The overall data collection has been the basis for several
projects and activities in recent years. Therefore, an excerpt will be given here concerning
which possibilities exist to be able to use the data of the collection.

164



Nanomaterials 2022, 12, 441

Figure 4. Word Cloud results after computing of all in vitro experiments within the data collection.
Letter sizes are directly proportional to the number of data sets for the respective analyzed endpoint.

3.2.1. OECD-Project on Adverse Outcome Pathways for Nanomaterial Risk Assessment

Besides the already published data [10,16,20], one of the first intense queries has been
made for the international OECD WPMN Pilot Project on Advancing Adverse Outcome
Pathway (AOP) Development for Nanomaterial Risk Assessment and Categorization [11].
To follow the selection process for such specific queries, the PRISMA system has been
applied [21]. From the 6626 Studies at the end, 191 were selected for the adverse outcome
“inflammation”, which resulted in 447 datasets. The main goal of this activity was de-
veloping criteria and methods to identify and prioritize potential key events (KEs) from
the nanotoxicity literature, which may be inflammation-associated. Within this subset
of data around 60 different endpoints have been reported for 45 different nanomaterials
and the KEs have been prioritized for their contribution to the inflammation process [11].
Additionally, for a selection of seven nanomaterials specific criteria have been discussed.
Which endpoints are relevant for this AOP and if these are induced or not have been some
of the key questions. The results on these questions have been published in 2020 [22].
Moreover, the relationship between the literature data extracted from the data collection
and the possibility to assess the nanomaterials toxicity via non-animal strategies is another
idea to use these datasets [23]. There exists another example in using data from dossiers
to assess possible toxic activities of chemicals with the tools of machine learning and data
mining. The group of Thomas Hartung at the Johns Hopkins University in Baltimore
evaluated ECHA-dossiers, extracted the toxicity data, and calculated based on structure
similarities the possible toxic potential of new chemicals and outperformed by this process
the results of animal testing [24].

3.2.2. Evaluation of Titanium Dioxide Lung Toxicity

Another example at this point concerns the evaluation of data on titanium dioxide.
This material, which has been on the market for more than five decades, has repeatedly
been the subject of discussion, especially since it has also been used as a nanomaterial
directly in cosmetics and food. To specifically compare in vitro and in vivo results in this
chapter, some possibilities will be demonstrated concerning how the display of the results
of a query with appropriate filters could be presented.

The filter for the in vitro data was as follows:

• Material = titanium dioxide;
• Type of study = in vitro studies;
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• Cell type = mammalian lung cells (exclusively macrophages or immune cells);
• Concentration units = μg/mL (or μg/cm2, if recalculation is possible);
• Biological endpoints = acute cytotoxicity, formation of reactive oxygen species (ROS),

cytokine production;

The filter for the in vivo data was as follows:

• Material = titanium dioxide;
• Type of study = in vivo studies;
• Species = rats or mice;
• Exposure = inhalation (mg/m3) or;
• Exposure = instillation or aspiration (μg/kg or μg/animal);
• Biological endpoint = immune cell migration (neutrophil or macrophage influx).

The query for the in vitro studies revealed 56, 51, and 32 datasets for the three different
endpoints: cytotoxicity, ROS formation and cytokine production, respectively. The database
offers the possibility to distinguish between different size groups of the investigated
nanomaterials. In this case, the primary particle sizes of the applied titanium dioxide
variants were assigned to the following five size groups:

0–10 nm
11–20 nm
21–50 nm
51–100 nm
101–500 nm
The data are shown in Figure 5 and demonstrate a typical result for a corresponding

query from the data collection. Although the number of data points for cytokine production
is relatively low, all three endpoints tell the same story: in most cases, an effect is triggered
only at very high doses. This is particularly well illustrated if the work of Klaus Wittmaack
is taken into account [25,26], who was able to show impressively that at concentrations
higher than 27 μg/mL of titanium dioxide the cells in the Petri dish are “buried” under
a layer of sediment particles, which prevents the normal supply of nutrients and oxygen
to the cells. This is what the author calls the “landslide effect”, as the cells under such a
layer of solid material will show signs of deficiency and start to die after some period of
treatment. Nevertheless, most cell lines are robust and survive for the first 24 h, as can be
seen by most data points beyond this limit shown in Figure 5A–C. Therefore, the statement
from the in vitro studies is that titanium dioxide is not critical to lung cells and belongs to
the nanomaterials of low toxicity.

 

(A)

Figure 5. Cont.
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(B) 

 

(C) 

⎯ ⎯

Figure 5. NOEC for titanium dioxide treatment of mammalian lung cells. Shown are 56 datapoints
for cytotoxicity (A), 51 datapoints for ROS formation (B) and 32 for cytokine production as extracted
from the data collection with the specific filter given in the text. Abscissa gives the concentrations at
which no effect could be observed in μg/mL (NOEC). The ordinate shows the result for five (A,B) or
four different size groups (C) of the primary particle sizes as given by the authors. Often, multiple
data points overlie each other. The red open circles represent the calculated mean for each size class.
No data available for the size class 100–500 (C) The dash-dotted-vertical line (— •• —) represents the
limit for the “landslide” situation above 27 μg/mL (explanation see text).

The query for the in vivo studies revealed 25 datasets, 17 for instillation or aspiration
and 8 for inhalation experiments from 14 studies in total. Ten Studies have been published
in this period between 2000 and 2013 on the exposure pathway instillation or aspiration.
The applied doses spread over a wide range from 400 to 5000 μg/kg for rats and 100 to
30,000 μg/kg for mice. The method of exposure via instillation or aspiration is paralleled
by a very fast dose rate [27] and thus, it can be expected that the material provokes in
most of the treatments a transient inflammatory response because of the delivery of a high
amount of particles in a very short time. This usually manifests in immune cell migration
into the lung and cytokine production by these cells. Two studies which have been carried
out with mice used overload concentrations (≥500 μg/mouse lung), whereas no overload
conditions have been applied in the experiments with rats. The results in detail can be
looked up in the Supplementary Materials (Tables S1 and S2), but here the most important
facts will be listed:
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• The overall number of studies with a comparable experimental study design is low;
most toxicological studies do not yet use standardised protocols, e.g., OECD testing
guidelines as suggested recently [28].

• The variety of investigated titanium dioxide is high; in this period, not even two
studies used the same material.

• In rats, NOAEL range from 200 μg/kg to 5000 μg/kg, which might represent the huge
variety in the materials.

• Some studies found a response for the only investigated dose; in many cases the
observation time was only 1 d and in this treatment period the influx of neutrophils
can be expected after exposure with dust particles as a “normal defence response”.

• For mice, the NOAEL is between 30 μg/animal to 500 μg/animal, which represents
the overload dose.

• In mice and rats, the inflammatory response is strongly dependent on the material tested.
• For the more realistic inhalation studies, 7 datasets out of 8 do not describe any cell

migration into the lungs; the only study which found an inflammatory response used
100 mg/m3, 6 h per day for 5 days for the inhalation exposure.

There are some more animal studies in the first phase of this data collection regarding
lung exposure with TiO2, but these described other endpoints or used slightly different
material shapes (e.g., rods or short fibres). A total of 29 publications deal with instilla-
tion/aspiration experiments and 26 publications are on inhalation experiments (reference
list is given in the Supplementary Materials). Nevertheless, it is very interesting to evaluate
these data and consider the authors’ assessment when it comes to the overall impression
of the effect of TiO2. Based on the described effects, a categorization was attempted to
evaluate the effects in terms of an adverse outcome. The following five categories were
defined, and the results are shown in Figure 6:

1. Overload: this reflects the situation that for mice a higher dose than 500 μg/lung and
for rats more than 2500 μg/lung were applied.

2. No effect: describes the situation that even the highest dose used for the experiments
did not induced any adverse effect in the animals during the observation time.

3. GBP-like: the behaviour as a granular biopersistent particle (GBP) is described to
induce a transient inflammatory response, which usually subsides after about 7 days
and the animal recovers completely without permanent sequelae.

4. Quartz-like: the relationship to quartz describes a more intense inflammation accom-
panied by oxidative stress, a formation of granuloma with signs of fibrosis.

5. Asbestos-like: the effects which indicate quartz-like mechanisms and additionally
genotoxicity and the induction of a higher tumour incidence.

Figure 6. The attempt to categorize the effects of TiO2 in lung exposure studies. The distribution
of the datasets from the data collection over the five different categories is shown. Black bars show
instillation experiments and grey bars the data for inhalation studies. For definition of the categories
see text.
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The use of the data collection enables clear presentations of the results as shown above.
The example of titanium dioxide and its effects to lungs and lung cells makes it clear
that the relatively large number of data sets allows a good statement to be made about
the effects of a specific material. Significant is the value for the NOAEL/NOEC which
allows considerations for the classification in the Globally Harmonised System for Hazard
Classification. A complete list of the references for all studies, for the in vitro as well as the
in vivo studies, are given within the Supplementary Materials.

4. Discussion

The tremendous development in the number of publications overall, but also for
nanotoxicological topics, gives rise to considerations on how this flood of data could
be harnessed. Moreover, the ongoing discussion on the safety of nanomaterials and
innovative materials is often driven by single investigative studies with questionable
toxicological backgrounds [29]. Based on these facts, there exists several activities in
establishing databases for a variety of applications and different user groups (compare
Table 1). Keeping in mind the registration of new products and materials during the
REACH process (Registration, Evaluation, Authorisation and Restriction of Chemicals) it is
of utmost importance that industry on the one hand and the registration authorities on the
other have access to already prepared data [3]. This was the reason to establish the data
collection under the aspect that a quick access can take place and important information
can be queried in simple representation. So far, the existing tables containing most of the
datasets is much too complex for such queries by clients themselves. Thus, the idea was
born to transfer the datasets to a database in order to fulfil the criteria of easy access for
clients and present an informative representation of the results.

In order to keep the complexity of the data in the database in check, certain details of
the studies are not recorded (e.g., the in-depth details of the methods used in the studies),
but the emphasis is on the information which is of great importance (e.g., the test design
such as treatment of animals, duration, repeats, etc.). The scheme of the data collection
follows the already published workflow for “nanodata” curation (Figure 7) as described a
few years ago [30]. The existing data collection cannot and does not claim to be complete
but gives an impression of the existing knowledge in its entirety. As soon as the database
has been established and data entry has been simplified, the information from the clients
should also be taken up (feedback system) when it comes to updating the content of the
database and incorporating new studies.

Figure 7. The workflow during data collection and implementation into the CoCoN® database.
Steps 4 and 8 in this process were cancelled as it takes too much time to contact the authors to
complete their data for so many publications. Figure 7 was adapted from [30] (“Nanocuration
workflows: Establishing best practices for identifying, inputting, and sharing data to inform decisions
on nanomaterials”, ©2015 C. M. Powers et al., distributed under the terms of the Creative Commons
Attribution 2.0 International License, https://creativecommons.org/licenses/by/2.0).
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For the incorporation of new study results into CoCoN® in the future, it is of utmost
importance that toxicological publications respect the FAIR principles. This would make
the data needed for the database input findable, accessible, interoperable, and reusable [31].
The introduction of electronic lab books and accompanying Supplementary Materials with
publications in the form of toxicological dossiers with the most important information
about the material, the biological model and test design would make it additionally much
easier to implement such data into databases [32,33]. It was impressively demonstrated
that the data from machine-readable REACH dossiers with the aid of machine learning
processes provided a better estimate of the toxicological potential of chemicals than the
corresponding animal tests [24]. This example illustrates the opportunity that lies in digi-
tizing existing data. Of course, this will not replace all cell culture or animal experiments,
but the evaluation and calculation based on the existing studies will help to significantly
advance read-across [34,35] and other possibilities for risk assessment, following the 3R
principles [36]. However, some efforts are still needed to achieve this goal, particularly
as the range of variation in the studies on nanotoxicology published to date is very large.
Test models, test design, materials used, and the exposure conditions mean that hardly
any study is comparable to another, making it difficult to combine the results. In addition,
studies often described as toxicological studies do not follow the principles of toxicology
as demanded a long time ago [37]. This includes missing concentration dependencies or
dose–response relationships, as well as the complete lack of standardized procedures [28].
Thus, mechanistic studies are very often overlooked in the literature as toxicological ones,
which leads to a misjudgement from a toxicological point of view. This explains why the
assessment of a substance could be understood based exclusively on high-dose experiments
or, in the case of nanomaterials, so-called “overload conditions”.

In addition to these very conspicuous errors, however, there are other, less easily
recognizable flaws that lead to the disqualification of published studies [38]. Very often, for
example, the analysis of the properties of the nanomaterials used for the investigations is
weak, right down to the size information, which can also be missing. However, without
a reference of the results to the properties of the material, a study is of little value from a
toxicologist point of view. Therefore, it is of importance to also look at and evaluate the
quality of the studies when collecting data for a data base.

There exist many suggestions on how to increase the quality of studies, and the most
important prerequisites for good quality papers on the toxicology of nanomaterials are
listed here and have been published elsewhere [4,14,39–41]:

1. A rigorous and adequate physicochemical characterization of the test materials
is needed;

2. Adequate particle controls must be included;
3. Possible contaminations, such as endotoxins, should be analysed;
4. Interferences of the tested material with the assay should be investigated;
5. High-dose experiments designed to produce toxicological effects—which are publish-

able (and sensational)—should be avoided
6. As far as possible, standardized protocols should be used to better compare results

These and more recommendations are also called for by project consortia and experts in
the field. To face the problems of costly development of products and the pace regulators are
confronted with, new approach methodologies are a possible solution for the improvement
of risk assessment [1–3,42]. Additionally, here the implementation of searchable databases
plays a central role. Such databases, as the herewith introduced CoCoN® database, can
provide answers to classify the biological effect of a material, but also allow read-across
or grouping. As shown above for the example material titanium dioxide, the data can be
filtered for a specific material, specific cell types and special biological endpoints. Figure 5
demonstrates clearly that the majority of datapoints show low toxicity and the mean value
of the individual size classes is well above the maximum reasonable concentration of
27 μg/mL, as given by Wittmaack [25].
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The presented results of the selected in vivo studies from 2000 up to 2013
(Tables S1 and S2) show typical characteristics for lung exposure experiments. First, the
study design of instillation or aspiration induced a high dose rate, which usually induces
an inflammatory response to particle exposure, which decreases during the first week after
treatment [27]. This response is not observed within inhalation experiments that reflect
more realistic dose rates, except for only one dataset (#1, Table S2). Here, an extremely
high dose of 100 mg/m3 for 6 h per day and 5 consecutive exposure days was used for this
study. Secondly, many of the investigated materials are self-made materials or materials
not allowed to be used on the market. Thirdly, the collection of in vivo data also shows
the weaknesses of some studies which even do not announce the doses applied for the
experiments shown in the figures of the publication (datasets 10 and 11, Table S1, taken
from [43]).

Nevertheless, the following period from 2013 to now is of importance as well, and
these studies are under evaluation. It should soon be possible to compare the data from
the first phase with those from more actual studies and to draw further conclusions on the
biological effects of titanium dioxide and other materials.

5. Conclusions

Safety concerns in the use of nanomaterials must be considered and their potential
risks to human health as well as their undesirable effects on the environment should
be avoided. To assess such risks, the totality of published data is a good source, but a
compilation of all existing data is lacking. Therefore, the CoCoN® database is an attempt to
process the already existing but very complex data collection in such a way that an easy
and user-friendly retrieval of the study results is possible. This allows users of the database
to enter their own queries and search for results for specific materials. This will allow the
assessment of a potential hazard for nanomaterials or innovative materials and make the
regulatory processes smoother and faster. Moreover, producers of new materials may get a
first picture of the biological effects of their material and can assess how useful the further
development of new material will be for specific applications. In the best case, the use of
the metadata from the database can enable a cross-comparison of important details, both
in terms of material properties and hazard potentials [44]. Scientists can use the data to
make comparisons with their own work or between different materials, which may support
grouping and read-across. Regulators can draw conclusions about material safety from
their queries and manufacturers can identify and close existing knowledge gaps at an early
stage of product development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12030441/s1, Table S1: Read out from the tabular form of the data collection on the
effects of TiO2 after lung exposure by instillation or aspiration, Table S2: Read out from the tabular
form of the data collection on the endpoint “inflammation/cell migration” induced by TiO2 after
lung exposure via inhalation. Full reference lists for the in vitro data used for Figure 5A–C and full
reference list for the in vivo data used for Figure 6.
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Abstract: Increased engineered nanomaterial (ENM) production and incorporation in consumer and
biomedical products has raised concerns about the potential adverse effects. The DNA damaging
capacity is of particular importance since damaged genetic material can lead to carcinogenesis.
Consequently, reliable and robust in vitro studies assessing ENM genotoxicity are of great value. We
utilized two complementary assays based on different measurement principles: (1) comet assay and
(2) FADU (fluorimetric detection of alkaline DNA unwinding) assay. Assessing cell viability ruled
out false-positive results due to DNA fragmentation during cell death. Potential structure–activity
relationships of 10 ENMs were investigated: three silica nanoparticles (SiO2-NP) with varying degrees
of porosity, titanium dioxide (TiO2-NP), polystyrene (PS-NP), zinc oxide (ZnO-NP), gold (Au-NP),
graphene oxide (GO) and two multi-walled carbon nanotubes (MWNT). SiO2-NPs, TiO2-NP and GO
were neither cytotoxic nor genotoxic to Jurkat E6-I cells. Quantitative interference corrections derived
from GO results can make the FADU assay a promising screening tool for a variety of ENMs. MWNT
merely induced cytotoxicity, while dose- and time-dependent cytotoxicity of PS-NP was accompanied
by DNA fragmentation. Hence, PS-NP served to benchmark threshold levels of cytotoxicity at which
DNA fragmentation was expected. Considering all controls revealed the true genotoxicity for Au-NP
and ZnO-NP at early time points.

Keywords: comet assay; FADU assay; engineered nanomaterials; DNA strand breaks; genotoxicity;
ENM interference

1. Introduction

Due to their novel and unique physico-chemical properties, engineered nanomate-
rials (ENMs) are remarkable for their rapid technological development accompanied by
increasing production in the last two decades. Because of their small size, particulate
shape, increased surface area and surface reactivity, some of these new nanosized materials
might cause different biological effects compared to the bulk, composite or ionic form.
Nevertheless, many ENMs find application in diverse areas, such as energy, information
technology, electronics, cosmetics and healthcare, e.g., as diagnostics or therapeutics (for
an overview see [1] and references therein). Despite the undeniable benefits of ENMs
for many applications, there is a growing concern that these novel properties may cause
harm to human beings and the environment [1–6]. The conflictive literature on ENM
toxicity impedes their evaluation by regulatory bodies and hinders the efficient transfer of
nano-based applications into the clinic. For these reasons, the toxicological impact of ENMs
needs to be thoroughly investigated by in vitro and in vivo studies. In particular, the evalu-
ation of ENM genotoxicity in human cells is of great importance since genotoxic insults
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independent of their origin are clearly linked to adverse health effects, most notably to
cancer development [7]. Over the past decades, the literature on ENM-induced genotoxicity
has grown but the results remain inconsistent, inconclusive or even contradictory. Nu-
merous reviews, surveying the literature suggests diverse factors influencing the obtained
results [5,8–12]. Accordingly, contradictory findings of different studies can be explained
by the variability in physico-chemical characteristics of ENMs, for instance in size, shape,
structure and coating and the type of biological model systems used. Furthermore, the
unique characteristics of ENMs increase their likelihood of interference with analytical
methods, detection systems and assay components, which may lead to data artefacts and
inconsistent results of genotoxicological assays [13–15]. In some cases, the variability of
experimental results between different laboratories might originate from the diversity of
methods for handling ENM and the differences in dispersion protocols [16]. The most
important factor, however, is the lack of standardized assay conditions and protocols [17].
Therefore, extensive investigations on ENM genotoxicity with appropriate assay systems
in human cells are still required and significant [5,18].

Genotoxicity is a complex research field comprising not only the detection of specific
DNA lesions (DNA strand breaks, alkali-labile sites [ALS] or chromosomal aberrations to
name only a few) but also including modes of DNA repair. Here, we focus particularly
on the detection of DNA strand breaks as one well-known type of DNA damage. In this
context, two assays shall be highlighted: the comet (or single-cell gel electrophoresis) assay
which is one of the most used assays for the detection of DNA strand breaks and the
FADU (fluorimetric detection of alkaline DNA unwinding) assay as a new emerging semi-
automated technology [19,20]. The comet assay was originally developed in 1984 by Ostling
and Johanson and further modified in 1988 by Singh and colleagues [21,22] and is commonly
used to determine the induction of DNA breakage by genotoxic agents and ionizing
radiation at the level of individual cells. The assay principle is relatively straightforward.
An OECD guideline (TG 489) [23] for an in vivo version exists and detailed publications on
technical aspects for the in vivo and in vitro assay are available [24]. Therefore, this method
has become the most frequently used method for in vitro ENM genotoxicity [25]. However,
the assay itself and the evaluation of the results is quite tedious and time-consuming.
Furthermore, several interlaboratory comparison studies have demonstrated the poor
reproducibility of this assay [26–29]. The FADU assay was first described by Birnboim and
Jevcak in 1981 [30] and is based on the progressive unwinding of DNA under the controlled
conditions of time, temperature and alkaline pH. Besides replication forks and chromosome
ends, DNA strand breaks are the origin of the unwinding process. For the evaluation of
DNA damage, a fluorescent dye intercalating preferentially into double-stranded DNA (e.g.,
SybrGreen®) is used. A decrease in SybrGreen® fluorescence intensity in the cell lysates
indicates an increase in progressive DNA unwinding and, thus, represents a greater number
of DNA strand breaks. The applicability of this method has been demonstrated for the
detection of mutagen-induced DNA strand breaks [20,31], the repair of UV-induced DNA
strand breaks [32], environmental genotoxic effects [33] and ZnO nanoparticles [34]. The
novel semi-automated version of this assay enables the fast assessment of DNA breakage in
a 96-well-plate format and the integration of different control samples for ENM interference
detection. Very recent research has extended its field of application to the detection of
oxidative and methylation-induced DNA damage [19].

The goal of this case study was to assess the potential of a broad range of nanomaterials
to induce DNA strand breaks in vitro in order to provide the first data set on potential
structure–activity relationships (SAR). Physico-chemical properties of interest included
differences in ENM chemistry, size, shape and porosity. Therefore, the following set of
ENM was chosen: two metal oxide nanoparticles, non-soluble and soluble (TiO2-NP and
ZnO-NP) that are produced in high quantities. Three carbon-based materials, i.e., graphene
oxide (GO) as a novel and highly interesting 2-D material, and two different multi-walled
carbon nanotubes (MWNTs) as well-known benchmark materials. A medically relevant
gold NP (Au-NP I) that had been shown to induce DNA strand breaks in a previous
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study [35]. Amine-modified polystyrene NPs (PS-NP) as a known cytotoxic material as
well as three types of silica NPs (SiO2-NPs) of low, middle and high porosity.

Upon ENM exposure, their interaction with cells of the immune system was very
likely [36]. Therefore, we chose the T-lymphocytic cell line Jurkat E6-I as one potential
immune system candidate to make contact with ENMs early on. The sublethal working con-
centrations of all ENM were determined using the MTT viability assay. DNA fragmentation
occurring during cell death is the main cause of false-positive genotoxicity results. There-
fore, ruling out cytotoxicity was indispensable for a reliable interpretation of gentoxicity
data. Furthermore, two complementary assays to assess DNA strand breaks that are based
on different read-out systems were used, namely the well-established comet assay and
the semi-automated FADU assay. Thus, assay intrinsic errors such as ENM interferences
could be detected and potentially even avoided which would increase the reliability and
robustness of the acquired data sets [37]. Consolidating results from both methods finally
facilitated a better fundamental understanding of the DNA-damaging potential of ENM.

2. Materials and Methods

Cell Culture: The Jurkat E6-I lymphoblastoid cell line (ATCC: TIB-152) was pur-
chased from the American Type Culture Collection (Manassas, VA, USA). Cells were
maintained in a complete medium (CM) consisting of RPMI (Roswell Park Memorial Insti-
tute) 1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS, Invitrogen)
and 1% penicillin/streptomycin/neomycin (Gibco) at standard growth conditions of 37 ◦C
and 5% CO2 in a humidified atmosphere. Jurkat E6-I cells were cultured in suspension and
cell titers were not allowed to exceed 3 × 106 cells/mL.

ENM handling and Dilutions: ENMs, delivered as powder, were prepared as 1 mg/mL
stock suspensions either in ddH2O or 160 ppm Pluronic F-127 (Sigma), as summarized
in Table 1. ZnO, TiO2, MWNT A and MWNT C suspensions were ultrasonicated in an
ultrasound bath (Bandelin electronic, Berlin, Germany) for 10 min. GO suspension was
ultrasonicated for 2 min. ENM stock suspensions were serially pre-diluted in the respective
solvent. The same volume from different pre-dilutions and solvents was then used to
prepare the final concentrations in CM. All suspensions were prepared and diluted directly
before application to cells. To reduce formation of aggregates, tubes containing the solvent
were placed on a continuously shaking Vortex® (Witeg, Wertheim am Main, Germany)
as described by Zook and co-workers in 2011 [38]. The stock suspensions or respective
sub-dilutions were added to the shaking solvent in a drop-wise manner. The resulting
suspension remained on the Vortex® for an additional 3 s. Directly before application to
cells, all final suspensions were vortexed again.

Table 1. ENM suspension preparation.

Delivered as Prepared Stock Concentration Solvent Ultrasonication 1

PS-NP 100 mg/mL in ddH2O ddH2O -
TiO2-NP powder 1 mg/mL ddH2O 10 min
ZnO-NP powder 1 mg/mL ddH2O 10 min
Au-NP I 4.7 mg/mL in ddH2O ddH2O -
MWNT A powder 0.5 mg/mL Pluronic F-127 10 min
MWNT C powder 0.5 mg/mL Pluronic F-127 10 min
GO powder 1 mg/mL ddH2O 2 min
SiO2-160 11.2 mg/mL in ddH2O ddH2O -
MS-SiO2-140 4.7 mg/mL in ddH2O ddH2O -
MSHT-SiO2-300 18.6 mg/mL in ddH2O ddH2O -

1 Sonication using an ultrasound bath.

MTT Assay: The cell viability of Jurkat E6-I cells was determined by measuring the
reduction of water-soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, Sigma) to water-insoluble formazan by metabolically active cells. Briefly, 7 × 104
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Jurkat E6-I cells were seeded in 96-well plates in a volume of 50 μL directly before treat-
ment with 50 μL of double-concentrated ENM suspensions. ZnO, TiO2, PS and GO stock
suspensions were serially diluted 1:2 as described above and reached final concentrations
in a medium of 100, 50, 25, 12.5, 6.25, 3.125, 1.56, 0 μg/mL. The MWNTs suspensions were
serially diluted in Pluronic F-127 and reached final assay concentrations in a medium of 50,
25, 12.5, 6.25, 3.125, 1.56, 0.78, 0 μg/mL. “0 μg/mL” samples received the corresponding
amount of the respective solvent. Following incubation for 30 min or 21 h, 10 μL of MTT
solution (5 mg/mL in PBS) were added and cells were incubated for 3 h under standard
growth conditions. Sodium dodecyl sulfate (SDS, Sigma, 200 μM) served as positive control.
After incubation, 100 μL of solubilizing solution (10% SDS in 0.01 M HCl) was added and
the samples were incubated at 37 ◦C overnight. Absorbance was measured at 590 nm and
750 nm as references (Mithras2 LB943, Berthold Technologies, Bad Wildbad, Germany).
Wells without cells were used as blanks and subtracted from the corresponding sample
values. The mean and the corresponding standard deviation of at least three independent
experiments with six technical replicates each are shown.

Comet Assay: The alkaline comet assay was performed as previously described by
Singh and co-workers in 1988 [22] with the following modifications. Jurkat E6-I cells
were seeded in 6-well plates at a density of 5 × 105 cells per well in 1.25 mL CM directly
before ENM application. For treatment, a volume of 1.25 mL double-concentrated ENM
suspension was added to reach the following final concentrations for ZnO, TiO2, amine-
modified PS, GO, SiO2 and Au: 100, 6.25, 3.125, 1.56 μg/mL and 50, 3.125, 1.56, 0.78 μg/mL
for MWNTs. The application of 20 mM EMS (Sigma) 30 min before the end of the incubation
time served as the positive control. Following 3 h or 24 h of incubation, cells were collected
and centrifuged for 6 min at 125× g. The pellets obtained were resuspended in 300 μL
CM. All subsequent steps were identical to the protocol described by May and co-workers
in 2018 [35]. If not otherwise stated, samples were blinded and 100 randomly chosen
comets per sample were analyzed for each experiment. Tail intensities in percentages (=tail
intensity (%)) are expressed as the mean of at least three independent experiments and
their corresponding standard deviations.

FADU Assay: The automated FADU assay was performed according to the protocol
published with minor modifications [20,34]. Directly prior to experimentation 3.6 × 104

Jurkat E6-I cells were seeded into deep-well 96-well plates (Greiner) in a volume of 80 μL
CM. Five-times-concentrated ENM pre-dilutions were prepared in CM. 20 μL of these
suspensions were added to the 80 μL of cells to reach final ENM concentrations of 100, 50,
25, 12.5, 6.25, 3.125, 1.56, 0 μg/mL in a total volume of 100 μL CM. The final concentrations
of MWNTs differed from those of all other ENM and equaled 50, 25, 12.5, 6.25, 3.125,
1.56, 0.78, 0 μg/mL. Etoposide (20 μM, 30 min) served as the chemical positive control.
Untreated samples received CM only. After 3 h and 24 h, DNA strand break analysis
using the AUREA gTOXXs Anlayzer (3T analytik; www.aurea.solutions (accessed on
27 October 2021) was carried out. Fluorescence measurements were performed using a
multi-well plate reader (Mithras2, Berthold Technologies) with an excitation wavelength
of 492 nm and an emission of 530 nm. The overall fluorescence intensity of the p-values
was expressed as the percentage of the fluorescence of the control cells, i.e., cells that
were not been exposed to ENM. A decrease in the fluorescence intensity indicated an
increase in DNA strand breaks. Two different conditions were applied for each sample,
one in which the DNA was not unwound and, therefore, represents the total amount
of double-stranded DNA (T-value), and one in which the DNA was unwound by the
addition of unwinding solution prior to the neutralization solution (p-value). Only for the
assessment of ENM-induced interference were the T-values and p-values used. To take the
potential ENM-derived influence (fluorescence quenching or enhancement) to the resulting
p-values into account, each p-value was expressed as the percentage of its respective T-
value before being normalized to the solvent control as described above. Results processed
like this are declared as “corrected”. In all cases, data shown represent the mean and
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corresponding standard deviation of at least three independent experiments with four
technical replicates each.

Statistical Analysis: Microsoft Excel (2016) was used for figures and statistical calcu-
lations. Statistical differences were assessed by the Student’s t-test. p values ≤ 0.05 were
considered as statistically significant. For FADU and viability (MTT) assessments, an addi-
tional criterion for “biological significance” was used, i.e., only reductions in cell viability
and intact DNA below 80% were considered biologically relevant. Since variability in the
comet assay is known to be high [39], only 2-fold differences compared to the untreated
control were considered relevant.

3. Results

3.1. ENM Characterization

For this study, a panel of ten different ENMs was investigated regarding their ability
to induce DNA damage in Jurkat E6-I cells. The characterization of these materials was
published earlier and is summarized in Tables 2 and 3.

Table 2. Characteristics of cytotoxic ENM.

Description Au-NP MWNT A MWNT C ZnO-NP PS-NP

Source

collaboration
partners of the

CCMX
NanoScreen
consortium a

Bayer Technologies
Service, Baytubes,

Leverkusen,
Germany

Cheap Tubes Inc.,
Grafton, Vermon,

USA

IBUtec, Weimar,
Germany

Bangs
Laboratories, Inc.,
Fishers, IN, USA

Delivered as
suspension

(4.7 mg Au/mL in
ddH2O)

powder powder powder
suspension

(100 mg/mL in
ddH2O)

Manufacturing
process

see Bohmer et al.,
2018

pulsation reactor
technique

Size/Size
distribution
(diameter)

TEM: 3.1 ± 1.3 nm
DLS b: 147 nm

inner diameter:
1–9 nm

outer diameter:
4–24 nm

inner diameter:
2–13 nm

outer diameter:
6–34 nm

TEM:
15.5 ± 3.9 nm

57 nm c

SEM: 51 ± 9 nm
DLS b: 56 nm

Lateral
dimensions

1–5 μm 1–16 μm

Surface area 60 ± 5 m2/g c 99 m2/g c

Density 19.3 g/cm3 d 1.05 g/cm3 c

Zeta potential e 24.5 mV −5 mV in Pluronic
F-127

−15 mV in
Pluronic F-127 −24.3 mV 48.8 mV

Surface
modification

[AL]21[α-gal]23 NH2 (amine)

Publication on
characterization
details

Bohmer et al., 2018
Rademacher et al.,

2013 patent a

Thurnherr et al.,
2009

Thurnherr et al.,
2009

Buerki-Turnherr
et al., 2013 Elliott et al., 2017

a for details see patent US 8,568,781 B2, 2013. b DLS values are given as Z-average from measurements in ddH2O.
c Manufacturer’s information. d Density of Au, ratio of NP core to ligands unknown. e If not otherwise specified
zeta potential was measured in water. abbreviations: DLS: dynamic light scattering; MWNT: multi-walled carbon
nanotubes; NP: nanoparticle; SEM: scanning electron microscopy; TEM: transmission electron microscopy.
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Table 3. Characteristics of cytotoxic ENM.

Description SiO2-160 MS-SiO2-160 MSHT-SiO2-300 TiO2-NP GO

Source

collaboration
partners of the

CCMX
NanoScreen
consortium a

collaboration
partners of the

CCMX
NanoScreen
consortium a

collaboration
partners of the

CCMX
NanoScreen
consortium a

Sigma-Aldrich Cheap Tubes, Inc.

Delivered as
suspension

(11.2 mg/mL in
ddH2O)

suspension
(4.7 mg/mL in

ddH2O)

suspension
(18.6 mg/mL in

ddH2O)
powder powder

Manufacturing
process

Stöber synthesis CTAB-method

CTAB-method
with additional
hydrothermal

treatment

modified
Hummers method

Size/Size
distribution
(diameter)

TEM: 161 ± 15 nm
DLS b: 204 ± 2 nm

TEM: 128 nm
DLS b: 209 nm

TEM: 288 nm
DLS b: 270 nm

<25 nm c

DLS b:
279 ± 51 nm

thickness:
0.7–1.2 nm d

Lateral
dimensions

SEM: 1–40 μm
AFM: 300–800 nm

Surface area 23 m2/g e 1092 m2/g e 462 m2/g e 200–220 m2/g c

Density 3.9 g/cm3 c

Zeta potential f −49 ± 3 mV −35.2 mV −47.7 mV −36.1 ± 1 mV −39.4 ± 1.3 mV

Publication on
characterization
details

Bohmer et al., 2018 unpublished unpublished unpublished Kucki et al., 2016

a Powder Technology Laboratory, EPFL, Lausanne, Switzerland. b DLS values are given as Z-average from
measurements in ddH2O. c Manufacturer’s information. d Corresponds to few- or even single-layer graphene.
e Assessed by N2-BET. f If not otherwise specified zeta potential was measured in water.

3.2. ENM Influence on Cell Viability and DNA Damage

The cell viability of Jurkat E6-I cells was investigated after 3 and 24 h of treatment
with different ENMs by using the MTT assay. Upon viability assessment, and for the ease
of reading, data are grouped throughout the manuscript according to ENM cytotoxicity.
Firstly, results from non-cytotoxic ENMs, including SiO2-160, MS-SiO2-140, MSHT-SiO2-
300, TiO2-NP and GO are presented, followed by results from the cytotoxic panel consisting
of Au-NP I, MWNT A, MWNT C, ZnO-NP and PS-NP.

No decrease in cell viability could be observed after 3 h of incubation with the first
group of ENMs (Figure 1a). The alkaline comet assay revealed the absence of DNA
damage after 3 h of exposure to the same set of ENMs (Figure 1b). Similarly, in the
FADU assay, no significant reduction of intact DNA was observed for the three types of
silica particles (SiO2-160, MS-SiO2-160 and MSHT-SiO2-300) and TiO2-NP (Figure 1c). A
significantly strong dose-dependent decrease in the percentage of intact DNA was detected
for GO, starting at a concentration of 3.13 μg/mL; however, for the highest concentration
of 100 μg/mL, a slight increase was observed (Figure 1c).
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Figure 1. Influence of SiO2-160, MS-SiO2-160, MSHT-SiO2-300, TiO2 and GO on Jurkat E6-I cell

viability and DNA damage induction after 3 h of incubation. Following the incubation of Jurkat
E6-I cells with different concentrations of SiO2-160, MS-SiO2-160, MSHT-SiO2-300, TiO2-NP and GO
for 3 h, cell viability was determined by MTT assay (a). As a positive control, cells were incubated
with 200 μM sodium dodecylsulfate (SDS, 3 h). DNA damage expressed as tail intensity percentage
was assessed by alkaline comet assay (b). Ethyl methanesulfonate (EMS, 30 min) served as the
positive control. The FADU assay was performed as a second method for genotoxicity assessment (c).
Treatment with etoposide (30 min) served as the positive control. Results represent the mean and
corresponding standard deviations from at least three independent experiments. (* p ≤ 0.05).

In the case of GO-treated cells, the interference correction of FADU results proved to be
necessary because this material quenched the fluorescence signal. This could be observed
by a dose-dependent reduction in T-values, which is a strong indication for fluorescence
quenching (Figure 2a). T-values represent the total amount of DNA, which is obtained
by preventing DNA unwinding through the neutralization of an alkaline unwinding
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buffer. Therefore, these T-values should have stayed equally high for all samples, even
genotoxic ones, as double-stranded DNA remains unwound. Only p-values, where DNA
unwinding is allowed to take place, decrease following treatment with genotoxic stimuli.
Consequently, a reduction in T-values indicates either ENM interference in the form of
fluorescence quenching or variations in cell density per well. Since cell viability was
not influenced by GO treatment, fluorescence quenching seemed to be the reason for the
observed decrease in T-values. Following interference correction of the results obtained
for GO, according to calculations summarized in materials and methods, no reduction in
intact DNA could be detected anymore (Figure 2b).

Figure 2. GO-induced interference and interference correction in the FADU assay after 3 h of

incubation in Jurkat E6-I cells. Following 3 h exposure of Jurkat E6-I cells to GO, the FADU assay
was performed and revealed a dose-dependent decrease in fluorescence of T- and p-values (a).
After correction of the observed interference, no reduction in intact DNA was observed for any
concentration of GO (b). Only incubation with 10 μM etoposide for 30 min, which served as the
positive control, induced genotoxic effects. Data shown represent the mean of three independent
experiments and the corresponding standard deviation. (* p ≤ 0.05).

After 3 h exposure to Au-NP I, a slight dose-dependent decrease in cell viability was
observed (Figure 3a). The highest concentration of 100 μg/mL led to a moderate and
statistically significant reduction in cell viability to 74%. A stronger decrease in cell viability
was observed for both MWNTs. Cytotoxic effects started at concentrations of 12.5 and
25 μg/mL and declined to 32 and 44% for 50 μg/mL MWNT A and MWNT C, respectively.
Additionally, ZnO-NP and PS-NP treatment influenced cell viability negatively and both
materials caused similar dose-dependent effects. The highest concentration of 100 μg/mL
reduced cell viability to 70 and 66% for ZnO-NP and PS-NP, respectively. Subsequently,
the DNA-damaging potential of these ENMs was addressed in the comet assay. In com-
parison to the untreated and vehicle controls (ddH2O for Au-NP I, ZnO-NP and PS-NP;
Pluronic F-127 for MWNT A and MWNT C) an increase in DNA damage expressed as tail
intensity percentage was observed for Au and in particular for ZnO-NP (Figure 3b). Au
treatment resulted in 20 and 16% tail intensity for 50 and 100 μg/mL, respectively. The
highest concentration of ZnO-NP reached values of approximately 45%. A very slight
and insignificant dose-dependent increase was observed for sublethal concentrations of
ZnO-NP (1.56, 3.13 and 6.25 μg/mL) with tail intensities of 14, 16 and 18%, respectively.
DNA damage induction was not detected for the two MWNTs or for PS-NP. Results of the
FADU assay revealed no reduction in intact DNA for Au-NP I, PS-NP, MWNT A and C
(Figure 3c). The strongest, yet still weak dose-dependent effect, was observed for ZnO-NP
where the highest concentration resulted in 69% of intact DNA compared to the untreated
control (Figure 3c).
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Figure 3. Influence of Au-NP I, MWNT A, MWNT C, ZnO-NP and PS-NP on Jurkat E6-I cell

viability and DNA damage induction after 3 h of incubation. Following incubation of Jurkat E6-I
cells with different concentrations of Au-NP I, MWNT A, MWNT C, ZnO-NP and PS-NP for 3 h, cell
viability was determined by MTT assay (a). As a positive control, cells were incubated with 200 μM
SDS (3 h). DNA damage expressed as tail intensity percentage was assessed by alkaline comet assay
(b). EMS (30 min) served as the positive control. The FADU assay was performed as a second method
for genotoxicity assessment (c). Treatment with etoposide (30 min) served as the positive control.
Results represent the mean and corresponding standard deviations from at least three independent
experiments. (* p ≤ 0.05).

The same set of experiments was conducted after 24 h of incubation with all ENMs
under investigation. Regarding cell viability, no significant reduction was observed for
SiO2-160, MS-SiO2-140, MSHT-SiO2-300, TiO2 and GO after 24 h (Figure 4a). Using the
comet assay, no formation of DNA damage could be detected for any of these ENMs after
24 h of incubation (Figure 4b). Results of the FADU assay confirmed this observation for
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SiO2-160, MSHT-SiO2-300 as well as TiO2-NPs (Figure 4c). A minor, yet significant effect
could only be detected for treatment with 12.5, 25 and 50 μg/mL MS-SiO2-160 resulting
in 79.9% and 72% intact DNA, respectively. At the highest concentration of 100 μg/mL,
the level of intact DNA increased again to 88%. Similarly, MSHT-SiO2-300-treatment re-
sulted in 79% intact DNA at concentrations of 25 and 50 μg/mL, respectively, increasing
again to 85% at 100 μg/mL. Considering the rather significant variability (indicated as
standard deviation in Figure 4c), results have to be interpreted with caution. Since no
increase in tail intensity could be detected with the more sensitive comet assay, the massive
DNA-damaging potential of the silica particles could be excluded. However, interference
reactions in the FADU assay should be addressed in more detail in the future. Comparable
to the 3 h time point, GO-treatment for 24 h again displayed the most pronounced effects
in the FADU assay. However, as shown for the 3 h time point, the dose-dependent decrease
was, once more, not only detectable for the actual samples (p-values) but also for the
interference control samples (T-values) (Supplementary Figure S1a). Therefore, interference
correction of GO results was performed, which consequently eliminated the initially ob-
served reduction in intact DNA (Supplementary Figure S1b). For all other analyzed ENMs,
T-values revealed no decrease in fluorescence, indicating the absence of quenching effects.
Hence, interference correction was not essential for those samples.

Significant dose-dependent effects on cell viability were detected after 24 h of exposure
to Au-NP I, MWNT A, MWNT C, ZnO-NP and PS-NP (Figure 5a). The reduction in cell
viability was more pronounced for all analyzed ENMs after 24 h in comparison to the 3 h
measurement. The weakest effect was observed for Au-NP I, while similar results were
obtained for both MWNTs. The strongest effects were observed for ZnO-NP and PS-NP.
The highest concentration of Au-NP I, MWNT A, MWNT C and ZnO-NP resulted in values
of 54, 30, 25 and 2% cell viability, respectively. In the case of PS-NP, no detectable signal
could be obtained for the concentration of 100 μg/mL anymore. The results gained from the
comet assay revealed no increase in tail intensity for both MWCNTs (Figure 5b). Increased
tail intensity values were observed for the highest concentration of Au-NP I, ZnO-NP
and PS-NP. For Au-NP I, only a moderate increase of 35% tail intensity was observed,
while ZnO-NP- and PS-NP-treatment reached values of 64 and 86%, respectively. As cell
viability was barely or not at all detectable for ZnO-NP and PS-NP after 24 h of incubation,
respectively, these high tail intensities in the comet assay were caused by the massive
fragmentation of DNA during the process of cell death. This also became apparent upon
examination of the microscopic appearance of the comets, which were highly damaged
and only detectable with the Comet IV software by additional manual adjustments. Hence,
the number of detectable comets used for the evaluation was below the number of comets
selected for the analysis of all other samples (100 comets per sample). Results of the FADU
assay uncovered a dose-dependent decrease in intact DNA after 24 h of incubation with
ZnO-NP and PS-NP (Figure 5c).
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Figure 4. Influence of SiO2-160, MS-SiO2-160, MSHT-SiO2-300, TiO2-NP and GO on Jurkat E6-I

cell viability and DNA damage induction after 24 h of incubation. Following incubation of Jurkat
E6-I cells with different concentrations of SiO2-160, MS-SiO2-160, MSHT-SiO2-300, TiO2-NP and GO
for 24 h, cell viability was determined by MTT assay (a). As a positive control, cells were incubated
with 200 μM SDS (24 h). DNA damage expressed as tail intensity percentage was assessed by alkaline
comet assay (b). EMS (30 min) served as the positive control. The FADU assay was performed as
a second method for genotoxicity assessment (c). Treatment with etoposide (30 min) served as the
positive control. Results represent the mean and corresponding standard deviations from at least
three independent experiments. (* p ≤ 0.05).
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Figure 5. Influence of Au-NP I, MWNT A, MWNT C, ZnO-NP and PS-NP on Jurkat E6-I cell

viability and DNA damage induction after 24 h of incubation. Following incubation of Jurkat E6-I
cells with different concentrations of Au-NP I, MWNT A, MWNT C, ZnO-NP and PS-NP for 24 h, cell
viability was determined by MTT assay (a). As a positive control, cells were incubated with 200 μM
SDS (24 h). DNA damage expressed as tail intensity percentage was assessed by alkaline comet
assay (b). EMS (30 min) served as the positive control. The FADU assay was performed as a second
method for genotoxicity assessment (c). Treatment with etoposide (30 min) served as the positive
control. Results represent the mean and corresponding standard deviations from three independent
experiments. # Only a reduced number of comets (i.e., less than 100) could be counted per experiment
in these samples. (* p ≤ 0.05).

For both ENMs, the examination of T-values revealed a strong dose-dependent de-
crease, similar to what has been described for GO previously. However, in the case of
ZnO-NP and PS-NP, this dose-dependent decrease in T-values was not due to interference
but caused by cell death and associated DNA fragmentation (Figures 6c,d and 7c,d). This
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conclusion is supported by two facts: (i) After 3 h of ZnO-NP- and PS-NP-treatment T-
values did not decline, even though the same amount of ENMs was present during the
reaction and measurement, therefore, confirming the absence of ENM-induced interfer-
ences on fluorescence (Figures 6a,b and 7a,b); (ii) Only a few cells were present on the
comet assay slides, indicating significant cell loss upon ZnO-NP- and PS-NP-treatment. For
cells treated with Au-NP I and MWNT C no significant effects could be observed in the
FADU assay (Figure 5c).

Figure 6. Influence of ZnO-NPs on T- and p-values in the FADU assay and corresponding inter-

ference correction. Following 3 h (a,b) and 24 h (c,d) of exposure of Jurkat E6-I cells to ZnO-NP, the
FADU assay was performed. After 3 h of incubation, only p-values decreased dose-dependently
(a), while after 24 h, T- and p-values decreased with increasing ZnO-NP concentrations (c). Results
following interference correction for the 3-h (b) and 24-h (d) time point are shown. Data shown repre-
sent the mean of at least three independent experiments and the corresponding standard deviation.
(* p ≤ 0.05).
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Figure 7. Influence of PS-NPs on T- and p-values in the FADU assay and corresponding interfer-

ence correction. Following 3 h (a,b) and 24 h (c,d) of exposure of Jurkat E6-I cells to PS-NP, the
FADU assay was performed. After 3 h of incubation, only p-values decreased dose-dependently
(a), while after 24 h, T- and p-values decreased with increasing PS-NP concentrations (c). Results
following interference correction for the 3-h (b) and 24-h (d) time point are shown. Data shown repre-
sent the mean of at least three independent experiments and the corresponding standard deviation.
(* p ≤ 0.05).

It has previously been shown that the toxicity of many metal-based ENMs, including
ZnO, TiO2, Ag and CeO2, is at least partially caused by their specific properties related
to their small size and high surface reactivity. However, in some cases, toxicity may
be triggered or further enhanced by the release of free metal ions [40]. The identical
batch of ZnO-NP has previously been thoroughly investigated in Jurkat A3 cells and it was
shown that the observed cytotoxicity was fundamentally dependent on the fast extracellular
dissolution of ZnO-NP and resulting high concentrations of Zn2+ ions, which were taken up
by the cells [41]. To understand the role of free zinc with the observed ZnO-NP cytotoxicity
and genotoxicity in Jurkat E6-I cells, the effect of equimolar concentrations of ZnCl2 was
analyzed with the same set of assays.

Exposure of Jurkat E6-I cells for 3 h to ZnCl2 resulted in a likewise dose-dependent
decrease in cell viability in comparison to equimolar concentrations of ZnO-NP-treated cells
(Figure 3a and Supplementary Figure S2a). After 24 h of incubation, ZnCl2 reduced cell
viability at the corresponding concentration of 12.5 μg/mL ZnO-NP slightly more (compare
with Figure 5a and Supplementary Figure S2b). However, overall, very similar results were
obtained, which suggest that the observed ZnO-NP-induced cytotoxicity is, also in these
cells, mainly caused by the release of Zn2+. Equivalent results were also obtained in the
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comet assay where the highest concentration of ZnCl2 induced tail intensity values of 56 and
74% after 3 and 24 h of treatment, respectively (Supplementary Figures S2c and S2d), which
is comparable to the data acquired for 100 μg/mL ZnO-NP (Figure 3b). Likewise, in the
FADU assay, ZnCl2- and ZnO-NP-treatment for 24 h dose-dependently reduced the level
of intact DNA to the same extent (Figure 3c and Supplementary Figure S2f). Furthermore,
T-value controls for both treatment conditions and time points behaved in a comparable
manner (Figure 6 and Supplementary Figure S3). The only difference between ZnCl2- and
ZnO-NP-treatment became apparent after 3 h of treatment in the FADU assay. While ZnO-
NPs induced a true genotoxic response at 100 μg/mL (Figures 3c and 6b), no reduction in
intact DNA could be observed for equivalent amounts of ZnCl2 (Supplementary Figure S2e)
indicating an as yet uncharacterized additional nano-effect at early time points in the
FADU assay.

4. Discussion

At present, there is only limited comparability and consequently a great uncertainty
regarding the genotoxic potential of various ENMs. Despite the growing literature on
ENM genotoxicity in human cell lines, the published results are quite often controversial
due to the different cell types, different ENM types and different readout systems used.
In general, including regulatory purposes, the evaluation and interpretation of in vitro
data should rely on standardized and solid experimental results. To avoid experimental,
assay specific artifacts, it is mandatory to assess each endpoint by two independent, com-
plementary methods that rely on different measurement principles. Such an approach
minimizes the probability of systematic or assay-intrinsic errors, which is of particular
importance concerning the detection and avoidance of ENM-induced interferences [37].
Not all modes of genotoxic action can be addressed with this study; therefore, we focused,
in particular, on a reliable and reproducible methodology for the detection of DNA strand
breaks. We investigated the DNA damaging potential of ten different ENMs with distinct
properties, thus, aiming for a first preliminary structure–activity relationship analysis. The
two independent methods used were the alkaline comet assay as the most frequently used
method to assess DNA strand breaks and the novel FADU technology for efficient and
semi-automated DNA damage detection [42]. Even though both assays measure DNA
strand breaks as the endpoint, only the alkaline comet assay is able to detect additional
ALS [35]. Therefore, a careful comparison of results obtained with the comet and the FADU
technique is of great importance; in particular, to gain first insights into the mode of action
of a certain genotoxicant. In the following paragraphs, the genotoxicity results obtained
with the two methods are discussed for each type of ENM in relation to cell viability data.

4.1. TiO2-NP: The “Easy One” Neither Induces Cyto- Nor Genotoxicity and Does Not Interfere in
the FADU Assay

Cell viability of Jurkat E6-I cells was not affected by treatment with TiO2-NP after
3 and 24 h (Figures 1a and 4a). The data on ENM genotoxicity obtained by the alkaline
comet assay and the FADU assay are in good agreement showing no genotoxic potential
in both assays (Figures 1b,c and 4b,c). Furthermore, no interference with the fluorescent
readout in the FADU assay could be observed. While these results are highly consistent in
themselves, contradictory findings concerning TiO2-NP (geno)toxicity have been published.
For instance, Gosh and coworkers and Khan and coworkers [43,44] reported the genotoxic
effects of two different types of TiO2-NP in human lymphocytes analyzed by comet assay.
In contrast, a study by Hackenberg et al., 2011, reported no genotoxicity for these cells after
treatment with a distinct type of TiO2-NP. Likewise, contradictory results were reported
for various cell lines. In human nasal mucosa cells and TK6 cells, no TiO2-NP induced
genotoxicity could be determined by comet assay, whereas Jugan and coworkers [45] could
demonstrate that several different TiO2-NPs elicited genotoxic effects on A549 cells [45–47].
Since distinct types of TiO2-NPs have been used in these studies, a direct comparison is not
feasible and a generalized conclusion for all TiO2-NP subtypes regarding their genotoxicity
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and cytotoxicity is still not possible today. Here, we could demonstrate the absence of
genotoxicity by means of two independent methods. Additionally, no genotoxic effects
following TiO2-NP-treatment could be detected in A549 cells (data not shown). This is in
agreement with results from Hackenberg and colleagues (2011), who applied the same type
of TiO2-NP. This allows for the conclusion that this particular type of TiO2-NP induces
neither cytotoxicity nor genotoxicity in different cell lines in vitro. Further SAR studies
are still urgently needed to reduce the need for time-consuming case-by-case evaluations.
The assay combination presented here could serve as an ideal platform suitable for diverse
cellular models.

4.2. GO: The “Interfering One” Does Not Induce DNA Damage but Showcases Interference
Reactions in the FADU Assay

Cell viability of Jurkat E6-I cells remained unaffected at all GO concentrations analyzed
and up to 24 h of treatment (Figures 1a and 4a). Likewise, tail intensity values measured in
the comet assay did not exceed those of the untreated control cells (Figures 1b and 4b). Sur-
prisingly, a dose-dependent decrease in the percentage of intact DNA was observed for in-
creasing concentrations (≥12.5 μg/mL) of GO when analyzed in the FADU assay. This effect
was observed for both time points in a very similar manner (Figure 1c and Supplementary
Figure S1). GO has previously been shown to interfere with different fluorescence-based
assays due to nanoscale-surface energy transfer effects from fluorophores to GO [48–52].
Therefore, analogous interference reactions with the SybrGreen® fluorophore used in the
FADU assay could explain the discrepancy between FADU and comet assay results.

In the FADU assay, T-values represented the total amount of DNA in each sample. The
pH in these control samples was kept constant to avoid alkaline unwinding even at sites
of DNA breakage. Therefore, T-values were directly proportional to the number of cells
per sample and were expected to remain constant upon treatment with true genotoxicants,
which induce DNA damage but do not affect cell viability, i.e., the number of viable cells. It
shall be stressed again that concomitant cell death analyses were indispensable to assure
unchanged numbers of viable cells upon treatment.

GO-treatment reduced T-values in a dose-dependent manner (Figure 2a and
Supplementary Figure S1a) and “in parallel” to p-value reduction. Together with un-
changed cell viability (Figure 1a), this indicated that interference reactions indeed took
place in the FADU assay and could be quantified using the T-value controls. Mathematical
interference correction, as described in Section 2, eradicated the ostensible genotoxic effect
on Jurkat E6-I cells (Figure 2b and Supplementary Figure S1b). Thus, we could establish a
straightforward and easy-to-use experimental setup to quantify and mathematically correct
for ENM-induced interferences in the FADU assay making it a suitable tool to screen for
ENM-induced DNA damage. Moreover, we could clearly demonstrate that GO is nei-
ther cytotoxic nor induces DNA strand breaks in Jurkat E6-I cells under the experimental
conditions chosen.

4.3. SiO2-NP of Different Porosities: The “Unclear Ones” Neither Induce Cytotoxicity Nor DNA
Damage but Lead to Unclear Results in the FADU Assay

Different types of SiO2-NPs have previously been shown to induce negative and posi-
tive results in different genotoxicity assays, including the in vitro micronucleus, the comet
and the mutation assay with various cell systems [53–59]. The panel of ENMs analyzed
in this study comprised three different SiO2-NPs of distinct porosity. As demonstrated by
the results of the MTT assay, none of the SiO2-NPs reduced cell viability after 3 and 24 h of
incubation (Figures 1a and 4a). Likewise, no increase in tail intensity could be observed in
the comet assay at either time point (Figures 1b and 4b). The absence of DNA damage was
further confirmed after 3 h of treatment by results of the FADU assay (Figure 1c). How-
ever, the mesoporous silica sample, MS-SiO2-160, led to a minor reduction in intact DNA
after 24 h of incubation with 25 and 50 μg/mL. No dose-dependency could be observed,
and the level of intact DNA increased again at 100 μg/mL, making a cellular response
rather unlikely and hinting toward an interference phenomenon. Mesoporous ENMs are
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frequently used as carrier systems for different molecules, drugs or dyes. Therefore, it
is possible that with an increasing concentration of ENMs an increasing proportion of
SybrGreen® was trapped within the pores of the particles [60,61]. This effect might be
covered at the highest applied concentration of mesoporous SiO2-NPs due to their intrinsic
scattering properties, which could prevail at this high density of ENMs [62]. However, a
comparable reaction would also be expected after 3 h of incubation and for T-values—both
of which was not the case. T-values did not change upon MS-SiO2-160-treatment at both
time points analyzed (Supplementary Figure S4), indicating no classical interference with
the fluorescence signal. Nevertheless, scattering properties of the ENMs could change over
time in a protein-containing cell culture medium due to the formation of a protein corona
and particle agglomeration leading to an as yet unidentified interference reaction. Taking
into account the rather high variability of the FADU assay results, the comparably small
effect of MS-SiO2-NP on intact DNA and the absence of DNA strand breaks in the (more
sensitive) comet assay, the validity of the FADU results for this particular type of ENM
is questionable. Furthermore, the absence of DNA strand breaks, as demonstrated in the
comet assay, is in accordance with the vast majority of published genotoxicity studies on
various SiO2-NPs [59,63,64]. Thus, it is evident that more in-depth studies are required to
elucidate the mode of action of different silica particles in the FADU assay to eventually
make it a reliable screening tool for this particular type of ENM.

4.4. PS-NP: The “Purely Cytotoxic” One Induces High Levels of Cytotoxicity thereby Generating
False-Positive DNA Damage Results and Could Serve as a Benchmark Material

Exposure of Jurkat E6-I cells to PS-NP for 3 h resulted in a slight dose-dependent
decrease in cell viability at the two highest concentrations (Figure 3a). After 3 h, neither in
the comet nor FADU assay, was an induction of genotoxicity observed at any concentrations
analyzed (Figure 3b,c). This indicates, that in these cells, a reduction in cell viability down
to 66%, as measured by the MTT assay, does not trigger considerable DNA fragmentation.
DNA fragmentation due to cell death is known as a potential cause of false-positive geno-
toxicity results in different in vitro assays (e.g., [65,66]). We can, therefore, conclude that
PS-NPs induce cytotoxicity but do not induce DNA strand breaks at early time points. Fol-
lowing 24 h of PS-NP incubation, cell viability was strongly reduced in a dose-dependent
manner (Figure 5a). For the highest concentration, almost no viable cells could be detected
anymore. This was also reflected in a reduced number of nuclei available for comet assay
analysis. The remaining nuclei showed a strong increase in tail intensity which was not ob-
served for sublethal concentrations (Figure 5b). Consistently, a significant dose-dependent
reduction in the percentage of intact DNA was obtained in the FADU assay (Figure 5c).
These observations demonstrate that at least high concentrations of PS-NPs induce pure
cytotoxicity and that the observed DNA damage can be attributed to DNA fragmentation
secondary to cell death. An important question is how to interpret the dose-dependent
effects observed at lower concentrations in the FADU assay. Looking at T and p values
after 24 h of PS-NP-treatment (Figure 7c) shows an equivalent dose-dependent reduction
in T-value signals indicating either a nanomaterial induced interference (as described for
GO) or a loss in cell number. Since T values did not change in the 3 h samples, classical
nanomaterial interference can be excluded. Hence, the reduction in intact DNA is not based
on genotoxic effects but merely on the destruction of DNA integrity due to cell death.

It is still unknown at which level of cytotoxicity false-positive effects appear in genotox-
icity assays and how these are affected by the mode of cell death [67]. Different suggestions
for adequate substance concentrations to be used in genotoxicity assessments exist in the
literature and cell viability ranges from 70 to 90% [68]. Furthermore, optimal concentration
ranges can be affected by the choice of assay used for determination of cell viability, as a
reduction in metabolic activity (e.g., by MTT assay) might occur at lower concentrations in
comparison to, for example, cytolysis.
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Thus, PS-NPs could serve as a benchmark material to determine the level of cytotox-
icity at which false-positive genotoxicity results can be expected in the cell type under
investigation and the corresponding cytotoxicity assay used.

4.5. ZnO-NP: True Genotoxicity vs. Pure Cytotoxicity

A plethora of in vitro studies on ZnO-NP toxicity has previously shown significant
effects on the viability of cancer cell lines of the immune system, lung, kidney, skin, and the
gut, as well as in primary cells such as neural stem cells, T-lymphocytes or fibroblasts [41,69].
ROS formation and a severe oxidative stress response [70–77] as well as DNA damage
in various cell types [73,78,79] have been reported. Furthermore, studies described the
dissolution of ZnO-NP and associated Zn2+ ion toxicity and/or genotoxicity [41,80,81].

In this study, following exposure to ZnO-NP, the cell viability of Jurkat E6-I cells
decreased in a dose-dependent manner after 3 h to approximately 70% for the highest
concentration (Figure 3a). For the same exposure time, results of the comet assay revealed
a slight trend in DNA damage induction at sublethal concentrations (3.13 and 6.25 μg/mL)
and a significant induction of 45% tail intensity at the highest concentration of 100 μg/mL
(Figure 3b). Consistently, the amount of intact DNA as measured in the FADU assay, was
significantly reduced at 100 μg/mL. In comparison to PS-NP results, this increase in DNA
damage upon ZnO-NP-treatment in both assays was rather unexpected. While PS-NP
and ZnO-NP show very similar cytotoxicity profiles, no induction of DNA damage was
observed for PS-NP after 3 h of treatment. This comparison indicates that even though
cell viability (i.e., metabolic activity) is already affected, DNA damage is still induced
simultaneously and independently of cell death and can, thus, be interpreted as a real
genotoxic effect at early time points. This conclusion is further supported by the analysis of
T- and p-values in the FADU assay (Figure 6). After 3 h of incubation, T-values were not
affected by ZnO-NP treatment—not even at the highest concentrations analyzed. Therefore,
the reduction in p-values can be considered as a real genotoxic event.

In contrast, after 24 h of ZnO-NP-treatment, a massive reduction in cell viability
was observed reaching values of only 2% for the highest concentration (Figure 5a). This
led to a strong increase in tail intensity in the comet assay (Figure 5b) and a significant
reduction in the percentage of intact DNA in the FADU assay (Figure 5c). All dose–response
curves are highly similar to those observed for 24-h PS-NP-treatment. Accordingly, the
number of analyzable nuclei at 100 μg/mL of ZnO-NP was markedly reduced and the
respective T-values in the FADU assay declined with increasing ZnO-NP concentrations.
Nanomaterial-induced interferences could be excluded due to the constant 3-h T-values.
Thus, we can conclude that after prolonged exposure to ZnO-NP the observed DNA
damage is due to DNA fragmentation in the process of cell death.

As described earlier, in vitro cytotoxicity of ZnO-NPs can be caused by the high
solubility and release of free Zn2+, which can lead to the disruption of cellular Zn home-
ostasis associated with the loss of cell viability, oxidative stress and mitochondrial dys-
function [69,82,83]. The same batch of ZnO-NP induced a caspase-independent alternative
apoptosis pathway independent of ROS formation in the Jurkat subclone A3 [41]. This
was a consequence of the extracellular release of high amounts of Zn2+ followed by rapid
cellular uptake. In this study, it could be shown that ZnCl2-treatment induced the same
dose–response curve in the MTT assay as ZnO-NPs, suggesting that Zn2+ ions are respon-
sible for ZnO-NP-induced cell death. Similarly, ZnO-NP- and ZnCl2-treatment induced
comparable effects on DNA damage in the comet and FADU assay with one exception: the
3-h real genotoxic effect of ZnO as measured in the FADU assay. This was not observed
upon ZnCl2-treatment. The most likely explanation is that ZnO-NPs and Zn2+ ions induce
distinct types of DNA lesions at early time points of treatment. As previously analyzed in
great detail [35], ALS can only be detected using the alkaline comet assay. Therefore, our
results indicate that ZnO-NPs induce DNA strand breaks and, in addition, ALS. In contrast,
ZnCl2-treatment results in ALS only. Since these specific lesions cannot be detected by the
FADU assay, no reduction in intact DNA could be observed upon 3 h of ZnCl2-treatment.
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4.6. Au-NP: True Genotoxicity vs. Pure Cytotoxicity and a Potential Mechanism of Action

Gold is generally considered an inert and biocompatible material. Consequently, for a
long time, Au-NPs were expected to behave similarly and to be non-toxic [84,85]. However,
various publications with often contradictory findings on cytotoxicity and genotoxicity
of Au-NPs appeared over the past years. For example, Au-NPs with a size of 1–2 nm
were reported to induce a high cytotoxicity, while 15 nm-sized Au-NPs were non-toxic in
different cell lines [86]. Similarly, 5 nm-sized Au-NPs induced genotoxic effects, whereas
50 nm-sized Au-NPs did not [87]. While such a size-dependency for cytotoxicity as well
as for genotoxicity was observed in different studies [88,89], opposing reports have also
been published [90,91], thereby explaining the need for a reliable genotoxicity assessment
of Au-NPs.

Our results demonstrate that the cell viability of Jurkat E6-I cells was slightly reduced
after 3 h of treatment with Au-NP I (Figure 3a). This dose-dependent effect was more
pronounced after 24 h of incubation (Figure 5a). Interestingly, the comet assay revealed an
increase in tail intensity after 3 h and 24 h, indicating that DNA damage induction by these
ENMs (Figures 3b and 5b). However, results of the FADU assay showed no significant
reduction in intact DNA at both time points (Figures 3c and 5c). This discrepancy can be
explained by differences in the sensitivity of these two methods regarding certain types
of DNA lesions. As published by Singh et al., the detection limit of the comet assay is
0.03 Grey, while the FADU assay reaches a detection limit of 0.1 Grey [92]. While X-ray-
induced DNA damage is already measured with greater sensitivity in the comet assay,
differences for other genotoxic stimuli (causing distinct kinds of lesions) might be even
more pronounced. Both methods detect DNA strand breaks as general endpoints but they
are based on different measurement principles and do not necessarily detect the same
spectra of DNA lesions.

Our previous study [35] demonstrated the importance of pH to also detect ALS. While
the same Au-NP I induced very high DNA damage levels in A549 cells in the alkaline comet
assay (performed at pH 13.2–13.7), only a weak DNA damage induction was observed in
the neutral comet and the FADU assay (performed at pH 12.5–12.9; [20]). These results led
to the conclusion that mainly ALS, which can be detected as strand breaks under extremely
high pH of 13 and above, are induced by these NPs. The same phenomenon could explain
the results observed in Jurkat E6-I. However, another remaining question is whether the
assumed DNA-damaging effect is due to genuine genotoxicity and in consistency with
previously published data [35] or due to cell death, which was not observed in A549 cells.
Comparing the Au-NP cytotoxicity results to the proposed benchmark material PS-NP,
the reduction in cell viability after 3 h of treatment was still in a range where no DNA
fragmentation would be expected. Since genotoxicity was still detectable in the comet assay,
this can be attributed to genuine DNA damage. In addition, Au-NPs did not affect T-values
in the FADU assay at any concentrations and time points analyzed. This further supports
the conclusion that the observed increase in tail intensity is not primarily due to cell death
but rather a true genotoxic event. However, after 24 h of exposure at least the highest
concentration (100 μg/mL) of Au-NP I would be expected to lead to DNA fragmentation
due to considerable cell death (Figure 5). The lack of a genotoxic effect measured by the
FADU assay indicates that the DNA fragmentation did not yet reach a significant level. The
increase in tail intensity as measured by the comet assay could, thus, be due to ALS, as
previously shown [35] and discussed above.

4.7. MWNTs: Cytotoxicity without DNA Damage—Is That Possible?

Following 3 h of incubation with MWNT A and C, cell viability was reduced dose-
dependently to 32 and 44% for the highest concentration, respectively (Figure 3a). This
effect increased after 24 h of incubation down to 30 and 25%, respectively (Figure 5a).
At such low levels of cell viability and in relation to the proposed benchmark material
(PS-NP), DNA fragmentation was expected to influence the comet as well as FADU assay
results. However, in neither was assay DNA damage was observed (Figures 3 and 5).
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Furthermore, no influence on T-values could be detected (Supplementary Figure S5). On
the one hand, this indicates that MWNTs do not interfere with the fluorescence readout
of the FADU assay. On the other hand, a massive loss of viable cells can also be excluded.
This would suggest that MWNTs influence metabolic activity to a greater extent without
impacting on actual cell death as, for example, PS-NP-treatment. Furthermore, MWNTs
are known to interfere with the MTT assay and even though interference controls have
been run in this study (data not shown), an overestimation of the cytotoxic potential is still
possible [93]. Further analysis utilizing additional cell viability assays and a more detailed
analysis on genotoxicity are needed to elucidate the remaining ambiguities. Nevertheless,
the data presented here allow for the conclusion that, at sublethal concentrations, none of
the investigated MWNTs induced DNA strand breaks in Jurkat E6-I cells.

5. Conclusions

With the set of ENM provided and corresponding results in combination with two
complementary, yet independent, genotoxicity assays and the implemented controls, we
believe that genotoxicity assessment can be improved and brought to the next level of
reliability. False-positive genotoxicity results can be avoided, and true genotoxicity can be
detected with a high level of confidence.

Even though a classical SAR could not be deduced from the data set provided, we can
still conclude that porosity in the case of silica particles neither influenced assay results
(interference) nor cytotoxicity and DNA damage in Jurkat E6-I cells. Likewise, shape (2D
vs. spheroidal vs. tubes) does not seem to be the decisive factor in terms of cytotoxicity
and DNA damage under the experimental conditions chosen. We can further conclude that
TiO2-NPs, GO, all three types of SiO2-NPs as well as MWNT A and C do not induce DNA
strand breaks in Jurkat E6-I cells. Using PS-NPs as a purely cytotoxic benchmark material
allowed us to identify the true genotoxic potential for ZnO-NP at a short (i.e., 3 h) exposure
time as well as for Au-NP I at both exposure times analyzed. Further relating the ZnO-NP
results to ZnCl2 data and previously published findings on Au-NP I revealed a potential
nano-specific genotoxic effect for ZnO-NP that was not caused by the release of Zn2+ ions.
Based on GO results, we established an easy-to-use quantitative interference control for
the FADU assay making it a promising screening tool for ENM genotoxicity. We believe
that the approach described here will be applicable for any cell type of interest, given that a
suitable cell-type-specific, purely cytotoxic benchmark material is available.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12020220/s1, Figure S1: GO-induced interference and interference correction in the
FADU assay after 24 h of incubation in Jurkat E6-I cells, Figure S2: Influence of ZnCl2 on Jurkat E6-I
cell viability and DNA damage induction after 3 h and 24 h of incubation, Figure S3: Influence of
ZnCl2 on T- and p-values in the FADU assay and corresponding interference correction, Figure S4:
No influence of MS-SiO2-160 on T-values in the FADU assay, Figure S5: No influence of MWNT A
and MWNT C on T-values in the FADU assay.
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Abstract: While the toxicity of metal-based nanoparticles (NP) has been investigated in an increasing
number of studies, little is known about metal-based fibrous materials, so-called nanowires (NWs).
Within the present study, the physico-chemical properties of particulate and fibrous nanomaterials
based on Cu, CuO, Ni, and Ag as well as TiO2 and CeO2 NP were characterized and compared with
respect to abiotic metal ion release in different physiologically relevant media as well as acellular
reactivity. While none of the materials was soluble at neutral pH in artificial alveolar fluid (AAF),
Cu, CuO, and Ni-based materials displayed distinct dissolution under the acidic conditions found
in artificial lysosomal fluids (ALF and PSF). Subsequently, four different cell lines were applied to
compare cytotoxicity as well as intracellular metal ion release in the cytoplasm and nucleus. Both
cytotoxicity and bioavailability reflected the acellular dissolution rates in physiological lysosomal
media (pH 4.5); only Ag-based materials showed no or very low acellular solubility, but pronounced
intracellular bioavailability and cytotoxicity, leading to particularly high concentrations in the nucleus.
In conclusion, in spite of some quantitative differences, the intracellular bioavailability as well as
toxicity is mostly driven by the respective metal and is less modulated by the shape of the respective
NP or NW.

Keywords: metal-based nanoparticles and nanowires; solubility; intracellular bioavailability; oxida-
tive reactivity

1. Introduction

Engineered metal-based nanomaterials are used in many consumer products, such as
textiles, electronics, or medicinal products [1–4]. Besides metal-based nanoparticles, fibrous
materials (nanowires) are also gaining increasing attention, e.g., for transparent conductive
layers on displays [5,6]. Thus, a wide range of nanomaterials is available, differing in
physicochemical properties such as size, shape, and surface chemistry.

Inhalation is the most crucial route of exposure and uptake of nanomaterials, especially
at the workplace [7]. Depending on the size and shape, nanomaterials can reach different
areas in the lung, including the alveolar region [8]. However, a general toxicological
evaluation seems difficult, due to the diversity of these nanomaterials, and considering
their broad range of physicochemical properties. Therefore, a grouping approach based on
several physicochemical properties appears to be promising to elucidate the toxicological
potential of nanomaterials [9–11].

Nanomaterials 2022, 12, 147. https://doi.org/10.3390/nano12010147 https://www.mdpi.com/journal/nanomaterials
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For metal-based nanomaterials, the generation of ROS and thus oxidative stress has
been identified as an important mechanism leading to genotoxicity and cytotoxicity [12].
Hereby, two scenarios are conceivable. First, the intracellular release of metal ions appears
to be of major importance [13–15]. The so-called ‘Trojan horse type’ mechanism describes
an endocytotic uptake, followed by lysosomal dissolution of the metal-based materials,
resulting in high metal ion concentrations within the cells. This observation has already
been made for Cu-, Ag-, and Ni-based nanoparticles (NP) [16–19]. Second, the materials
themselves are able to catalyze the formation of ROS, due to their specific surface reactivity.
Recent studies already demonstrated a high oxidative reactivity of different metal-based
nanoparticles [20].

While there are increasing numbers of studies conducted with particulate nanomateri-
als, little is known about the reactivity of metal-based nanowires (NW). Depending on the
cell type, previous studies indicate that metal-based fibrous nanomaterials are taken up
into cells [21–24]. Furthermore, for Ag NW an uptake by endosomal and lysosomal vesicles
has already been postulated [25]. However, the questions whether or not their fibrous
structure contributes to toxicity and whether or not metal ions are intracellularly released
as well remain. Therefore, within the present study, we comprehensively characterized
particulate and fibrous metal-based nanomaterials with respect to their physicochemical
properties. Besides nanomaterials known to potentially release toxic metal ions (Cu, CuO,
Ni, and Ag), rather non-reactive materials (CeO2 and TiO2) with particulate and fibrous
morphologies were also included. We compared them with respect to abiotic metal ion
release in different physiologically relevant media and to acellular reactivity. Subsequently,
four different cell lines were applied to compare cytotoxicity as well as intracellular metal
ion release in the cytoplasm and nucleus. Since inhalation is likely to be the most critical
route of exposure, two human lung epithelial cell lines were chosen, representing different
regions of the respiratory tract, namely A549 cells (alveolar region) and BEAS-2B (normal
human bronchial epithelium obtained from non-cancerous individuals). Furthermore,
differentiated THP-1 cells (human peripheral blood monocytes) were chosen as a model
for human macrophages. Finally, since inhalation studies are mostly performed in rats,
RLE-6TN, an alveolar epithelial cell line derived from the rat lung was included as well, to
compare the toxicity and bioavailability derived for human cells to rat cells.

2. Materials and Methods

2.1. Materials

All materials were purchased (purity > 99%) from Sigma Aldrich (Darmstadt, Germany)
or Carl Roth GmbH (Karlsruhe, Germany). The nanomaterials included are listed in Table 1.

Table 1. Sources of all nanomaterials included in this study.

Material Form Source Name/Item Number

Ag
NP RAS AG Agpure W10 (NM300K)

NW RAS AG ECOS HC

CeO2 NP JRC NM212

Cu
NP Io-li-tec NM-0016-HP

NW PlasmaChem PL-CuW50

CuO NP BASF CUO_1_NP_PROD *

Ni
NP Sigma-Aldrich 577995

NW PlasmaChem PL-NiW200

TiO2
NP JRC NM105

NW PlasmaChem PL-TiOW50
* from Sustainable Nanotechnologies Project [26]. NP: nanoparticle; NW: nanowire.
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2.2. Physicochemical Characterization

In a first step, the nanomaterials were dispersed freshly according to the NANOGENO-
TOX protocol to a concentration of 2.56 mg/mL in 0.05% BSA. Sonication was performed
using a Branson Analog Sonifier 450 (Brookfield, CT, USA) for 13:25 min at 10% amplitude
(7179 J). After sonication, the stock solution was diluted in supplemented RPMI-1640 to
achieve the respective incubation concentrations. To investigate the impact of a freeze-
thawing protocol [27] on the particle properties of the NP, samples were treated according
to Keller and colleagues prior to DLS analyzes. Briefly, immediately after sonication, sam-
ples were frozen in liquid nitrogen at −196 ◦C. For DLS analyzes, samples were sonicated
at 60 ◦C for at least 1 min or until completely thawed. Subsequently, NP were diluted to
100 μg/mL in supplemented RPMI-1640, incubated at 37 ◦C for 1 h, and analyzed [27].

Measurements of hydrodynamic diameter, zeta potential, and polydispersity index
(PDI) of the NM dispersions were performed at a concentration of 100 μg/mL in RPMI
supplemented with 10% FBS using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worces-
tershire, UK).

Electron microscopy to obtain primary particle diameters as well as fiber diameters
and lengths was performed in cooperation with the Laboratory for Electron Microscopy at
KIT. Here, either a transmission electron microscope (CM200 FEG/ST, Philips, Amsterdam,
The Netherlands) for NP or a scanning electron microscope (1530 Gemini with Schottky
field emitter, LEO, Zeiss, Oberkochen, Germany) for nanowire was used. Subsequently, at
least 300 particles or fibers were analyzed regarding their diameter and length using the
ImageJ software (Rasband, National Institutes of Health, Bethesda, MD, USA).

The effective densities of the NP in supplemented RPMI-1640 were obtained as pre-
viously described by DeLoid and colleagues [28]. Briefly, 1 mL of the respective sample
were transferred into VCM tubes (87007, TPP Techno Plastic Products AG, Trasadingen,
Switzerland) and centrifuged for 1 h at 3000× g. Subsequently, the volume of the pelleted
NP was determined using a VCM “easy read” measuring device (87010, TPP Techno Plas-
tics Products AG, Trasadingen, Switzerland). Effective densities were finally calculated
according to De Loid and colleagues [28].

Data on deposited NP was obtained in silico using the Distorted Grid (DG) model
as published previously by DeLoid and colleagues [29,30]. The model was performed
according to Keller and colleagues using an auxiliary MATLAB macro to integrate data
input via Microsoft Excel and allowing batch processing of multiple materials. The applied
parameters for modeling particle deposition are listed in Table S1, the respective effective
densities are stated in Table 2. The purity of the nanomaterials was determined in coop-
eration with the Institute of Applied Geosciences at KIT using ICP-MS (X-Series2 with
collision cell technology, Thermo Fisher, Langenselbold, Germany).

2.3. Cell Culture

A549 cells (human adenocarcinoma cells) were kindly provided by Dr. Roel Schins
(Leibniz Research Institute for Environmental Medicine, Düsseldorf, Germany). A549 cells
were cultured in RPMI-1640 with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin.

THP-1 cells (human peripheral blood monocytes, ATCC TIN-202) were kindly pro-
vided by Dr. Richard Gminski (Albert-Ludwig-University Freiburg, Department of Environ-
mental Health Sciences and Hygiene, Freiburg, Germany) and cultured in supplemented
RPMI-1640 composed as described above. Prior to experiments, THP-1 cells were seeded
in cell culture dishes and differentiated with 30 ng/mL phorbol 12-myristate 13-acetate
(PMA, diluted in DMSO) for 4 days. After 4 days, the differentiated cells (dTHP-1 cells)
were cultured for further 3–5 days in fresh cell culture media [31].

RLE-6TN cells (alveolar epithelial cells derived from the rat lung, ATCC CRL-2300)
were cultured in Hams-F12 media supplemented with 10% FBS, 100 U/mL penicillin,
100 μg/mL streptomycin, 10 μg/mL bovine pituitary extract, 5 μg/mL bovine insulin,
2.5 ng/mL epidermal growth factor, 2.5 ng/mL insulin like growth factor I and 1.25 μg/mL
transferrin. Cells were subcultured twice a week.
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Beas-2B cells (human lung bronchial epithelial cells, ATCC CRL-9609) were kindly
provided by Dr. Carsten Weiss (Karlsruhe Institute of Technology, Karlsruhe, Germany).
They were grown in precoated cell culture dishes (10 μg/mL fibronectin, 30 μg/mL collagen
and 10 μg/mL bovine serum albumin in PBS) and cultured in keratinocyte growth media.

All cells were cultured under a humidified atmosphere with 5% CO2 in air (HeraSafe,
Thermo Scientific, Langenselbold, Germany). Except of the A549 cells, accutase was used
instead of trypsin to detach adherent cells. For in vitro experiments, the cell number for
each cell line was adjusted to achieve a confluent monolayer at the time of incubation, with
the exception of dTHP-1 cells which were not able to form a confluent monolayer and
therefore were seeded at the same cell number as the A549 cells.

2.4. Dissolution
2.4.1. Static Dissolution

To investigate the solubility of the nanomaterials, the dissolution rate of the materials
in different physiologically relevant media as well as in the experimental setup was deter-
mined as previously described [15]. Briefly, the nanomaterial stock solution was diluted to a
concentration of 100 μg/mL either in artificial alveolar fluid (AAF; pH 7.4 (composed of mag-
nesium chloride (0.0952 g/L), sodium chloride (6.0193 g/L), potassium chloride (0.2982 g/L),
disodium hydrogen phosphate (0.1420 g/L), sodium sulfate (0.0710 g/L), calcium chloride
dihydrate (0.3676 g/L), sodium acetate trihydrate (0.9526 g/L), sodium hydrogen carbon-
ate (2.6043 g/L), trisodium citrate dehydrate (0.0970 g/L), lecithin (0.1000 g/L)), artificial
lysosomal fluid (ALF; pH 4.5 (composed of sodium chloride (3.210 g/L), sodium hydroxide
(6.000 g/L), citric acid (20.800 g/L), calcium chloride dihydrate (0.1285 g/L), disodium hy-
drogen phosphate (0.0710), sodium sulfate (0.0390 g/L), magnesium chloride (0.0476 g/L),
glycine (0.0590 g/L), sodium citrate dehydrate (0.0770 g/L), sodium tartrate dihydrate
(0.0900 g/L), sodium lactate (0.0850 g/L), sodium pyruvate (0.0860 g/L)), or cell culture
media and incubated for 24 h or 168 h at 37 ◦C and 150 rpm in a centrifuge tube. After
incubation, the suspension was centrifuged at 3000× g for 1 h, followed by repeated cen-
trifugation of the supernatants at 16,000× g for 1 h. Subsequently 2 mL of the supernatant
were collected and centrifuged again at 16,000× g for 1 h. The supernatant was checked to
exclude residual particles via dynamic light scattering and subsequently metal analyzes
was performed. Subsequently, 1 mL of the supernatant was heated stepwise to 95 ◦C to
dry up. The remnants were further digested with 1:1 HNO3 (69%)/H2O2 (31%) (v/v) by
repeated stepwise heating to 95 ◦C. The residue was then solubilized in 1 mL HNO3 (0.2%)
and metal ion content was measured by either GF-AAS (PinAAcle 900 T, Perkin Elmer,
Rodgau, Germany) or ICP-MS (iCAP RQ with collision cell technology, Thermo Fisher,
Langenselbold, Germany).

2.4.2. Dynamic Dissolution and Transformation

The flow-through setup which implements a “continuous flow system” (ISO 19057:2017)
was used to detect nanoparticles and nanowire dissolution [32]. Briefly, NP/NW mass of 1
mg was weighed onto a membrane (cellulose triacetate, Sartorius Stedim Biotech GmbH,
Göttingen, Germany: 47 mm diameter, 5 kDa pore size), topped by another membrane,
and enclosed in flow-through cells. The flow-through cells were kept upright within a
thermostatically controlled water bath to ensure that emerging air bubbles were able to
leave the system without accumulating within the cell. The phagolysosomal simulant fluid
(PSF) pH 4.5, which is an acidic buffer simulating the phagolysosomal compartment of
macrophages [33], was employed at 37 ± 0.5 ◦C. The programmable sampler drew 10 mL
eluates once per day from the total 100 mL collected. The ion concentration in the eluates
was determined by ICP optical emission spectrometry (ICP-OES, Agilent 5100, Agilent
Technologies, Santa Clara, CA, USA). After the experiment, the cells were flushed with
deionized water before opening them to rinse the remaining solids off the membrane. The
resulting suspension was then pelleted onto a transmission electron microscopy (TEM)
grid held at the bottom of a centrifuge vial within 30 min and dried subsequently. By this
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procedure, the morphology of the remaining solids could be inspected with a reduction
of interference from drying artifacts of PSF salts, which are removed by this preparation.
Particle morphology was analyzed by TEM with a Tecnai G2-F20ST or Tecnai Osiris Mi-
croscope (FEI Company, Hillsboro, OR, USA) at an acceleration voltage of 200 keV under
bright-field conditions. X-ray photoelectron spectroscopy (XPS) was performed using a
Phi Versa Probe 5000 spectrometer (Physical Electronics, Feldkirchen, Germany) applying
monochromatic Al Kα radiation.

2.5. Abiotic Reactivity (FRAS Assay)

The SOP, which described the multi-dose protocol of the Ferric Reduction Ability of
Serum (FRAS) assay, published in 2017 by BASF [34], was used for reactivity testing of
samples under physiological conditions.

Table 2. Summarized physicochemical properties of the investigated nanoparticles. dp: primary
particle diameter determined by transmission electron microscopy, dh: hydrodynamic diameter, PDI:
polydispersity index, SSA: specific surface area.

Cu NP CuO NP Ni NP
TiO2 NP
(NM105)

CeO2 NP
(NM212)

Ag NP
(NM300K)

dp (nm) 55.2 ± 1.5 17.1 ± 0.4 21.4 ± 0.1 23.7 ± 0.5 21.5 ± 0.3 15.5 ± 0.04

dh (nm) 308.2 ± 40.3 160.3 ± 42.1 388.0 ± 33.2 165.8 ± 14.2 187.0 ± 7.3 72.4 ± 10.0

PDI 0.23 ± 0.07 0.48 ± 0.05 0.67 ± 0.02 0.14 ± 0.01 0.20 ± 0.02 0.31 ± 0.06

ζ-potential (mV) −15.3 ± 0.02 −14.8 ± 0.2 −15.7 ± 0.2 −14.8 ± 0.2 −15 ± 0.6 −11.2 ± 2.1

SSA (m2/g) 10.7 ± 0.6 47 # 6.4 ± 0.3 46.2 * 27 * N/A **

effective density (g/cm3) 1.78 ± 0.02 1.98 ± 0.03 2.54 ± 9.14 1.38 ± 0.06 1.97 ± 0.14 2.07 ± 0.14

fraction of deposited
dose in 24 h (%)

64 56 90 22 53 27

purity (% wt) 98.6 ± 0.4 98.7 ± 0.81 98.7 ± 0.86 91.5 ± 061 98.5 99.3 ± 0.08

* data taken from respective JRC report [35]. ** not quantified as material is only available as dispersion. # data
taken from project data (SUN-project) [26].

Briefly, samples were incubated with Human Blood Serum (HBS) for 3 h at 37 ◦C. Before
incubation, bath sonication for 1 min was applied to prevent the formation of large agglomer-
ates and access whole surface area. NMs were separated from HBS via ultracentrifugation
(AUC-Beckman XL centrifuge, Beckman Coulter, Brea, CA, USA) at 14,000× g for 150 min).
Subsequently, 100 μL of NM-free HBS supernatant were incubated in the FRAS reagent that
contains the Fe3+ complex. The total antioxidant depletion as a measure of the oxidative
potential of NMs was determined by using UV-vis spectrum of the iron complex solution.
Trolox, a water-soluble analog of vitamin E, was used as an antioxidant to calibrate the FRAS
results. Different Trolox concentrations (from 0.001 to 0.1 g/L) were tested by FRAS assay
to obtain FRAS absorption signals that were linearly fitted. Finally, the oxidative damage
induced by NP and NW was calculated in Trolox equivalent units (TEUs).

Additionally, fresh NM samples were prepared to evaluate the ion contribution. After
an ultracentrifugation step, the ion concentration in NM-free HBS supernatants was deter-
mined by ICP-MS (Nexion 2000b, Perkin Elmer, Waltham, MA, USA). Using water-soluble
metal salts (CuSO4·5H2O and NiCl2), ion solutions with equivalent concentrations were
prepared and the associated oxidative damage in HBS was measured by FRAS method. For
each NM and ion dose, triplicate measurements were performed.

2.6. Cytotoxicity, Bioavailability, and Intracellular Distribution

For cytotoxicity testing, the ATP content was quantified with the CellTiter-Glo® Lumi-
nescent Cell Viability Assay Kit (Promega GmbH, Bremen, Germany). Briefly, cells were
seeded in 96-well plates and incubated with the respective nanomaterials or 500 nM stau-

203



Nanomaterials 2022, 12, 147

rosporine (positive control). After 24 h incubation the medium was removed and 100 μL
fresh medium was added to the wells. After 30 min of equilibration, 100 μL of CellTiter-Glo®

was added and chemiluminescence was measured on the Infinite® 200 Pro microplate reader
(Tecan Group Ltd., Männedorf, Switzerland). For analyzing the relative cell count (RCC)
and bioavailability, cells were seeded as a confluent monolayer and incubated with three
different doses of the nanomaterials (Table S2). After 24 h, incubation was stopped by
removing the incubation media from the cells. The cells were washed with PBS, collected,
and analyzed via a Casy cell counter obtaining cell number and cell volume. Cell count was
used to determine the RCC. To quantify the amount of bioavailable metal ions within the
whole cell, cells were lysed in RIPA buffer (0.01 M Tris pH 7.6, 0.15 M NaCl, 0.001 M EDTA,
1% (v/v) Triton-X 100, 1% DOC, 0.01% SDS, 1 × protease-inhibitor) for 30 min followed
by 1 h centrifugation at 14,000× g to remove the cell membrane and undissolved mate-
rial residues [17]. The supernatant was then used for graphite furnace atomic absorption
spectrometry (GF-AAS) as described above. Residues of particles were excluded using
dynamic light scattering (data not shown). To investigate the intracellular distribution of
the metal ions within the cytoplasm and the nucleus, cells were fractionated as described
previously [15,17], using the Nuclear Extract Kit (ActiveMotif, Carlsbad, CA, USA).

3. Results

3.1. Physicochemical Characterization

All materials were characterized as raw material or dispersion in detail. For all parti-
cles, hydrodynamic (dh) and primary diameter (dp, obtained via TEM or SEM) as well as
ζ-potential and PDI were determined. Additionally, all particles were investigated with
respect to their specific surface area (SSA), effective density, and deposition efficiency for
subsequent in vitro studies using the Distorted Grid (DG) model (Table 2). The primary
particle size of all materials ranged between 15.5–55.2 nm, with Ag NP (NM 300K) showing
the smallest size followed by CuO NP, Ni NP, CeO2 NP (NM 212), and TiO2 NP (NM 105).
Cu NP showed the largest primary diameter of 55.2 nm. The hydrodynamic diameter of all
materials was in the same order of magnitude, except for the Ni NP which showed a high
dh of 388 nm. Additionally, a rather high PDI for the Ni NP was observed. The latter, in
combination with the high dh, indicates that the Ni NP dispersion was very poly-disperse
and that this particle species tended to agglomerate. The deposited dose ranged between
22% in case of TiO2 NP and 90% in case of Ni NP. To facilitate the dispersion preparation for
in vitro studies, a comparison between freshly prepared and thawed material dispersions
was made. Hereby, dh, Z-average and the deposited dose were investigated (Table S3,
Figures S1 and S2). Altogether, no major differences were observed, indicating the applica-
bility of a freeze-thaw protocol. For the fibrous materials, primary length and diameter,
as well as ζ-potential and SSA were investigated (Table 3). All nanowire showed a mean
length above 5 μm and a width below 500 nm, indicating WHO fibre-like properties with
an aspect ratio higher than 3:1. To calculate the deposited dose for the NP, the DG model
was used [29]. Since this model uses spherical structures to simulate the deposited dose it
is not applicable for fibrous materials such as nanowire.

Table 3. Summarized physicochemical properties of the investigated nanowire. Length and width
have been determined by scanning electron microscopy, SSA: specific surface area.

Length (μm) Width (nm) ζ-Potential (mV) SSA (nm2/g) Purity (% wt)

Cu NW 6.3 ± 0.4 300 ± 6 −14.1 1.49 >99.5 #

Ni NW 9.97 ± 0.29 280 ± 6 −14.5 1.61 99.1

Ag NW 10.6 ± 0.28 110 ± 1.6 −4.1 ± 0.1 3.47 99.1 ± 0.65

TiO2 NW 7.3 ± 0.2 0.87 ± 0.03 n.a. n.a. n.a.
# data from supplier. n.a.: not available; experiments were not performed due to batch-to-batch variation of TiO2
NW resulting in suspensions of poor quality.
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3.2. Dissolution and Transformation

The solubility in physiologically relevant fluids was determined using two approaches,
applying a static and a dynamic method. While the static approach was applied for
artificial alveolar (AAF, pH 7.4) and artificial lysosomal (ALF, pH 4.5) fluid, the dynamic
approach was conducted with a phagolysosomal simulant fluid (PSF, pH 4.5). The results
are summarized as a proportion of dissolved material after seven days of incubation
(Table 4). Most materials were not soluble in AAF. Only Cu NP and Cu NW showed a
low and comparable solubility in AAF of 12%. The solubility in artificial lysosomal fluid
(ALF) depended strongly on the material examined. High solubilities were observed in the
case of Cu NP (64%) and Cu NW (57%), as well as for CuO NP (57%) in the static method.
These materials also showed high solubility in the dynamic process, whereby the CuO NP
exerted the highest solubility of 97%. The nickel materials exhibited a moderate (Ni NW)
to high solubility (Ni NP) in the static process, while Ni NW showed a high solubility of
94% in the dynamic process. In both, static and dynamic approaches, no or only a very low
solubility for the Ag NP was detected. The fibrous silver material (Ag NW) was also found
to be insoluble by the static approach, while a low solubility of 11% was found applying
the dynamic system. For particulate and fibrous TiO2 as well as for particulate CeO2 no
solubility was observed in any of the media tested.

Table 4. Summary of the solubility in biologically relevant model fluids after seven days. AAF:
Artificial alveolar fluid (pH 7.4); ALF: Artificial lysosomal fluid (pH 4.5); PSF: Phagolysosomal
simulant fluid (pH 4.5).

Material and Form

Static Dissolution (%
Dissolved)

Dynamic Dissolution
(% Dissolved)

AAF ALF PSF

Ag
NP (NM 300K) 0.5 ± 0.1 0.2 ± 0.0 1.6

NW 0.5 ± 0.2 0.2 ± 0.0 11

CeO2 NP (NM 212) 0.001 0.021 0.3

Cu
NP 12.0 ± 4.7 63.8 ± 3.4 45.5
NW 6.0 ± 2.7 57 ± 3.1 35

CuO NP 3.9 ± 1.8 57.2 ± 5.1 97.3

Ni
NP 3.7 ± 0.4 56.1 ± 15.5 63.2
NW 0.9 ± 0.6 35.5 ± 10.1 94.4

TiO2
NP (NM 105) 0.002 0.022 0.3

NW 0.001 0.021 0

Next, the transformation of nanomaterial shape and speciation of NW after dynamic
dissolution was investigated (Figure 1). For this purpose, the flow-through cells were
flushed with water, opened and the remaining solids were rinsed onto a centrifuge vial
with a TEM grid at the bottom. By centrifugation, all solid material > 10 nm was spun onto
the TEM grid and the supernatant containing the buffer salts was discarded. Compared
to non-treated Ag NW, the occurrence of particulate morphologies was observed, which
represents the thermodynamically stable form. A smaller number of Cu NW, decorated
by newly formed substructures, was found on TEM grids due to high solubility in PSF.
The tendency of increased polymorphism from long fibers towards a higher number
of small particle structures coincided with sulfidation (EDXS, data not shown), which
may have formed passivating layers. Since Ni NW almost completely dissolved, no NW
were detected during TEM measurements. As expected, undissolved TiO2 NW stayed
aggregated after dissolution.
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Figure 1. TEM images of NP and NW before and after treatment in the flow-through cells with
phagolysosomal simulant fluid (PSF).
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3.3. Abiotic Reactivity

To assess the abiotic reactivity, the so-called ferric reduction ability of serum (FRAS)
assay was applied. This assay is based on the measurement of a mass-metric Biological Ox-
idative Damage (mBOD) of nanomaterials due to their oxidative potential by the reduction
of human blood serum [34]. For each NP and NW, a dose-response was carried out and
one concentration close to ~20% of maximum NM oxidative potential was selected for the
evaluation of ion contribution (Figure 2).
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Figure 2. FRAS testing (A) Cu NP, Cu NP ions, Cu NW and Cu NW ions (B) Ni NP, Ni NP ions, Ni
NW and Ni NW ions (C) TiO2 NP and TiO2 NW. Error bars indicate one standard deviation from
triplicate testing, and are smaller than the size of the symbol in most cases. Statistics were performed
using either ANOVA-Dunnett’s T3 (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) or the 2-sided Dunnett’s test
(‡ p ≤ 0.05, ‡‡‡ p ≤ 0.001).

After incubation of the Cu NP in the FRAS assay media for the duration of the assay
at a concentration of 0.04 g/L (~20% of the measured Cu NP oxidative potential), the actual
Cu ion concentration was determined, being 11 mg/L. The ion oxidative potential was
more than two times and thus significantly lower (18,048 ± 2863 nmol TEU/L) than the
response induced by the total Cu NP (49,783 ± 644 nmol TEU/L); therefore the reactivity of
Cu NP at 0.04 g/L was predominately assigned to the particle with a steep dose-response
curve. Similarly, CuO NP presented high reactivity which was dominated by the particle
itself (Figure S3A). The ion contribution of Cu NW was tested at a concentration of 0.1 g/L
and the actual Cu ion concentration detected was 6.6 mg/L. The reactivity of Cu NW (0.1
g/L) originated completely from ions (Figure 2A). Moreover, FRAS mBOD values were
calculated at concentrations of 0.22 g/L as 842 ± 10 and 922.0 ± 5.4 nmol TEU/mg for Cu
NP and NW respectively, representing very high reactivity for both forms.

The ion contribution for Ni NP and NW was examined at a concentration of 15 g/L.
Ni ion concentrations were determined to be 105 mg/L and 31 mg/L, respectively. Both
Ni ions and NPs contributed significantly to the reactivity of Ni NP at 15 g/L (Figure 2B),
with values of 23,897 ± 1470 nmol/L TEU (ions) and 30,063 ± 441 nmol/L TEU (particles).
The mBOD values at concentration 15 g/L are for Ni NP 2.00 ± 0.03 nmol TEU/mg and for
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NW 0.50 ± 0.01 nmol TEU/mg. Although the difference is metrologically significant, the
values are very similar in comparison to the dynamic range of the assay as exemplified by
the values of the Cu-based materials.

Since TiO2 NP and NW were insoluble materials, ion contribution to the reactivity
was not considered. Similar mBOD values at a concentration of 15 g/L were calculated for
both NP: 1.20 ± 0.09 and NW: 1.5 ± 0.22 nmol TEU/mg (not all replicates were useful for
the NW, and the error of the worst triplicate in the concentration series is given). Again,
the difference is metrologically significant, but the values are very similar in comparison to
the dynamic range of the assay.

Moreover, the reactivity of CeO2 and Ag NP was evaluated (Figure S3B,C). As an
insoluble material, CeO2 presented very low reactivity (mBOD: 1.90 ± 0.09 nmol TEU/mg
at conc. 5.6 g/L). Ag NP showed intermediate reactivity with a mBOD value of 22.3 ± 0.2
nmol TEU/mg (at conc. 3.0 g/L).

3.4. Cell Viability and Bioavailability

For all cellular experiments doses are stated as μg/mL to facilitate comparison between
NP and NW, since the parameter of the deposited dose was only available for NP and not
for NW as described in Section 3.1.

3.4.1. Cell Viability

Cell viability was investigated in four different cell lines, namely three lung epithelial
cell lines (A549, Beas-2B and RLE-6TN (rat)) and one cell line with macrophage-like proper-
ties (dTHP-1). For each nanomaterial, five different doses were chosen and their impact
on the ATP content was assessed. Furthermore, RCC after incubation with three different
doses was analyzed. (Figure S4). As shown in the overview provided in Figure 3, all
materials which were soluble in lysosomal fluid (Cu, CuO, Ni) showed a dose-dependent
cytotoxic effect in all investigated cell lines. Additionally, a dose-dependent decrease of the
viability of the cells was seen after incubation with the Ag-based materials, even though an
ion release in the lysosomal fluid was not observed for this material. The dTHP-1 cells, as a
cell culture model with macrophage-like properties, revealed the most sensitive reaction
to all lysosomal-soluble nanomaterials. Comparing NP and NW of the same material
at the same concentrations, with the exception of Cu-based materials, the application of
NW resulted in a less pronounced cellular toxicity. For the insoluble materials, TiO2 NP
and CeO2 NP no decrease in viability was observed, even for the highest applied dose of
100 μg/mL.

Figure 3. Impact of nanomaterials on the ATP content of A549, Beas-2B, RLE-6TN, and dTHP-1 cells
after incubation with five different doses of the nanomaterials. The ATP content of incubated samples
was normalized to an untreated control. Significantly different from negative controls: * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001 (ANOVA-Dunnet’s t-test).
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3.4.2. Bioavailability

Bioavailability of all nanomaterials was analyzed after 24 h incubation with three
different concentrations (Figure 4) in four different cell lines (A549, Beas-2B, RLE-6TN,
and dTHP-1). Doses were chosen in preliminary experiments and normalized to low,
mid, and high cytotoxic effects. Cells were incubated with nanomaterials for 24 h in their
respected cell culture media. Depicted are the means of three independently performed
experiments ± standard deviation.

 

Figure 4. Bioavailability of Cu- (A), Ni- (B), Ag- (C), and Ce- and Ti-based materials (D) in A549
(light blue), Beas-2B (purple), RLE-6TN (dark green), and dTHP-1 (light green) cells. Bioavailability
is displayed as ion release in ng/106 cells. Cells were incubated with nanomaterials for 24 h in
their corresponding cell culture media. Depicted are the means of three independently performed
experiments ± standard deviation. Statistics were performed using either ANOVA-Dunnett’s test
(* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) or the unpaired t test (• p ≤ 0.05, •• p ≤ 0.01) to compare
differences from basal concentration.

All materials which revealed a solubility in ALF (pH 4.5) also showed a dose-dependent
increase of the intracellular ion release. The basal Cu content within the epithelial cell lines
(A549, Beas-2B, RLE-6TN) was around 2–3 ng/106 cells (15 μM). Regarding the dTHP-1
cells, a basal Cu concentration of 20 ng/106 cells (30 μM) was observed. After incuba-
tion with the CuO NP, the intracellular content of released copper ions increased up to
250 ng/106 cells (1700 μM), being comparable for all cell lines except the RLE-6TN cells.
Here, only a small increase of intracellular copper content after incubation with the CuO NP
was observed (70 ng/106 cells (600 μM)). Comparing Cu NP and NW, the bioavailability
of the Cu NW was considerably higher, especially in Beas-2B cells (up to 800 ng/106 cells
(5500 μM)). This observation could be explained by the higher dissolution rate of the Cu
NW in cell culture media used for Beas-2B cultivation (shown in Figure S5) and therefore a
simultaneous uptake of Cu ions in Beas-2B cells. Besides Beas-2B cells, dTHP-1 cells also
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exerted a strong release of Cu ions after incubation of the Cu NW, with a maximum of
570 ng/106 cells (3157 μM).

For both Ni-based materials a strong dose-dependency in intracellular bioavailability
was observed. Basal Ni concentrations ranged around 1–3 ng/106 cells (3–10 μM) for all
epithelial cells and 7 ng/106 cells (26 μM) for the dTHP-1 cells. After incubation with
10 μg Ni NP/mL, intracellular Ni content increased up to 250 ng/106 cells (3000 μM). In
comparison, the bioavailability of Ni NW was much lower. Intracellular Ni contents up
to 44 ng/106 cells (485 μM) were seen for two epithelial cell lines (A549 and RLE-6TN)
after an incubation dose of 10 μg Ni NW/mL After treatment with 50 μg Ni NW/mL and
higher, Ni-ion content increased up to 140 ng/106 cells (950 μM). Regarding the Ni content
in the dTHP-1 cells at an incubation dose of 10 μg Ni NW/mL, intracellularly dissolved
Ni was found to be four times higher (160 ng/106 cells (600 μM)) compared to that of all
epithelial cells. For Beas-2B cells only a low bioavailability was observed after incubation
with Ni NW, leading to a maximum intracellular Ni content of 13 ng/106 cells (90 μM). A
lower bioavailability of Ni in the Beas-2B cells was also observed after incubation with the
Ni NP. Solubility of the Ni-based materials in cell culture media was very low, leading to
a maximum dissolution rate of 4% in all cell culture media used in this study (Figure S5).
Thus, the intracellular bioavailability of these materials can be correlated to the uptake of
undissolved materials. Moreover, no differences in the solubility between the different cell
culture media were seen. Therefore, differences in the intracellular bioavailability of the
Ni-based materials appear to be dependent on the cell lines and their specific properties.

In acellular investigations, no dissolution of the Ag-based materials in ALF was
seen. However, bioavailability was observed in the cellular studies. Incubation of the Ag
NP resulted in a weak dose-dependent increase of the intracellular Ag content of up to
47 ng/106 cells (180 μM) at an incubation dose of 100 μg/mL for all epithelial cell lines.
In contrast, Ag content in the dTHP-1 cells was much higher, reaching an intracellular
Ag ion release of 94 ng/106 cells (175 μM) at 10 μg Ag NP/mL Incubation of the Ag NW
led to a maximum Ag ion release of 34 ng/106 cells (102 μM) at the maximum dose of
100 μg/mL for the epithelial cells, whereas Ag ion content of the dTHP-1 cells was found to
be around five times higher (150 ng/106 cells (330 μM)) after an incubation dose of 100 μg
Ag NW/mL. For the insoluble materials TiO2 NP and CeO2 NP no bioavailability was seen
even after treatment with the highest dose of 100 μg/mL.

3.4.3. Intracellular Distribution

Additionally, the intracellular distribution of all bioavailable materials was investi-
gated by fractionating the cells into the soluble fractions of the cytoplasm and nucleus
(Figure 5). Since treatment doses vary between the different materials, they are stated in Ta-
ble S2. A dose-dependent increase of ion concentrations was seen for all of the materials in
the cytoplasm as well as in the nucleus. For the Cu-based materials, a strong accumulation
of intracellular dissolved Cu ions was found within the nucleus of all cell lines, reaching
concentrations of 1 mM and higher. As already observed for the cellular bioavailability, the
compartment-specific Cu concentration was much more pronounced after treatment with
Cu NW when compared to the particulate Cu-based materials. Regarding the Ag-based
materials, a nuclear accumulation was evident in all cell lines. Here, concentrations up to
4 mM were observed after incubation of Beas-2B cells with Ag NP and after applying Ag
NW on dTHP-1 and RLE-6TN cells. For the Ni-based materials, a lower concentration of
released Ni ions was found in the nucleus as compared to the cytoplasm of all cell lines.

210



Nanomaterials 2022, 12, 147

Figure 5. Intracellular distribution in cytoplasm and nucleus of A549, Beas-2B, RLE-6TN and dTHP-1
cells after incubation with three doses metal-based nanomaterials. Significantly different from basal
concentration: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 (ANOVA-Dunnet’s t-test).

4. Discussion

In this study, nine different particulate or fibrous metal-based nanomaterials were
investigated with respect to their physicochemical properties and solubility behavior in
acellular fluids of different pH values. Furthermore, the cytotoxicity and intracellular
bioavailability of the materials in four different cell lines relevant for inhalative exposure
was determined. To the best of our knowledge, this is the first study systematically
comparing the impact of different particulate and fibrous metal-based materials on all of
these parameters in parallel, exerting some quantitative differences between nanomaterial
shapes, but a more distinct impact of the respective metal species under investigation.

Concerning the acellular investigations, for all materials, solubility in AAF (pH 7.4)
was not apparent or considered to be low. This suggests that the analyzed materials do
not dissolve in the extracellular matrix of the respiratory tract which is in accordance
with previous studies [24]. Therefore, a nanomaterial-cell interaction within the lung
can be postulated. However, since nanomaterials are taken up via endocytosis and are
subsequently transported to lysosomes, dissolution in this acidic environment appears
to be relevant. This may result in higher solubility in this acidic cellular compartment,
with potential intracellular metal ion release and thus potential metal-ion derived cellular
toxicity. Therefore, two different approaches were chosen to determine solubility under
acidic conditions and compared, namely, the static dissolution in artificial lysosomal fluid
(ALF) and a dynamic dissolution approach in phagolysosomal simulant fluid (PSF), both
pH 4.5. The dynamic approach was chosen additionally, since the lung is not a static system
and dissolved ions are transported quickly to other compartments, rendering it as a more
realistic approach [36,37]. Furthermore, the dissolution by the dynamic approach is not
limited by saturation conditions and therefore an underestimated dissolution rate can be
prevented [38]. Regarding the different materials under investigation, even after seven days
no solubility in either experimental system was observed in case of TiO2 NP or NW, CeO2
NP nor in case of Ag NP. However, some solubility was observed for Ag NW in the dynamic
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system as opposed to no detectable dissolution under static conditions. Far higher solubility
of around 50% and above was evident in case of Ni- and Cu-based materials. Here, both Ni
NP and Ni NW, as well as CuO NP, exerted higher dissolution fractions in the dynamic
system, while the opposite was observed in case of Cu NP and Cu NW. Nevertheless, in
all cases except for the insoluble TiO2, CeO2, and Ag NP, solubility was highly accelerated
under acidic conditions, evident by both experimental approaches. These differences in
nanomaterial dissolution were also reflected in structural transformation as determined by
TEM in the dynamic approach.

Additionally, the oxidative potentials of NP and NW and their free ions were evaluated by
utilizing the FRAS assay, which measures biological oxidant damage in serum [15]. Here, NP
and NW based on the same metals (Cu NP/NW, Ni NP/NW, TiO2 NP/NW) demonstrated
similar reactivity. However, the difference between the metals was more significant. While all
Cu-based materials (NP/NW and CuO NP) exerted very high reactivity at low concentrations
around and above 0.1 g/L, about 100-fold higher concentrations were required in case of TiO2
NP/NW, Ni NP/NW, and CeO2 NP to exert some but still low reactivity. With regard to the
respective NP, the results confirm those obtained previously [20,39]. No such studies have
been conducted for the NW analyzed within this study.

Since the respiratory tract is a complex system consisting of different cell types, the
cytotoxicity and bioavailability of the nanomaterials in four different cell lines were in-
vestigated, all being relevant for the respiratory tract. Thus, three epithelial cell lines of
human (A549, Beas-2B) or rat (RLE-6TN) origin, as well as a cell line with macrophage-like
properties (differentiated THP-1) were applied. To assess the cytotoxicity, two parameters
were chosen, namely RCC and ATP content, which were determined in all four cell lines.
Based on the outcome, bioavailability studies were conducted at low, mid, and high cyto-
toxic doses of the respective materials, as stated in Table S2. To distinguish intracellular
bioavailability from particles potentially stuck to the outer cell membrane, and to further
discriminate between cytoplasmic and nuclear metal ion concentrations, two different
fractionation protocols were applied as published previously [15,17]. Briefly, to assess
bioavailability in whole cells, the cell membrane with potential material residues was
separated by cell lysis followed by a centrifugation step. Besides the bioavailability in the
whole cell, metal-ion concentrations in the cytoplasm and the nucleus were investigated.
Here, cells were separated into the soluble fractions of cytoplasm and nucleus. In both
approaches, metal-ion concentration was determined by atomic absorption spectrometry
or ICP-MS afterwards.

In general, with the notable exception of Ag-based materials, both cytotoxicity as
well as bioavailability reflected the acellular dissolution rates in physiological lysosomal
media (pH 4.5), since materials that exhibited an acellular dissolution also showed a dose-
dependent cytotoxicity and bioavailability within all tested cell lines. Here, highly elevated
concentrations were seen in the cytoplasm and the nucleus; particularly high concentrations
in the nucleus were found in the case of Cu- and Ag-based materials, reaching millimolar
concentrations.

TiO2 and CeO2 NP, which were insoluble in acellular lysosomal fluid, also showed
neither cytotoxicity nor intracellular metal ion release. This is in agreement with a previous
study showing that resorbed TiO2 NP remained within the phagosomes of the cells without
measurable ion release in the cytoplasm and caused no cellular toxicity [40].

A good correlation between solubility in artificial lysosomal fluids, cytotoxicity, and
intracellular bioavailability was also evident for Cu- and Ni-based materials, showing
some cell line depending differences. For CuO NP, a pronounced and dose-dependent
bioavailability was seen in the Beas-2B cells, followed by A549 and dTHP-1 cells. The
correlation between the solubility at a low pH and intracellular bioavailability was already
described for CuO NP in two previous studies, where the dissolution in ALF with the
intracellular bioavailability in A549 and Beas-2B cells was compared [15,17]. Interestingly,
the bioavailability of Cu NP in the Beas-2B cells, when compared to the A549 cells, was
much lower. Comparing Cu NP and Cu NW at the same doses, a higher bioavailability
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was seen for Cu NW, however, the toxic effects of Cu NP and Cu NW were comparable.
Additionally, high concentrations of released ions from Cu NW were found in the nuclei.
The observation of higher Cu ion concentration within nuclei by Cu NW compared to
Cu NP may result in a higher genotoxic potential of the fiber-shaped material due to the
redox potential of Cu ions. However, this hypothesis needs to be further evaluated in
subsequent studies.

After incubation with Ni NP, a dose-dependent intracellular nickel ion release was
evident in all cell lines, with somehow less pronounced uptake in Beas-2B cells. This is in
agreement with results presented previously by Capasso and colleagues, who demonstrated
that the uptake of NiO NP in A549 cells is mainly endocytosis-related, while there was
no evidence for endocytotic uptake of NiO NP in Beas-2B cells [41]. The same tendency
was seen in the case of Ni NW, with lower levels of deliberated metal ions in all cell lines,
possibly due to the branched structure of the fibers. Recent studies have already shown
that Ni NW are taken up by different cell types, such as fibroblasts [42], colon cancer
cells [43], and macrophages [44] causing different toxic effects. However, this study offers
a quantitative comparison of the bioavailability of Ni NP and NW in different cell lines,
which has, to that extent, not been published. Interestingly, Ni NW exhibited a higher
bioavailability in dTHP-1 cells when compared to the epithelial cell lines. This indicates
that macrophages rapidly start to take up nanowire via phagocytosis, which has already
been observed in vivo [45]. Despite the fact that high concentrations of Ni ions were also
found in the nucleus of all cells after incubation with the Ni materials, it can be stated
that the intracellular released Ni ions mainly remain in the cytoplasm of all cell lines. This
observation strengthens results reported by Schwerdtle and colleagues, who investigated
the impact of NiO MP in A549 cells [46].

One very interesting example of differences in bioavailability observed in cells and
suggested solubility from acellular studies is the case of Ag-based materials. While neither
Ag NP nor Ag NW showed considerable ion release, even in acidic artificial lysosomal
media, Ag NP, as well as Ag NW, revealed an intracellular bioavailability at all applied
concentrations. The observed intracellular bioavailability is in agreement with recent
studies [24,47]. Intracellular metal ion release was highest in dTHP-1 cells, with even
higher metal ion concentrations in the nucleus when compared to the cytoplasm. The
discrepancy between the acellular solubility and intracellular bioavailability appears to be
unique for Ag-based materials and may be explained by the fact that silver forms insoluble
secondary structures due to its affinity to S- and Cl-groups [48]. These secondary structures
are not quantifiable by the static solubility approach used in this study, and may not be fully
quantifiable with the dynamic approach either, even though some solubility was observed
in the latter test system. Thus, it cannot be excluded that also in the acellular studies,
there was a release of Ag ions which bound rapidly to buffer components resulting in the
formation and precipitation of these insoluble secondary particles. Within the cell, however,
Ag ions may be released, leading to a dynamic equilibrium between cellular reactants, and
being quantifiable within the soluble fractions of the respective compartments.

5. Conclusions

While only minor differences were seen for acellular dissolution and abiotic oxidative
reactivity detected by the FRAS assay when comparing NP and NW of the same metal, their
reactivity and dissolution are mostly driven by the respective metal under investigation.
High solubility in acidic fluids, as models for the lysosomal environment, and pronounced
reactivity was seen for Cu-based particulate and fibrous materials. Similarly, high solubility
but moderate reactivity was seen for Ni NP and NW. Interestingly, in the case of Ag, no
dissolution in acellular fluids was observed, probably due to the formation of insoluble
secondary structures; however, an intermediate oxidative reactivity was seen for the Ag
NP. CeO2- and TiO2-based materials exhibited no acellular dissolution and no oxidative
reactivity. The dissolution behavior of the metal-based nanomaterials was strongly reflected
in cellular toxicity and intracellular bioavailability. Thus, CeO2- and TiO2-based materials
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showed neither cytotoxicity nor intracellular bioavailability in either cell line, while the
bioavailability which was seen for the soluble materials also correlated with the cytotoxicity
of these materials. Cytotoxic effects appear to be due to intracellular dissolved metal ions
followed by a metal ion overload, and not due to nanomaterial-cell interactions. This is in
line with the proposed Trojan-horse type mechanism [13,49]. An interesting exception was
seen in the case of Ag-based materials; here the acellular dissolution was not predictive
for its cellular toxicity and bioavailability. This may be due to the formation of secondary
particles formed after the dissolution of the nanomaterials, which likely precipitate in
acellular systems and thus remain undetectable in the soluble fraction, but which may add
to the soluble and thus bioavailable fraction in the cellular system. Concerning the different
cell lines applied, differences in toxicity and bioavailability were metal-dependent, with no
common pattern across the metals. In the case of Ni NW and Ag NW, a comparatively high
bioavailability was seen in THP-1 cells with macrophage-like properties, supporting their
higher proficiency for phagocytotic uptake.
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Abbreviations

AAF Artificial Alveolar Fluid
ALF Artificial Lysosomal Fluid
BSA Bovine serum albumin
DLS Dynamic light scattering
dTHP-1 Differentiated monocytic THP-1 cells to macrophage-like cells
FRAS Ferric Reduction Ability of Serum
GF-AAS Graphite Furnace Atomic Absorption Spectrometry
ICP-MS Inductively Coupled Plasma-Mass Spectrometry
NP Nanoparticle
NW Nanowire
PDI Polydispersity index
PSF Phagolysosomal Simulant Fluid
RCC Relative Cell Count
ROS Reactive oxygen species
REM Raster electron microscopy
TEM Transmission electron microscopy
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Abstract: Extensive production and use of nanomaterials (NMs), such as titanium dioxide (TiO2),
raises concern regarding their potential adverse effects to humans. While considerable efforts have
been made to assess the safety of TiO2 NMs using in vitro and in vivo studies, results obtained to
date are unreliable, possibly due to the dynamic agglomeration behavior of TiO2 NMs. Moreover,
agglomerates are of prime importance in occupational exposure scenarios, but their toxicological
relevance remains poorly understood. Therefore, the aim of this study was to investigate the potential
pulmonary effects induced by TiO2 agglomerates of different sizes at the air–liquid interface (ALI),
which is more realistic in terms of inhalation exposure, and compare it to results previously obtained
under submerged conditions. A nano-TiO2 (17 nm) and a non-nano TiO2 (117 nm) was selected for
this study. Stable stock dispersions of small agglomerates and their respective larger counterparts
of each TiO2 particles were prepared, and human bronchial epithelial (HBE) cells were exposed to
different doses of aerosolized TiO2 agglomerates at the ALI. At the end of 4h exposure, cytotoxicity,
glutathione depletion, and DNA damage were evaluated. Our results indicate that dose deposition
and the toxic potential in HBE cells are influenced by agglomeration and exposure via the ALI
induces different cellular responses than in submerged systems. We conclude that the agglomeration
state is crucial in the assessment of pulmonary effects of NMs.

Keywords: nanomaterials; titanium dioxide; agglomerates; air-liquid interface; pulmonary toxicity

1. Introduction

Nanotechnology is ubiquitous, brings novel advancements in all aspects of human life
on a daily basis, and has a wide variety of applications, such as in consumer goods,
electronics, communication, environmental treatments and remediations, agriculture,
nanomedicine, water purification, textiles, aerospace industry, and efficient energy sources,
among many others. The field of nanotechnology is one of the fastest expanding markets in
the world and its global value is expected to exceed the USD 125 billion mark by 2024 [1].

Nanomaterials (NMs) are generally defined as a material with at least one dimension
in the nanoscale (1–100 nm) range [2]. While NMs are abundant in nature and produced
by various sources, such as forest fires and volcanic eruptions, they are also intentionally
manufactured by nanotechnologies on a global scale for industrial and commercial pur-
poses. EU recommended a definition for NM solely for regulatory purpose, which states

Nanomaterials 2021, 11, 3226. https://doi.org/10.3390/nano11123226 https://www.mdpi.com/journal/nanomaterials
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that “natural, incidental or manufactured material containing particles, in an unbound
state or as an aggregate or as an agglomerate and where, for 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” [3].

Among the manufactured NMs, titanium dioxide (TiO2) is one of the widely used
NMs in commercial applications and approximately four million tons of TiO2 are produced
annually worldwide [4–6]. Commercial TiO2 NMs come in different crystalline forms such
as anatase and rutile. As TiO2 NMs reflect UV light, they are widely used in cosmetics and
in paints as a UV filter [5] as well as in plastics [7]. TiO2 NMs are also extensively used as
food colourant (food additive E171) [8]. Due to their light dependent properties, TiO2 NMs
are being studied for potential medical and bio-medical applications such as antibacterial
activity, biosensing, drug delivery, and implant applications [9,10]. The production of TiO2
NMs is expected to expand continuously due to their potential in the energy sector and
environmental based applications [11]. This clearly indicates that there is a potential for
human exposure, particularly inhalation, as this is the major route of exposure to TiO2 NMs
in occupational settings and raises concerns about their safety and adverse pulmonary
effects [12].

Toxicological evaluations of TiO2 NMs are often performed using in vivo models such
as mice and rats. Short and long term exposure to TiO2 NMs via inhalation induced pul-
monary inflammation, fibrosis and tumours [6,13–15]. A significant increase in cytotoxicity,
inflammation, oxidative stress, and DNA damage was observed in mice exposed to high
doses (10 mg/kg [16] and ~4 mg/kg [17]) of TiO2 NMs. The studied endpoints are major
key events identified to play essential roles in fibrosis and tumour development [14,18].

In vitro models are often employed as a first screening method, to unveil the mecha-
nisms involved in the induction of adverse effects, and to prioritize NMs for further animal
testing. Traditionally, submerged in vitro cell cultures are widely used to assess the adverse
effects of NMs with a particular focus on the production of reactive oxygen species, which
can be generated specially in case of TiO2 NMs [19]. Submerged exposure to TiO2 NMs in-
duced cytotoxicity, oxidative stress, pro-inflammatory responses, and genotoxicity in lung
derived immortalized cell lines [6]. In submerged exposure systems, the cells are covered
with culture media to which NMs are added. The biomolecules present in the culture media
can adsorb to the surface of the NMs to form a protein corona [20,21]. Such changes to the
surface can potentially prevent the adverse effects of NMs [22], affect the physico-chemical
properties relevant for toxicological assessment (size, surface area, surface composition,
surface charge, and agglomeration, etc.) [23], and also effective density [24], an important
parameter that determines the sedimentation of NMs. However, these modifications of
NMs in cell culture medium often do not reflect the conditions upon inhalation in real life
situations.

Recently, exposure at the air liquid interface (ALI) has been evolving as a potential
alternative to conventional submerged in vitro exposure systems. At the ALI, cells grown
on transwell plates are directly exposed to aerosolized particles and gases, which better
reflects the exposure in vivo via inhalation [25–28]. Previously, we have developed, vali-
dated, and used a fully integrated ALI exposure system for the assessment of toxicological
effects of various NMs and aerosols [29–33].

It is well known that the physicochemical properties of NMs influence their toxic-
ity [34]. Among all the properties, the influence of agglomeration on the toxicity of NMs is
less well studied and poorly understood. In our previous study, we assessed the influence
of TiO2 NM agglomeration on (cyto) toxicity and biological responses [35] using a human
bronchial epithelial (HBE) cell line. However, the entire study was carried out in submerged
exposure conditions. While there is only a limited number of toxicological investigations
addressing adverse effects of TiO2 NMs using ALI exposure systems [31,36,37], the impact
of agglomeration has not been researched. Here, we prepared TiO2 NM agglomerates of
different sizes and performed toxicological studies employing ALI exposure. The aim of
the present work was to investigate the cytotoxicity and biological responses in HBE cells
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after ALI exposure to different doses of TiO2 agglomerates of different sizes and compare
the results to those previously obtained under submerged conditions [35].

2. Materials and Methods

2.1. Preparation of Dispersions and Characterization of TiO2 NMs

Two TiO2 NMs (representative test materials) of different primary sizes were kindly
provided by the European Commission’s Joint Research Centre (JRC, Ispra, Italy). Mean
primary size of TiO2-JRCNM10202a was determined as 17 nm and TiO2-JRCNM10200a
as 117 nm. Therefore, the two NMs are indicated as 17 nm and 117 nm sized TiO2 in
the text. Both TiO2 NMs are pristine and anatase in nature. Detailed physicochemical
characterization of these NMs were provided in a previously published JRC report [38].

Detailed information on the development of the dispersion protocol to obtain two
different agglomeration states (small and large agglomerates) of both TiO2 NMs were
published elsewhere [17,35]. Briefly, to obtain agglomerates of different sizes, particles
were dispersed in different pH conditions (2 and 7), the dispersions were probe sonicated
(7056 J) and stabilized with 1% bovine serum albumin (BSA). After stabilization, the
suspensions at pH 2 were readjusted to pH 7–7.5 by slowly adding sodium hydroxide
solution (NaOH). While the original dispersion protocol was developed to prepare 10 mL
of stock dispersions and intended for submerged exposure, for ALI exposure, the quantity
was scaled up to 120 mL to provide sufficient quantity of dispersions for the aerosolization
of TiO2 agglomerates during the 4 h exposure period. Each dispersion was freshly prepared
before each exposure. Table 1 shows the nomenclature of different dispersions.

Table 1. Nomenclature of TiO2 agglomerate dispersions.

17 nm-SA 17 nm-LA 117 nm-SA 117 nm-LA

Particle type JRCNM10202a JRCNM10202a JRCNM10200a JRCNM10200a
Primary particle diameter 17 nm 17 nm 117 nm 117 nm

Agglomeration state Small
agglomerates

Large
agglomerates

Small
agglomerates

Large
agglomerates

2.2. Cell Culture Maintenance

The human bronchial epithelial cell line (16HBE14o- or HBE) was kindly provided by
Dr. Gruenert (University of California, San Francisco, CA, USA). HBE cells were cultured in
DMEM/F12 supplemented with 5% fetal bovine serum (FBS), 1% penicillin-streptomycin
(P-S) (100 U/mL), 1% L-glutamine (2 mM) and 1% fungizone (2.5 g/mL). All cell culture
supplements were purchased from Invitrogen (Merelbeke, Belgium) unless otherwise
stated. Cells were cultured in T75 flasks at 37 ◦C in a 100% humidified air containing 5%
CO2. Medium was changed every 2 or 3 days and cells were passaged every week (7 days).
Cells from passage 4 to 8 were used for the experiments.

2.3. Air–Liquid Interface Exposure

For ALI exposure, 3.5 × 105 HBE cells/mL were seeded on the apical side of a 6-
well transwell plate (Corning Costar Transwell insert membranes type 3450, culture area
4.67 cm2, pore size 0.4 μm, cat no 10619141, Fischer scientific, Schwerte, Germany) with
1.5 mL of cell culture medium on the basolateral side and incubated overnight at 5% CO2
and at 37 ◦C. Before ALI exposure, the apical and the basolateral media were removed.
Then, cell culture medium was added into the basolateral compartment and the apical side
was left uncovered (no medium). Uncovered cells were exposed to “clean air” (humidified
synthetic air as negative control) or in parallel to airborne TiO2 agglomerates at low dose
without electrostatic deposition and at different levels of electrostatic deposition (400 V,
800 V, and 1200 V) for 4h to facilitate dose–response evaluation of different biological
endpoints. After exposure, the medium at the basal side of the transwell inserts was
collected for LDH analysis.
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2.4. Aerosol Generation and Characterization

Figure 1 shows the layout of the ALI exposure system. For TiO2 aerosol generation, a
setup according to the VDI guideline 3491 (Technical Division Environmental Measurement
Technologies, 2016) was used. The TiO2 dispersions, continuously stirred during the
experiment, were sprayed in a drying reactor with a silica gel fill along the walls using a
two-substance nozzle (model 970, Düsen-Schlick GmbH, Untersiemau/Coburg, Germany).
The dry TiO2 aerosol was regularly characterized for the number size distribution in the
drying reactor using a Scanning Mobility Particle Sizer SMPS + C (Grimm Aerosol GmbH,
Ainring, Germany) and directed to the ALI exposure system, as described by Mülhopt
et al. [30]. In the conditioning reactor of the ALI exposure system, the TiO2 aerosol is
tempered to 37 ◦C and humidified to 85% r. h., and then sampling streams are directed to
the single exposure chambers containing the cell cultures using an exposure flow rate of
100 mL/min. For describing the aerosol state as exposed to the cell cultures, the number
size distribution was also measured by a Scanning Mobility Particle Sizer U-SMPS (Palas
GmbH, Karlsruhe, Germany) sampled in the aerosol conditioning reactor. Every 5 min a
scan was performed; means and standard deviation were calculated from all scans of an
experiment in each channel and corrected regarding sampling losses according to Asbach
et al. [39].

 

Figure 1. Experimental setup: generation of airborne TiO2 agglomerates in dry air according to VDI guideline 3491 and
exposure of human lung cells in the Air–Liquid-Interface Exposure System with accompanying measurement of particle
size distribution using Scanning Mobility Particle Sizer (SMPS) at the dry stage in the reactor as well as for the aerosol inside
the exposure system.

2.5. Determination of the Deposited Dose

The deposited cell culture surface dose is reflected by the deposited fraction of the
TiO2 agglomerates exposed as aerosol towards the cells and not easy to determine. For this
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reason, three different methods were applied: the online monitoring of mass dose using
the quartz crystal microbalance QCM (Vitrocell Systems GmbH, Waldkirch, Germany) [29],
the image analysis of exposed TEM grids as presented in [40] and the calculation from the
SMPS measured number size distribution as shown in [30]. The effective density of all
TiO2 agglomerates were used as determined and reported in [35], and did not differ much
between the dispersions ((17nm-SA: 1.55 g/cm3), (17nm-LA: 1.48 g/cm3), (117nm-SA:
1.78 g/cm3), and (17nm-LA: 1.78 g/cm3)).

2.6. Metabolic Activity

Metabolic activity was evaluated as a measure of cell viability using the WST-1 assay
(Merck, Overijse, Belgium). At the end of ALI exposure, cells were washed with HBSS and
incubated with 500 μL of WST1 reagent (diluted in HBSS at the ratio of 1:10) for 45 min.
At the end of incubation, 100 μL was transferred to a 96 well plate and optical density
was recorded at 450 nm. Sample OD values were subtracted from blank OD values and
results were expressed as percentage of negative control cells. Cells exposed to clean air
were treated as negative control and Triton X-100 (0.1%) lysed cells were treated as positive
control (data not shown).

2.7. Membrane Integrity

Lactate dehydrogenase (LDH) activity in the cell culture supernatant was measured
as an indicator of membrane damage. Briefly, 100 μL of cell culture medium collected at
the basal side at the end of ALI exposure were transferred to a 96 well plate and incubated
with LDH mixture (prepared as indicated in the manufacturer’s protocol, Sigma-Aldrich,
Taufkirchen, Germany, cat no 11644793001) and the optical density (OD) was recorded
at 490 nm. Sample OD values were subtracted from blank OD values and results were
expressed as percentage of Triton X-100 (0.1%) lysed cells. Cells exposed to clean air were
treated as negative control.

2.8. Total Glutathione Measurements

Reduced glutathione (GSH) depletion was measured as an indicator of oxidative
stress induction. Briefly, exposed cells were scraped, transferred into Eppendorf tubes and
centrifuged at 150× g for 5 min. Then, the supernatants were discarded and cells were
resuspended in 1 mL of phosphate-buffered saline (PBS). After centrifugation, PBS was
removed and 450 μL of 10 mM hydrochloric acid (HCL) was added to each tube. Cell
lysis was performed by the freeze thawing procedure (15 min freezing, 15 min thawing
for two times) and immediately protein content analysis (by BCA assay) was performed
using 10 μL of the cell lysate. Then, the lysate was resuspended in 6.5% 5-sulfosalicylic acid
(SSA), incubated on ice for 10 min and centrifuged at 20,800× g (14,000 rpm) for 10 min
at 4 ◦C to precipitate the proteins. The supernatants were stored at −80 ◦C for later GSH
determination. GSH was measured using a glutathione detection kit (Enzo life sciences,
Brussels, Belgium). Cells exposed to clean air were treated as negative control.

2.9. DNA Damage

Briefly, at the end of the ALI exposure, the cells were detached with trypsin, cen-
trifuged at 250× g for 5 min, suspended in the storage buffer, composed of sucrose 85.5 g/L,
dimethyl sulfoxide (DMSO) 50 mL/L prepared in citrate buffer (11.8 g/L), pH 7.6, and
immediately frozen at −80 ◦C. DNA strand breaks were measured using the alkaline
comet assay kit (Trevigen, C.No.4250–050-K, Gaithersburg, MD, USA) according to the
manufacturer’s protocol. Fifty cells per gel were measured. Cells exposed to clean air
were treated as negative control and cells treated with methyl methane sulfonate (Merck,
Overijse, Belgium; 100 μM for 1h) served as positive control (data not shown). Results were
expressed as percentage of DNA in the tail. NMs can interfere with the comet assay [41]. To
evaluate this, we mixed TiO2 NMs with clean air exposed cells (negative control) and cells
treated with MMS (positive control), performed the comet assay, and compared the results
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with negative and positive controls prepared without TiO2 NMs. The results indicated that
the TiO2 NMs at high concentrations (100 μg/mL) did not interfere with the assay.

2.10. Statistical Analysis

Two or three independent experiments were performed with six replicates each and
data was presented as mean ± standard deviation (SD). Using GraphPad prism 7.04 for
windows, GraphPad Software (7.04, La Jolla, CA, USA), www.graphpad.com (accssed
on 24 November 2021), the results were analysed with one-way ANOVA followed by a
Dunnett’s multiple comparison test to determine the significance of differences compared
with control.

3. Results

3.1. Size Characterization in Stock Suspensions

We obtained four agglomerate dispersions from two TiO2 NMs of different sizes.
Detailed information on the physicochemical characterization and methods used to char-
acterize the agglomerates in stock dispersions were published elsewhere [17,35]. Using a
standardized TEM technique in our previous study [42], we measured the size of several
thousand agglomerates in each dispersion. The TEM based determination of the diameter
(median feret min) indicated that the size of 17 nm sized TiO2 NMs in their least agglom-
erated form (indicated as 17 nm-SA) was 33 nm, while it was 120 nm for the strongly
agglomerated condition (17 nm-LA). The sizes of small (117 nm-SA) and large agglom-
erates (117 nm-LA) of 117 nm sized TiO2 NMs were 148 and 309 nm, respectively (see
Figure S1 and Table S1). In summary, at low pH agglomeration of TiO2 NMs was modest
whereas at neutral pH strong agglomeration of the small (17 nm) and less pronounced for
the larger (117 nm) TiO2 NM is observed [17,35].

3.2. Aerosol Characterization and Determination of Deposited Dose

The particle number size distributions (Figure 2) showed nearly the same characteris-
tics for 17 nm-SA and 117 nm-LA with modal values xM of 72 and 71 nm, respectively. The
other titania 17 nm-LA and 117 nm-SA were also nearly identical with a size of xM = 144
and 139 nm, respectively. All particle number size distributions have a typical geomet-
ric standard deviation σgeo in the range of 2. These results show a similar trend as our
previously reported TEM sizes (Supplementary Material Figure S1, [35]) for the different
agglomerates in the stock solutions except for 117 nm-LA. Comparing SMPS and primary
TEM data from stock solutions, the aerosol processing may cause differences for the size
determination of 117 nm-LA agglomerates as the aerosol is characterized with the SMPS
under nearly dry conditions, whereas for submerged exposure and subsequent TEM anal-
ysis, the water content and media components might increase the size of agglomerates.
In addition, the SMPS measurements only cover the range of 10 to 800 nm and neglect
possible larger agglomerates.

In Table 2, the summary of all measurements regarding TiO2 aerosol characteristics is
listed. The mass concentration is calculated from the number size distribution of the SMPS
measurements. The QCM was operated without electrostatic deposition delivering the
diffusional doses as listed. Image evaluation of exposed TEM grids provides deposited
surface doses for the 17 nm-LA and 117 nm-SA, both corresponding very well with the
QCM data in the case of diffusional deposition (Supplementary Material, Figure S2). The
enhanced doses for electrostatic deposited agglomerates were evaluated for the 17 nm-LA
and 117 nm-SA from the exposed TEM grids. For these two types of agglomerates, the dose
enhancement factors were determined. In case of 117 nm-SA, deposition enhancement
factors of 5 for 400 V, 12 for 800 V, and 13 for 1200 V were calculated. Similarly, in case
of 17 nm-LA deposition enhancement factors of 4 for 400 V, 9 for 800 V, and 9 for 1200 V
are derived. For both types of agglomerates, the relative increase in deposition becomes
less with the increase of the electrostatic field strength. This saturation behavior has been
also shown earlier [40] and occurs when all charged agglomerates are deposited. In the
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TEM images of 17 nm-SA and 117 nm-LA individual particles could not be unambiguously
identified due to a strong background signal, (Supplementary Material Figure S2), the
doses listed in the summary table were calculated on the basis of the QCM data (measured
at 0 V) multiplied by the enhancement factors derived at the different voltages for the
corresponding particle types 17 nm-LA and 117 nm-SA.

Figure 2. Particle size distributions of TiO2 agglomerates measured by Scanning Mobility Particle
Sizer U-SMPS in the range of 8 to 800 nm. Each curve shows the means of number size distributions in
dependence of particle type and agglomeration state. Red circles: 17 nm-SA; black squares: 17 nm-LA;
blue triangles: 117 nm-SA; and green inverted triangles: 117 nm-LA.

Table 2. Characteristics of TiO2 aerosols and measured or calculated deposited surface doses on cell cultures.

Material 17 nm-SA 17 nm-LA 117 nm-SA 117 nm-LA

Modal value xM [nm] 72 ± 7 144 ± 12 139 ± 10 71 ± 2
Geometric standard deviation σgeo 2.0 ± 0.04 2.0 ± 0.12 2.0 ± 0.1 2.1 ± 0.04

Total number concentration [#/cm3] 4.0 × 105 ± 7.3 × 104 1.1 × 105 ± 3.1 × 104 1.1 × 105 ± 1.5 × 104 4.25 × 105 ± 2.5 × 104

Mass concentration a cm [mg/m3] 1.6 ± 0.58 1.7 ± 0.45 1.9 ± 0.48 2.0 ± 0.47
Diffusional dose (0 V EF)

QCM-signal [μg/cm2] 3.40 ± 0.89 1.62 ± 0.40 1.88 ± 0.62 2.89 ± 0.49

Diffusional dose (0 V EF)
TEM analysis [μg/cm2] n.a. b 1.78 ± 0.73 1.84 ± 0.58 n.a. b

Increased dose (400 V EF)
TEM analysis [μg/cm2] 12.2 c 6.6 ± 0.82 9.15 ± 1.44 14.4 d

a calculated from SMPS data, b n.a. = not analyzed as particles could not be clearly identified by TEM analysis, c calculated on the basis
of QCM data (0 V EF) multiplied with the corresponding factor for enhanced deposition at the different voltages as determined for the
17 nm-LA, d calculated on the basis of QCM data (μg/cm2, 0 V EF) multiplied with the corresponding factor for enhanced deposition at the
different voltages as determined for the 117 nm-SA.

3.3. Cytotoxicity: Effect on Metabolic Activity and LDH Release

After 4 h exposure to aerosolized TiO2 agglomerates at the ALI, we measured the effect
on cell metabolic activity using the WST-1 assay (Figure 3). Significant loss of metabolic
activity (~20%) was observed in cell cultures exposed to smaller agglomerates of 17 nm
sized TiO2 (17 nm-SA) at the highest dose deposited ~30 μg/cm2 (800 and 1200 V) while
their larger counterparts (17 nm-LA) induced significant increase in metabolic activity
(~25%) at the lowest (~1.6 μg/cm2) and at the highest doses (~16 μg/cm2) deposited.
Although an increasing trend in the metabolic activity can be seen (Figure 3C,D) compared
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to their clean air controls, small (117 nm-SA) and large agglomerates (117 nm-LA) of
117 nm sized TiO2 did not affect the metabolic activity significantly even at the highest
doses deposited (~24 and 38 μg/cm2, respectively). Subsequently, we measured the
LDH activity in the supernatant (basal media) of the cells exposed at the ALI (Figure 4).
Compared to clean air exposed controls, a trend of dose dependent increase in LDH activity
was noticed for all TiO2 agglomerates.

3.4. Oxidative Stress and DNA Damage

We measured GSH depletion as an indicator of oxidative stress induction (Figure 5).
We detected significant and similar decrease of GSH for 17 nm-SA at doses ~12 and
30 μg/cm2 while a slight but statistically significant increase in glutathione was noticed for
17 nm-LA only at the highest dose (~16 μg/cm2) deposited. There was a non-significant
increase of glutathione for both agglomerates of 117 nm sized TiO2 (Figure 5C,D). We
assessed the DNA strand breaks as a measure of DNA damage using the alkaline comet
assay (Figure 6). An increasing trend in DNA damage was noticed for 17 nm-SA and 17
nm-LA which, however, was not significant compared to unexposed controls (Figure 6A,B).
Both SA and LA of 17 nm TiO2 NMs induced significant increase in DNA damage only at
mass doses ~24 and 38 μg/cm2, respectively (Figure 6C,D).

Figure 3. Effect on metabolic activity of HBE cells after 4 h exposure to TiO2 agglomerates at the
ALI. 17 nm-SA (A), 17 nm-LA (B), 117 nm-SA (C), and 117 nm-LA (D). Data are expressed as
means ± SD from three independent experiments with six replicates each. p < 0.05 (*) and p < 0.01
(**) represent significant difference compared to control (One-way ANOVA followed by Dunnett’s
multiple comparison test).
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Figure 4. LDH activity measured in HBE cell supernatants after 4 h exposure to TiO2 agglomerates
at the ALI. 17 nm-SA (A), 17 nm-LA (B), 117 nm-SA (C), and 117 nm-LA (D). Data are expressed
as means ± SD from three independent experiments with six replicates each. p < 0.05 (*) repre-
sent significant difference compared to control (One-way ANOVA followed by Dunnett’s multiple
comparison test).

Figure 5. Glutathione levels measured in HBE cells after 4 h exposure to TiO2 agglomerates at the ALI.
17 nm-SA (A), 17 nm-LA (B), 117 nm-SA (C), and 117 nm-LA (D). Data are expressed as means ± SD
from two independent experiments with six replicates each. p < 0.05 (*) represent significant difference
compared to control (One-way ANOVA followed by Dunnett’s multiple comparison test).
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Figure 6. DNA damage measured in HBE cells after 4 h exposure to TiO2 agglomerates at the ALI.
17 nm-SA (A), 17 nm-LA (B), 117 nm-SA (C), and 117 nm-LA (D). Data are expressed as means ±
SD from two independent experiments with six replicates each. p < 0.05 (*) represent significant
difference compared to control (One-way ANOVA followed by Dunnett’s multiple comparison test).

3.5. Summary of Biological Responses

Although there is an overlap of the different deposited doses of the various TiO2
agglomerates, for a convenient comparison, we rather considered the significant lowest
observed adverse effect concentration for each endpoint to determine the toxic potency of
agglomerates (Table 3). Increase in LDH activity and decrease in glutathione was noticed
for 17 nm-SA even at low doses (3.4 and 12.2 μg/cm2, respectively), which could possibly
lead to a decrease in metabolic activity at the higher dose (30 μg/cm2), but no such effects
were noted for other agglomerates. These results indicate that the smaller agglomerates of
nano-sized TiO2 are more potent in terms of cytotoxicity and oxidative stress induction
at the ALI. However, when considering DNA damage at the different deposited doses,
agglomerates of non-nano sized TiO2, small agglomerates in particular, appear to be more
potent compared to agglomerates of nano-sized TiO2.

Table 3. Significant lowest observed adverse effect concentration of different TiO2 agglomerates
observed for different biological endpoints at the ALI. “-“ indicates no significant effect could
be detected.

Dispersions

Highest
Dose

Deposited
(μg/cm2)

Decrease in
Metabolic
Activity
(μg/cm2)

Increase in
LDH

Activity
(μg/cm2)

Decrease in
Glutathione

(μg/cm2)

Increase in
DNA

Damage
(μg/cm2)

17nm-SA 30 30 3.4 12.2 -
17nm-LA 16 - 6.5 - -
117nm-SA 24.5 - 9 - 24.5
117nm-LA 38.5 - 35 - 38.5

Table 4 shows significant lowest observed adverse effect concentrations determined
from our previously published study [35] for different endpoints in HBE cells exposed in
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submerged conditions. None of the agglomerates did induce significant cytotoxic effects at
the tested doses but significant decrease in glutathione was noticed for all the agglomerates
only at the dose of 155 μg/cm2. Large agglomerates of 117 nm-SA induced DNA damage
at the dose of 13 μg/cm2 while other agglomerates induced such effects at the dose ≥
26 μg/cm2, indicating that the large agglomerates of non-nano sized TiO2 are more potent
in terms of DNA damage.

Table 4. Significant lowest observed adverse effect concentration of different TiO2 agglomerates
observed for different biological endpoints at the submerged exposure system (from our previously
published study). “-” indicates no significant effect could be detected.

Dispersions
Highest

Dose Tested
(μg/cm2)

Decrease in
Metabolic
Activity
(μg/cm2)

Increase in
LDH

Activity
(μg/cm2)

Decrease in
Glutathione

(μg/cm2)

Increase in
DNA

Damage
(μg/cm2)

17nm-SA 155 - - 155 52
17nm-LA 155 - - 155 26
117nm-SA 155 - - 155 26
117nm-LA 155 - - 155 13

4. Discussion

Poor correlation of conventional in vitro and in vivo nanotoxicological exposure stud-
ies has been urging the development and validation of models that more closely represent
the physiological responses of inhalation exposure. Compared to conventional submerged
in vitro systems, air–liquid interface (ALI) exposures are shown to better mimic the in-
halation exposure as cell cultures grown at the ALI are exposed to aerosolized particles.
However, a deeper understanding of the behavior of NMs in relation to their physico-
chemical characteristics within the ALI system is essential. In this study, we investigated
the influence of TiO2 NM agglomeration on their deposition and cytotoxic potency in the
ALI system. Our results indicated that dose deposition and their cytotoxic potential are
influenced by TiO2 agglomeration, particularly for nano-sized TiO2.

In the current study, we could deposit in the absence of an EF mass doses of
1.6–3.4 μg/cm2, which could be further enhanced in the presence of an EV to
29.8–38.5 μg/cm2. Hence, in contrast to submerged exposure where the deposited dose of
nano- and non-nano-sized NMs varies drastically, at the ALI similar doses independent of
particle size could be deposited as agglomerates. This allows a more direct comparison of
dose–response relationships without the need of additional modelling as required under
submerged conditions. In a previous study, using the same ALI system, 0.17 μg/cm2 and
nearly 1.14 μg/cm2 was deposited at 0 and 1000 V, respectively, for the same exposure
duration using another non-agglomerated nano TiO2 (NM-105) [31]. This indicates that the
type of TiO2 NMs and their agglomeration state influences the dose which is deposited.

We noticed that the smaller agglomerates of nano-sized TiO2 NMs induced signifi-
cant cytotoxicity and oxidative stress at the ALI at low doses (dose < 13 μg/cm2) while
agglomerates of 17 or 117 nm sized TiO2 NMs induced oxidative stress, but no cytotoxicity,
under submerged exposure conditions only at the highest dose tested (~155 μg/cm2). In
the case of DNA damage, small agglomerates of non-nano sized TiO2 NMs appear to be
more potent at the ALI while large agglomerates of non-nano sized TiO2 NMs were found
to be the most potent in submerged exposure conditions. These results indicate that the
degree of agglomeration influences the potency of TiO2 NMs to damage DNA in HBE cells
differentially at the ALI and in submerged conditions.

Here, we found that the small agglomerates of nano-sized TiO2 NMs (agglomerate
size < 100 nm) are more potent in terms of cytotoxicity and oxidative stress induction at
the ALI compared to submerged exposure conditions. Noël et al. exposed rats to 7 mg/m3

of small (31 nm) and large agglomerates (194 nm) of TiO2 NMs for 6h and noticed a
significant increase in LDH activity and 8-isoprostane concentration in BALF, which are
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markers for cytotoxic and oxidative stress effects, respectively [43]. In another study of
the same group, rats were exposed to 20 mg/m3 of small (29, 28 and 35 nm) and large
(156, 128 and 135 nm, respectively) agglomerates obtained from differently sized TiO2 NMs
(primary size of 5, 20, and 50 nm, respectively) for 6 h [44]. The results indicated that,
only the small agglomerates (size < 100 nm) of 5 nm sized TiO2 NMs caused a significant
increase in cytotoxic effects while the small agglomerates (size < 100 nm) of all TiO2 NMs,
irrespective of primary particle size, induced a significant increase in oxidative damage
compared to larger agglomerates (size > 100 nm), which showed no significant effects for
these endpoints. These in vivo results are in agreement with our recent but also previous
findings [31], indicating that ALI exposure systems are more suitable than submerged
exposure assays to recapitulate adverse effects upon inhalation of NMs. Furthermore,
it is of utmost importance to deposit doses in the range of ng to maximally a few ug
of nanomaterials per cm2 cellular surface area to recapitulate exposure of humans upon
inhalation as outlined previously [25].

Recently, the European Food Safety Authority (EFSA) concluded that the use of TiO2 as
a food additive is no longer considered safe, which highlights the importance to investigate
adverse effects of nano-TiO2, genotoxic effects in particular [45]. In our previous study,
we noticed that the small and large agglomerates of both TiO2 NMs used in this study
induced DNA damage in HBE cell cultures exposed at submerged conditions at a dose
range of <50 μg/cm2 (see Table 3) without inducing a significant increase in cytotoxicity
and oxidative stress [35]. In this study, both agglomerates of 117 nm TiO2 NMs induced
DNA damage at the ALI within this dose range also without inducing a significant increase
in cytotoxicity and oxidative stress. Our previous study and others have shown that the
TiO2 NMs were internalized by bronchial epithelial cells in submerged culture [35,46] and
such internalized NMs can induce primary DNA damage by directly interacting with
DNA, without the induction of cytotoxicity or oxidative stress. In the case of ALI, post
exposure incubation for longer periods (such as 24 h) are needed to verify whether the
induced DNA damage causes a difference in cell viability or oxidative stress. In contrast,
small agglomerates of 17 nm sized TiO2 NMs provoked cytotoxicity and oxidative stress
but no DNA damage at the same doses. This indicates that genotoxic effects of TiO2 NMs
are impacted by their agglomeration state, as non-agglomerated TiO2 NMs of a modal
diameter of 47 nm induced DNA damage already at 1.12 μg/cm2 [31]. Moreover, our
results further suggest that the genotoxicity of submicron sized TiO2 particles or their
agglomerates should be also considered in the future.

5. Conclusions

In this study, we investigated the influence of agglomeration on the deposition and
cytotoxic potency of TiO2 NMs at the ALI. Our results indicate that dose deposition and
the cytotoxic potential are influenced by agglomeration, particularly for nano-sized TiO2
particles. This suggests that the agglomeration state of NMs is crucial in the assessment
of pulmonary effects of NMs. Our findings also show that exposure via the ALI induces
different cellular responses compared to exposure in submerged systems. More attention
should be paid to the methods used to prepare the dispersions of TiO2 NMs, specifically
concerning agglomeration, in order to assess the (nano) effects at the air-liquid interface
and to better predict the hazardous potential of NMs upon inhalation.
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Abstract: Low dose repeated exposures are considered more relevant/realistic in assessing the health
risks of nanomaterials (NM), as human exposure such as in workplace occurs in low doses and in a
repeated manner. Thus, in a three-week study, we assessed the biological effects (cell viability, cell
proliferation, oxidative stress, pro-inflammatory response, and DNA damage) of titanium-di-oxide
nanoparticle (TiO2 NP) agglomerates and synthetic amorphous silica (SAS) aggregates of different
sizes in human bronchial epithelial (HBE), colon epithelial (Caco2), and human monocytic (THP-1)
cell lines repeatedly exposed to a non-cytotoxic dose (0.76 μg/cm2). We noticed that neither of the
two TiO2 NPs nor their agglomeration states induced any effects (compared to control) in any of the
cell lines tested while SAS aggregates induced some significant effects only in HBE cell cultures. In a
second set of experiments, HBE cell cultures were exposed repeatedly to different SAS suspensions for
two weeks (first and second exposure cycle) and allowed to recover (without SAS exposure, recovery
period) for a week. We observed that SAS aggregates of larger sizes (size ~2.5 μm) significantly
affected the cell proliferation, IL-6, IL-8, and total glutathione at the end of both exposure cycle
while their nanosized counterparts (size less than 100 nm) induced more pronounced effects only
at the end of the first exposure cycle. As noticed in our previous short-term (24 h) exposure study,
large aggregates of SAS did appear to be similarly potent as nano sized aggregates. This study also
suggests that aggregates of SAS of size greater than 100 nm are toxicologically relevant and should
be considered in risk assessment.

Keywords: nanotoxicology; titanium dioxide; synthetic amorphous silica; agglomerates and aggre-
gates; realistic exposure in vitro

1. Introduction

Manufactured nanomaterials (NMs) are, due to their unique physico-chemical proper-
ties, used in a large variety of applications. Nowadays, at least 1800 products containing
NMs, ranging from personal care products to sporting goods, are in circulation in the global
market [1]. Concerns regarding the human health effects of NMs are gradually increasing
due to their increased production and use [2–5].

In the real world, such as in occupational exposure settings, NMs exist as primary parti-
cles, agglomerates, aggregates, or as a mixture thereof [6–8]. In agglomerates,
the particles are loosely bound by weak forces such as Van der Waals in a reversible
manner, while in aggregates, particles are irreversibly fused together by chemical bonding
such as covalent or ionic bonding [9]. The term agglomerates and aggregates (AA) is
included in the definition of NMs recommended by the European Union [10]. It states
that “manufactured material containing particles, in an unbound state or as an aggregate
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or as an agglomerate and where, for 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”. However,
the definition was recommended solely for regulatory applications without any regard
for hazard. Moreover, the relevance of AA in terms of toxicological perspectives is still
largely unknown.

Titanium-di-oxide (TiO2) and synthetic amorphous silica (SAS) are among the most
widely used NMs. Due to their unique properties, they have found applications in food,
cosmetics, paints, etc. [2,11,12]. TiO2 NMs are well known for their tendency to agglom-
erate [13], while SAS NMs are known to aggregate easily during their production for
industrial/commercial applications [14]. Thus, to determine the influence of agglomera-
tion and aggregation on NM toxicity, we investigated and compared in our previous studies
the acute (24 h) toxicological effects of TiO2 NMs in different agglomeration states [11]
or SAS in different aggregation states [12] in three different cell lines. The results suggested
that in most cases, large agglomerates or aggregates were not less potent compared to their
smaller counterparts. This indicated that the toxicity of tested NMs was not mitigated by
their agglomeration/aggregation state, and therefore AA of NMs of larger size (size greater
than 100 nm) appear to be toxicologically relevant.

To date, most studies have evaluated the toxic potential of NMs after short-term
exposure [15–17]. Recently, long-term and repeated low dose exposure studies for the
hazard assessment have been set up for NMs, better mimicking the real life exposure
(e.g., workers in production) that occurs (often) at low doses. Biological effects induced
by NMs have also shown to be different between short-term versus (relatively) long-term
exposure [18–20]. Xi et al., performed a 21 d (3w) exposure study using vanadium dioxide
(VO2) nanoparticles (NPs) [19]. In his study, A549 cells were repeatedly exposed to a low
dose (0.2 μg/mL) of VO2 NPs and the authors observed a 50% decreased proliferation
during sub-culturing at the end of every week. Similarly, Chen et al. (2016) also performed
a 21 d exposure study and noticed that the proliferation of Caco2 cells were reduced up
to 50% when repeatedly exposed to 0.5 μg/mL of silver (Ag) NPs [20]. In both studies,
an increase in cytokines and reactive oxygen species (ROS) generation were associated
with decreased proliferation.

In this study, we aimed to determine how different AA suspensions influence the bio-
logical responses in cell cultures repeatedly exposed to a low dose (three week study). There
is no consensus to estimate the dose for long-term exposure. We estimated 0.76 μg/cm2

as an appropriate dose based on OELs for TiO2 and SAS [21,22], which corresponds to a
concentration of 2 μg/mL. This dose was also determined as non-cytotoxic in short-term
experiments (data not shown).

2. Materials and Methods

2.1. Preparation of Dispersions and Size Characterization

Two TiO2 NPs of different sizes (17 nm and 117 nm) in different agglomeration
states (small and large agglomerates) were freshly prepared during each exposure as
described in [11] (p. 9) and details of methods used for size characterization in stock
are provided in (p. 10). Two different suspensions of SAS in different aggregation states
(indicated as DE-AGGR and AGGR) were prepared. In addition, we also studied the
two identified subfractions in the AGGR suspension (SuperN and PREC) as described
in [12]. All suspensions were freshly prepared as described in [12] (pp. 8–9) and details of
methods used for size characterization in stock are provided in (p. 9).

2.2. Cell Culture

The human bronchial epithelial cell line (16HBE14o- or HBE) and the human mono-
cytic cell line (THP-1) were kindly provided by Dr. Gruenert (University of California,
San Francisco, CA, USA), and the Caucasian colon adenocarcinoma cell line (Caco2)
(P.Nr: 86010202) was purchased from Sigma-Aldrich (Overijse, Belgium). HBE cells were
cultured in DMEM/F12 supplemented with 5% FBS, 1% penicillin-streptomycin (P-S)
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(100 U/mL), 1% L-glutamine (2 mM) and 1% fungizone (2.5 g/mL) while RPMI 1640
supplemented with 10% FBS, 1% P-S (100 U/mL), 1% L-glutamine (2 mM) and 1% fungi-
zone (2.5 g/mL) was used for THP-1. DMEM/HG supplemented with 10% FBS, 1% P-S
(100 U/mL), 1% L-glutamine (2 mM), 1% fungizone (2.5 g/mL) and 1% non-essential amino
acids (NEAA) was used for Caco2 cells. All cell culture supplements were purchased from
Invitrogen (Merelbeke, Belgium) unless otherwise stated. Cells were cultured in T75 flasks
(FALCON, Corning, NY, USA) at 37 ◦C in 100% humidified air containing 5% CO2. Fresh
medium was changed every 2 or 3 d and cells were passaged every week (7 d). Cells from
passage 3–6 were used for experiments.

2.3. In Vitro Exposure Conditions

The experimental design used in this study was adapted from [19,20]. For the first
exposure cycle (seven days), HBE cells, Caco2 cells, and THP-1 cells were seeded at a
density of 10,000 cells/cm2, 5000 cells/cm2, and 10,000 cells/mL, respectively in six well
plates (day 0). Based on cell doubling time, the cell numbers for each cell line were
adjusted to attain optimal confluency at the end of the first exposure cycle. After overnight
incubation (day 1), the cells were exposed to cell culture media containing 2 μg/mL or
0.76 μg/cm2 of different suspensions of TiO2 and SAS for 48 h (day 2 and 3). On day 3 and 5,
the supernatant was removed; cell cultures were rinsed with warm HBSS twice and exposed
to fresh cell culture media containing 2 μg/mL or 0.76 μg/cm2 of NMs for 48 h. On day
seven, the supernatants were collected and the cell cultures were washed and trypisinized
(subculturing). The cell number and viability were determined immediately and the same
number of cells (10,000 cells/cm2, 5000 cells/cm2 and 10,000 cells/mL for HBE, Caco2
and THP-1, respectively) were seeded for the second exposure cycle. The remaining cells
were processed/stored for further analysis such as glutathione measurements and DNA
damage. The steps were repeated for second (7–14 d) and third exposure cycle (14–21 d).

2.4. Cell Viability and Number Determination

During each subculture step, about 10 μL of cell suspension-trypan blue mix (1:1 ratio)
was loaded into the counting chamber slides and cell viability and number was determined
by the countessTM automated cell counter (Invitrogen, Merelbeke, Belgium). The results
are expressed relative to control.

2.5. Total Glutathione Measurements

Reduced glutathione (GSH) was measured using a glutathione detection kit (Enzo
life sciences, Brussels, Belgium) according to the manufacturer’s protocol and the protein
content was estimated using bicinchoninic acid (BCA) protein assay kit (Thermo Scientific
Pierce, Merelbeke, Belgium). GSH was normalized to the total protein content and the
results were expressed relative to control (untreated cells).

2.6. Cytokine Quantification

Interleukin (IL)-8 and IL-6 were quantified using ELISA kits (Sigma Aldrich, Overijse,
Belgium). The cytokines were measured in the supernatants (collected during glutathione
measurement experiments and stored at −20 ◦C) according to the manufacturer’s protocol
and the results were expressed relative to control (untreated cells).

2.7. Comet Assay

An alkaline comet assay kit [(Trevigen (C.No. 4250-050-K), Gaithersburg, MD, USA)]
was used to quantify DNA strand breaks as a measure of DNA damage according to
manufacturer’s protocol. Cells treated with methyl methane sulfonate (MMS) (Sigma-
Aldrich, Overijse, Belgium) 100 μM for 1–2 h served as positive control.
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2.8. Statistical Analysis

Two independent experiments were performed in triplicate or duplicate, and data were
presented as mean ± standard deviation (SD). Using GraphPad prism 7.04 for windows,
GraphPad Software, La Jolla, CA, USA, www.graphpad.com, the results were analyzed
with one-way ANOVA followed by a Dunnett’s multiple comparison test to determine the
significance of differences compared with control.

3. Results

3.1. Dispersion and Size Characterization
3.1.1. TiO2 Suspensions

The results of size characterization and zeta potential of TiO2 suspensions were already
published in [11], and are therefore provided in the Supplementary Materials. Supple-
mentary Figure S1 shows electron microscopy (TEM) micrographs of small (SA) and large
agglomerates (LA) of 17 and 117 nm sized TiO2 NPs and Table S1 shows the sizes of
different TiO2 suspensions characterized by different techniques. We used a standard-
ized TEM technique in our previous study [23], which enabled us to measure the size of
several thousand agglomerates in each suspension. The TEM characterization (median
feret min) indicated that the size of 17 nm sized TiO2 in their least agglomerated condition
(indicated as 17 nm-SA) was 33 nm while it was 120 nm in their strongly agglomerated con-
dition (17 nm-LA). The sizes of small (117 nm-SA) and large agglomerates (117 nm-LA) of
117 nm sized TiO2 were 148 and 309 nm, respectively, indicating that there were also clear
differences in sizes between SA and LA of both TiO2 NPs. Although differences between
SA and LA were observed in the sizes measured by dynamic light scattering (DLS) and
particle tracking analysis (PTA), technical issues involved in observing larger sizes were
discussed in [11] (p. 8). To verify the stability of agglomerates, TiO2 stock suspensions were
diluted to 100 μg/mL in complete culture medium (CCM) and sizes were measured using
DLS at 0 h and 24 h (Supplementary Table S2). The sizes of all agglomerates remained
similar at 0 and 24 h, indicating their good stability over time.

3.1.2. SAS Suspensions

The results of size characterization and zeta potential of SAS suspensions were already
published in [12], and are therefore provided in the Supplementary Materials. Figure S2
shows the bright field (BF) microscopic image of different SAS suspensions and Table S3
shows the sizes of different SAS suspensions characterized by different techniques. SAS is
a material with aggregates of broad size range (few hundred nm to few tenths μm). Thus
we used different techniques (such as sonication and vortexing) to obtain suspensions
with different sizes. The TEM characterization of sonicated suspension (de-aggregated,
indicated as DE-AGGR) was quite straightforward and their mean feret min size was
determined as 28 nm. However, using TEM and DLS, we were not able to determine
the difference in sizes of other suspensions such as a vortexed suspension (aggregated,
AGGR) or a suspension fractionated from AGGR [non-precipitating fraction (SuperN)
and precipitating fraction (PREC)]. Thus, we used bright field microscopy and sizes of
SuperN and PREC aggregates were roughly determined as 2.5 and 25 μm, respectively.
By combining different techniques, we were able identify the differences in sizes between
these SAS suspensions. To verify the stability of aggregates, SAS stock suspensions were
diluted to 100 μg/mL in CCM and sizes were measured using DLS at 0 and 24 h. Despite
knowing that AGGR and PREC sizes were not reflecting the realistic size distribution due
to their quick sedimentation while performing DLS measurements, we provided the results
in Supplementary Table S4. Thus, we only consider the sizes of DE-AGGR and SuperN
aggregates. The sizes of DE-AGGR remained similar at 0 and 24 h, while the size of SuperN
aggregates slightly reduced after 24 h.
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3.2. Comparison of Biological Responses
3.2.1. TiO2 Suspensions

The proliferation profiles and viability of cell cultures determined at the end of every
week in three different cell lines is shown in Figure 1. None of the TiO2 suspensions did
affect the cell proliferation and viability at the end of any exposure cycles. Compared to
control, no significant effects for any of these suspensions were noticed for glutathione
depletion, IL-8 and IL-6 increase, or DNA damage (Figure 2), which were evaluated after
the third exposure cycle only.

Figure 1. Effect of repeated low dose exposure to TiO2 suspensions on cell proliferation and viability.
Cell proliferation profiles (a,c,e) and cell viability (b,d,f) was measured in different cell cultures after
first (a,b), second (c,d), and third exposure cycle (e,f). Data are expressed as means ±SD from two in-
dependent experiments performed in duplicates. SA—small agglomerates; LA—large agglomerates.
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Figure 2. Effect of repeated exposure to TiO2 suspensions (0.76 μ/cm2) on biological responses.
Total glutathione (GSH) (a), IL-6 (b), IL-8 (c), and DNA damage (d) was measured in different cell
cultures after third exposure cycle. Data are expressed as means ±SD from two independent experi-
ments performed in duplicate. p < 0.001 (***) represents significant differences compared to control
(One-way ANOVA followed by Dunnett’s multiple comparison test). SA—small agglomerates;
LA—large agglomerates.

3.2.2. SAS Suspensions

Figure 3 shows the summary of biological responses evaluated in cell cultures exposed
to SAS after the third exposure cycle. DE-AGGR reduced HBE cell number significantly
compared to control but AGGR did not. DE-AGGR and AGGR induced a significant
increase in IL-8 and IL-6 only in HBE cell cultures. As observed for TiO2, SAS did not
induce significant DNA damage at the tested dose. Importantly, no significant effects
were noticed in the Caco2 or THP-1 cell lines in any of the biological endpoints measured.
These preliminary results suggest that SAS induces biological responses at the tested dose,
and it would be interesting to study and compare all fractions of the AGGR suspensions of
SAS. In a set of follow-up experiments, we used only HBE cells to investigate other SAS
suspensions for their effect on cell number, viability, GSH, IL-6, and IL-8. We planned
two exposure cycles (two weeks) with a view to the potential recovery after discontinuing
exposure, the third observation week was a recovery period without SAS exposure.
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Figure 3. Effect of repeated exposure to SAS suspensions (0.76 μ/cm2) on biological responses. Cell
proliferation (a), viability (b), IL-6 (c), IL-8 (d), and DNA damage (e) was measured in different
cell cultures after third exposure cycle. Data are expressed as means ± SD from two independent
experiments performed in duplicate. p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) represent significant
differences compared to control (One-way ANOVA followed by Dunnett’s multiple comparison test).
DE-AGGR—de-aggregated suspension; AGGR—aggregated suspension.

Effect on proliferation and viability: To determine the effect on cell proliferation,
we measured cell number and cell viability at the end of each exposure cycle and recovery
period (Figure 4). DE-AGGR and SuperN fractions strongly affected the cell growth at the
end of the first exposure cycle. Compared to untreated cells, the DE-AGGR and SuperN
fractions decreased the cell growth to about 65 and 50%, respectively (Figure 4a). AGGR,
on the other hand, inhibited cell growth by about 20%. Surprisingly, DE-AGGR and AGGR
exposed cell cultures recovered and remained similar compared to controls at the end of
the second exposure cycle, but SuperN exposed cell cultures still exhibited decreased cell
growth (about 35%). Despite a mild and non-significant decreasing trend observed at the
end of the second exposure cycle, PREC fractions did not affect the cell growth significantly
after both exposure cycles. After a week of recovery, all cell cultures exhibited similar
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growth to control. Compared to untreated controls, none of these suspensions affected the
cell viability significantly after exposure cycles and recovery cycle (Figure 4b).

Figure 4. Effect of repeated exposure to different SAS suspensions (0.76 μ/cm2) on biological
responses. Cell proliferation (a), cell viability (b), total glutathione levels (GSH) (c), IL6 (d),
and IL8 (e) were measured in HBE cell cultures after different exposure cycles. Recovery denotes
a week of exposure to cell culture medium without SAS. Data are expressed as means ±SD from
two independent experiments performed in duplicate. p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***)
represent significant differences compared to control (One-way ANOVA followed by Dunnett’s
multiple comparison test). DE-AGGR—de-aggregated suspension; AGGR—aggregated suspension;
SuperN—non-precipitating suspension; PREC—precipitating suspension.

Effect on total glutathione: At the end of the first exposure cycle, we observed that
the GSH levels had increased to about 200 (±47) and 270 (±71) % in DE-AGGR and Su-
perN exposed cells, respectively, compared to untreated cells (Figure 4c). Additionally,
an upward trend was noticed for AGGR and PREC fractions but was not significant.
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The GSH levels in DE-AGGR exposed cell cultures returned to normal after the sec-
ond exposure cycle while the GSH levels were still high in SuperN exposed cells (about
160 ± 18%). Interestingly, cell cultures exposed to PREC also showed mild but significantly
increased GSH levels (about 130 ± 5%). The GSH levels in all the exposed cell cultures
returned to normal after seven days of recovery period.

Effect on cytokine secretion: After each cycle, cytokines such as IL-6 and IL-8 were
quantified in the supernatant of cell cultures (Figure 4d,e, respectively). SuperN fractions
resulted in a nearly 2-fold increase in IL6 and IL8 after one week exposure and remained
significantly increased at the end of second week. Like at other endpoints, DE-AGGR
fractions induced a significant increase only at the end of the first week of exposure.
Compared to controls, AGGR and PREC did not affect the levels of IL-6 and IL-8. After a
week of recovery, no differences between suspensions were found.

4. Discussion

In this study, we aimed to determine how different AA suspensions influence the
biological responses in cell cultures repeatedly exposed (3w study) to a dose of 0.76 μg/cm2.
Neither of the TiO2 dispersions induced significant effects, while SAS suspensions gener-
ated by sonication (DE-AGGR) induced some effects compared to control and vortexed
suspensions (AGGR), mainly in HBE cells. In an additional study comparing two weeks’
exposure of HBE cells with four different SAS suspensions (AGGR, DE-AGGR, SuperN or
PREC), it appears that SuperN did not appear to be less potent compared to De-AGGR,
which is in line with the acute effects (24 h) described in our previous study [12].

In our recent study [11], we showed that TiO2 agglomeration influences the toxic-
ity/biological responses in high dose short-term exposure (24 h), while in this repeated
low dose study, neither TiO2 exposure nor their agglomeration influences the biological
responses. In a three week exposure experiment, no cytotoxic effects were observed in
human mesenchymal stem cells although nano-TiO2 was detected in the cytoplasm [24].
Kocbek et al. (2010) did not notice any significant effects in keratinocytes repeatedly ex-
posed to 10 μg/mL of TiO2 NPs for three months, while at the same concentration ZnO
NPs induced a decrease in mitochondrial activity, abnormal cell morphology, and distur-
bances in cell-cycle [25]. Vales et al. (2014) suggested that BEAS2B cells repeatedly exposed
to 20 μg/mL for four weeks showed potential for carcinogenicity (soft agar assay) [26].
These results suggest that the TiO2 dose used in our experiments (2 μg/mL) might not be
sufficient to induce adverse effects. We based the choice of 2 μg/mL on our earlier ‘acute’
exposure experiments without cyto/genotoxicity, which now appears to be a relatively
safe dose after three weeks of exposure.

In this study, DE-AGGR, the least aggregated and nano-sized SAS, induced a more
pronounced effect than AGGR at the same mass concentrations. Our characterization
revealed that 75% of total mass of AGGR was composed of PREC aggregates, which is
about 25 μm in size [12]. PREC aggregates, when studied separately, did not induce any
effects. Given their larger size, such aggregates are less likely to be taken up by the cells,
and therefore induced no effects. This indicates that overall biological activity of SAS NMs
in their manufactured form was reduced due to aggregation.

Similar to acute studies, SuperN fractions of AGGR suspension exhibited noticeable
biological activity in a low dose repeated exposure study. The most quoted nanotoxicity
paradigm is “the smaller the size of the NPs the greater the toxicity/biological responses”.
Likewise, several short-term cytotoxicity studies showed that nano-sized particles are more
biologically active than micron-sized studies [27–29]. In a recent study, bronchial cells
repeatedly exposed to a low dose of VO2 NPs for three weeks showed greater adverse
response for nano-sized particles than micron-sized particles [19]. In contrast to these
observations, we observed that SuperN aggregates of size about 2.5 μm showed similar
biological activity to nano-sized fractions. This suggests that larger aggregates of NP
may not necessarily be considered biologically less active and highlights the need for a
case-by-case analysis.
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The size of SuperN aggregates (2.5 μm) is far greater than DE-AGGR aggregates
(100 nm) yet falls under the category of respirable particles [30]. Therefore, exposure and
hazard assessment of such fractions is valuable since commercially available SAS can
be composed of small and large aggregates. We also observed that PREC was the least
biologically active. Considering the size of the aggregates play a key role in determining
its toxicological relevance, these findings could also contribute to the “safe-by-design” of
SA, by considering aggregation as a critical factor.

Studies have indicated that the effects induced by NMs were different for short-term
and long-term exposure [18–20]. In this study, we noticed an increase in glutathione
levels after the first exposure cycle (one week) for both DE-AGGR and SuperN. Therefore,
in addition to a three week exposure study, we also investigated the in vitro effects after
short-term high dose exposure to SAS exposure under the same experimental conditions
(Supplementary Figure S3). In short-term exposure (24 h), mild cytotoxicity (Figure S3b)
and total glutathione depletion (Figure S3c) was observed at high concentrations of DE-
AGGR and SuperN. Glutathione depletes when excessive ROS is produced. Several
short-term studies have shown that SAS reduced glutathione levels [31–34], which is in
agreement with our findings. This indicates that glutathione depletion is an earlier effect
of short-term cytotoxicity while increased glutathione production is possibly a sign of
a protective effect to prevent further damage. Further, decreased cell proliferation in a
three week study is also consistent with an increase in IL-8 and IL-6, while only IL-8 was
consistent with short-term cytotoxicity (Figure S3e). These results indicate that cell cultures
may respond to NM differently depending on the modes of exposure (short-term high dose
or low dose repeated exposure).

To have a view on the potential role of survival cells from first cycle exposure, the
cells from the first cycle exposure were passaged and repeatedly exposed in the second
cycle. At the end of second exposure cycle, we noticed that the increase in glutathione, IL-6,
and IL-8 was somewhat less compared to the first exposure cycle in cell cultures exposed to
DE-AGGR and SuperN suspensions. It appears that the cells stressed during first exposure
cycle, undergoing recovery probably due to protective effects induced during the first
exposure cycle. Moreover, cell viability at the end of both exposure cycles remained similar
to control. Further research is needed to verify whether the decreased cell growth was the
result of cell cycle arrest and/or cell death (apoptosis). Nevertheless, the cells recovered
similarly to the control one week after exposure was discontinued, indicating that the
response observed was due to continuous exposure to SAS. This finding is particularly
important as this indicates that continuous human exposure to SAS results in elevated
levels of biological responses, which could lead to adverse effects.

Numerous studies have reported that short-term in vivo exposure to SAS elevated the
levels of LDH, IL-6, IL-8, and GSH depletion in the lung [15]. However, long-term and
repeated exposure in vivo studies for SAS are scarce. In a study [34], rats were exposed to
50 mg/m3 of SAS for 6 h/day, 5 days/week for 13 weeks and effects were characterized
after 6.5 weeks and 13 weeks of exposure, and after three and eight months of recovery.
An increase in cytotoxicity biomarkers (LDH) and inflammatory cells was noticed after
6.5 and 13 weeks, but the effects were significantly mitigated after both recovery periods.
Genotoxicity was not observed at any of these time points. In another study [35], rats
were exposed to 50 mg/m3 of SAS for 6 h/day for five days and adverse effects were
characterized after last exposure or one or three months later. SAS induced elevated
levels of cytotoxicity biomarkers and lung damage after last exposure, but the effects were
reversed three months post exposure. In our study, we observed that the effects induced by
DE-AGGR and PREC were reversed after a one week recovery period. This suggests that
our long-term exposure design may be appropriate to predict the in vivo adverse outcome
of repeated exposure to NMs.
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5. Conclusions

In this study, we demonstrated the toxicological relevance of AA in a repeated low
dose in vitro exposure study. Neither TiO2 exposure nor their agglomeration state affected
the measured biological endpoints, possibly due to insufficient applied dose. On the other
hand, we noticed that a fraction of SAS aggregates in their manufactured form (2.5 μm) did
not appear biologically less active compared to nano-sized SAS produced by sonication.
Apparently, in vitro studies with more biological endpoints and animal studies are required
to verify these results. Moreover, further characterization is needed to reveal properties
other than size that make SuperN fractions biologically more active. Since SAS used in this
study is a representative of SAS approved as a food additive (E551), more attention needs
to be paid in the future to the possible adverse effects of SuperN fractions, particularly
their long-term effects. The results of this study also might spur toxicologists to perform
more long-term studies in the future to reveal the toxicological relevance of other NMs that
are agglomerated/aggregated in their manufactured form.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11071793/s1: Figure S1: Representative TEM micrographs of freshly prepared TiO2
stock suspensions, Figure S2: Representative bright field microscopic images of freshly prepared SAS
stock suspensions, Figure S3: Influence of SAS aggregation on cytotoxicity and biological responses,
Table S1: Size characterization of freshly prepared TiO2 stock suspensions, Table S2: Size characteri-
zation of freshly prepared TiO2 stock suspensions, Table S3: Characterization of freshly prepared
SAS stock suspensions, Table S4: Z-average sizes (measured by DLS) of SAS suspensions in different
cell culture medium (100 μg/mL).
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Abstract: The Safe-by-Design (SbD) concept aims to facilitate the development of safer materi-
als/products, safer production, and safer use and end-of-life by performing timely SbD interventions
to reduce hazard, exposure, or both. Early hazard screening is a crucial first step in this process. In
this review, for the first time, commonly used in vitro assays are evaluated for their suitability for
SbD hazard testing of nanomaterials (NMs). The goal of SbD hazard testing is identifying hazard
warnings in the early stages of innovation. For this purpose, assays should be simple, cost-effective,
predictive, robust, and compatible. For several toxicological endpoints, there are indications that
commonly used in vitro assays are able to predict hazard warnings. In addition to the evaluation of
assays, this review provides insights into the effects of the choice of cell type, exposure and dispersion
protocol, and the (in)accurate determination of dose delivered to cells on predictivity. Furthermore,
compatibility of assays with challenging advanced materials and NMs released from nano-enabled
products (NEPs) during the lifecycle is assessed, as these aspects are crucial for SbD hazard testing.
To conclude, hazard screening of NMs is complex and joint efforts between innovators, scientists,
and regulators are needed to further improve SbD hazard testing.

Keywords: nanomaterials; safe-by-design; hazard testing; in vitro methods; SAbyNA; advanced materials

1. Introduction

The rapid expansion of the field of nanotechnology and its ever-growing number of
applications has created a challenge for toxicologists and risk assessors. The continuous
uncertainties surrounding nanomaterial (NM) safety, as well as the pace at which new
NMs are developed, call for a more prevention-oriented strategy. The Safe-by-Design (SbD)
concept is increasingly applied within the field of nanotechnology, as can be seen by the
high number of EU funded nano-projects addressing SbD over the past years [1], and by its
adoption in the EU Chemical Strategy for Sustainability as a strategy to meet the EU Green
Deal ambitions [2,3].

SbD aims to reduce the human and environmental risk of a substance throughout its
entire life cycle by minimizing or eliminating the hazard and/or by reducing exposure [4].
The concept of SbD consists of three pillars: safer materials and products, safer production,
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and safer use and end-of-life. For NMs, these were first described in the NanoReg2
project [5], and later in an internationally accepted working description of the OECD Safe
Innovation Approach Report [6]. In practice, SbD is a two-step process: the first step is an
early hazard and/or risk screening during the design phase of the innovation process of a
new substance, NM, or product [7,8]. The second step is to take actions (SbD interventions)
to reduce or minimize hazard, exposure, or both.

For NMs and nano-enabled products (NEPs), SbD interventions can be achieved
in different ways. One option is to modify a NM in order to improve its safety profile.
For example, Xia et al. (2011) showed that doping ZnO nanoparticles with iron reduces
the shedding of harmful ions and reduces the toxicity of the particles upon pulmonary
exposure [9]. Another example of a SbD intervention is applying a surface treatment to
minimise NM biological reactivity, as has been successfully achieved for nano-SiO2 by
adding silanol groups to the silica surface [10]. Reducing exposure is also a fundamental
part of SbD and can be achieved by implementing procedural changes such as working
in closed systems or using wet synthesis methods [5]. Reduced release and therefore
minimized exposure can also be achieved by altering the design of the NEP, for example by
improving the immobilization between the NM and the matrix, as was conducted for silver
NMs onto cotton fabrics [11].

The above-mentioned examples can only be achieved after first assessing hazard and
risk early in the innovation process, and then using this knowledge to integrate safety
into the design of the NM, NEP, or production process. For many NMs, and especially
for novel ones, hazards are largely unknown [12], and cannot be predicted only based on
physicochemical (PC) characterisation. Therefore, carrying out suitable hazard testing at
the early stages of product development is of utmost importance for SbD applicability. SbD
hazard testing aims to identify hazard warnings in the early stages of the innovation process
using simple in vitro methods. Once a product is designed and produced, the manufacturer
should comply to the regulations and perform hazard and risk assessment accordingly.

Many strategies and frameworks for hazard assessment of NMs in the context of
SbD have been proposed in recent years [13–18], some proposing specific in vitro assays,
and some based only on a selection of toxicological endpoints to consider. However, no
comprehensive investigation of the suitability of currently available in vitro assays for such
strategies has been conducted thus far.

From previous studies on the mechanisms of action of NMs, it is known that transfor-
mation (e.g., dissolution), reactivity, inflammation, cytotoxicity, and genotoxicity are among
the most important parameters and endpoints to evaluate when assessing the hazard of
a NM, and therefore these are suggested to be measured in many available strategies
and frameworks [13,19–21]. Selecting in vitro tests suitable for SbD hazard testing is not
trivial. Only a few OECD test guidelines and ISO standards are available specifically for
testing NMs. Due to the interfering behaviour of NMs with their surrounding environ-
ment and with the assay readout, routinely used toxicity assays (i.e., those used to test
soluble chemicals) may prove unsuitable or may require optimizations and inclusion of
extra controls [22]. In contrast with hazard assessment for soluble chemicals, NM testing
requires additional steps, such as dispersion protocols and determining the dose delivered
to the cells in submerged cell culture experiments [23]. Specifically for the purpose of SbD
hazard testing, since it is performed early in the development of a NM/NEP, assays will
not only have to be compatible with the NM to be tested, but should preferably also be fast,
cost-effective, and able to correctly indicate hazard warnings.

This work provides a practical and critical evaluation of the suitability of most fre-
quently used in vitro toxicity assays and the challenges for their use in NM SbD hazard
testing. For this purpose, criteria for the suitability of methods for application in a SbD
hazard testing strategy are established, leading to an evaluation of the methods currently in
use for the parameters and endpoints identified as important for the mechanisms of action
of NMs. This work is conducted under the umbrella of the Horizon2020 project SAbyNA
which aims to develop a user-friendly platform for industry with optimal workflows to
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support the development of SbD NMs and NEPs. For this purpose, existing resources,
such as in vitro assays are identified, distilled, and streamlined. This state of the art and
evaluation of in vitro assays for SbD applicability can be used as an outlook for innovators,
regulators, industry, and scientists of how early hazard testing of NMs and NEPs can be
put into practice to eventually contribute to the design of SbD NEPs.

2. Criteria

A set of performance criteria is proposed to evaluate the suitability of in vitro methods
for SbD hazard testing. The criteria were adapted from the widely used Good In Vitro
Method Practices (GIVIMP) [24] and tailored to suit SbD hazard testing for NMs specifically.
Figure 1 shows several key considerations for assay selection for SbD hazard testing.

Figure 1. Considerations for assay selection for SbD hazard testing.

Predictive: The first criterium is that an in vitro assay should be sufficiently predic-
tive of the in vivo situation. This comparison is preferably made with human data, or
alternatively using animal data. SbD hazard testing is carried out in an early stage of
product development and is considered a first screening. The aim of SbD hazard testing is
to detect early hazard warnings and not to derive a point of departure for risk assessment.
Therefore, assays are sufficiently predictive for SbD hazard testing when they are able to
indicate hazard warnings. Assays that are able to accurately rank NMs/NEPs based on
their hazard potency are of extra value for SbD hazard testing, as this will allow comparison
of candidate NMs and comparison with benchmark NMs.

Predictivity can be assessed by looking into the prediction accuracy of the assay. An
assay’s accuracy to predict in vivo effects is a combination of its sensitivity and specificity.
Sensitivity is the ability of the assay to detect true positives and specificity is the ability of
the assay to detect true negatives.

Simple and cost effective: Simplicity and cost effectiveness are key for SbD hazard
testing since these assays are to be performed in an early stage of NM/NEP product
development. Ideally, an assay should be easy to perform, time-efficient and cost-effective.

Robust: An assay should give consistent and repeatable results between experimental
repetitions and between different labs.

Compatible: An assay should preferably be compatible with a wide range of NMs, or
at least its compatibility domain should be identified. Assays with optimized protocols
specifically for NMs are preferred.
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Readiness: Methods that are considered ‘ready to use’ and already standardized or
(pre-)validated for NMs are prioritized.

3. Challenges of Testing NMs In Vitro for SbD Applicability

NMs are particulate matter, making NM in vitro testing by default more challenging
than testing soluble chemicals. Several additional aspects need considering when testing
NMs in vitro, including determining the behaviour of the NM in exposure medium, se-
lecting a dispersion protocol to create stable suspensions which preferably mimic human
exposure as much as possible, and assessing the potential interference of the NM with the
assay components or optical readouts. Furthermore, elaborate characterization of the NM
is required [25], but this will not be discussed further in this review. The fact that SbD
hazard testing needs to be as simple as possible creates an important predicament that
needs addressing. An overview of key aspects that should be taken into account when
performing SbD hazard testing of NMs is shown in Figure 2. The most important aspects
are discussed below.

Figure 2. Overview of aspects that might have to be considered when performing SbD hazard testing,
showing that simple testing can be challenging to achieve.

3.1. Choice of Dispersion Protocol

Classically, in vitro toxicity evaluation is performed in cultured cells maintained in
submerged conditions. To ensure reproducible and controlled exposure from one replicate
to another, stable suspensions of well-dispersed NMs are prepared, sometimes requiring
energy input to disrupt particle agglomerates. For SbD hazard testing, a prerequisite for the
suitability of a dispersion procedure is that the SbD properties (e.g., coatings or surface treat-
ments) of the dispersed NM/NEP are preserved, and that the resulting dispersed NM/NEP
is relevant for human exposure in terms of size and other physicochemical properties.

The most commonly used dispersion procedure for NMs is via sonication, using either
an ultrasonic bath, a probe, or a cup-type sonicator [26,27]. For SbD hazard testing, sonica-
tion would not be the preferred option in some specific cases. For instance, sonication can
break multi-walled carbon nanotubes (MWCNT), causing a reduction of their length [27],
and therefore leading to different toxicity profiles than the MWCNT that humans would be
exposed to. Sonication has been used to produce MWCNTs with different lengths from a
same initial batch of MWCNTs [28,29], and Hadrup et al. (2021) concluded that the length
of the MWCNT is a major determinant of its toxicity [29]. Therefore, when assessing hazard
properties of CNTs in vitro, sonication should be limited as much as possible, and in case
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sonication is used, NM physicochemical properties should be verified to ensure they still
maintain exposure-relevant characteristics.

Another example where sonication would have to be carefully considered is when
testing specific synthetic amorphous silicas, which are in some cases intentionally pro-
duced as agglomerates. Sonication can disrupt most of the agglomerates, reducing the
overall hydrodynamic diameter, which constitutes a substantial modification of the initial
material [30]. In an inhalation exposure scenario, a person would be exposed to these
agglomerates, and therefore sonication would not be the preferred option. However, there
are indications that these agglomerates disintegrate in the intestine [31]. In the case of
ingestion, the gut epithelium is exposed to nano-sized silica, and sonication would result
in an exposure-relevant material.

Dissolution is a major determinant of the toxicity of some NMs (e.g., release of toxic
metal ions such as silver or copper ions) and decreasing the NM dissolution potential can
be considered a SbD intervention. Sonication has been shown to enhance the dissolution
of some metallic NMs, such as Cu, Mn, and Co [32], and the dissolution can be further
increased when proteins are present in the solution during sonication [33]. Thus, dispersion
procedures that involve sonication of NMs, especially in a medium that contains proteins,
such as the procedure optimized within the Nanogenotox project [34], should be carefully
considered in view of exposure scenarios when testing NMs that can potentially dissolve.

Some NMs are designed as core-shell structures (e.g., quantum dots (QDs)) where
the shell reduces dissolution and leaching of potentially toxic elements from the core. The
design of more robust shells, used as a SbD intervention, reduces the QDs dissolution rate
and thereby their toxicity [35–37]. However, the core-shell boundary is a region of fragility
and sonication could promote shell fragmentation and the release of core contents. Thus,
sonication could result in a reduced effect of the SbD intervention, potentially resulting
in an overestimation of toxicity in SbD hazard testing. Therefore, for core-shell NMs,
sonication should not be recommended, unless humans are exposed to fragmented QDs.

Coating NMs with surface ligands or grafting them on an inert matrix such as cel-
lulose has also been tested as a SbD intervention to produce safe(r) photocatalytic paints
containing TiO2 NMs. Coating TiO2 NMs with polyethylene glycol (PEG), poly(acrylic
acid) (PAA), or 3,4-dihydroxy-L-phenylalanine (DOPA) increased the stability of the doped
paint and its resistance to weathering and abrasion, while their grafting on cellulose fibres
enhanced their photocatalytic properties, thereby allowing for the reduction of the amount
of NMs necessary to reach efficient photocatalysis [38]. Again, sonicating these surface-
coated TiO2 NMs or TiO2-containing composites might lead to the reduction of the effect
of SbD interventions. In addition to that, extensive sonication has been shown to alter the
zeta potential of TiO2 and CeO2 NMs [39,40] and to cause re-agglomeration of Cu or Mn
NMs [33,41]. It should in each case be investigated what the exposure-relevant form of the
NM or NEP is.

Moreover, samples could be contaminated by the release of Al and Ti from the son-
ication probe upon extensive sonication, potentially leading to toxicity [30,42]. Finally,
extensive sonication of NMs in a growth medium containing proteins or in water with
bovine serum albumin (BSA) (as in the procedure optimized within the Nanogenotox
project [34]) could promote the degradation of proteins, leading to the formation of large
aggregates of degraded proteins [43].

To conclude, for SbD hazard testing sonication should be carefully considered, and
exposure relevancy should always be kept in mind. If exposure-relevant and stable dis-
persions in the exposure medium are obtained using simple methods such as vortexing,
dispersion via sonication might not be needed. In the case of NMs that quickly agglomerate
and form large clumps, more controlled sonication methods might be appropriate. For
example, a protocol using minimum material-specific energy to reach a stable dispersion as
described by DeLoid et al. (2017) could be used [23]. NMs should subsequently be character-
ized to ensure that no PC changes were produced that deviate from the exposure-relevant
material. The PC properties of the NM tested should reflect the exposure conditions,
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whether it be the pristine NM with SbD interventions or the agglomerated NM. However,
it has to be noted that unstable suspensions could lead to difficulties with reproducibility
and/or interferences with the assay readout.

Finally, it might be recommended to also perform in vitro assays after extensive soni-
cation, as this might be required for regulatory risk assessment. By doing this, the first steps
towards compiling a dossier for regulatory compliance are made, and this might already
indicate if any issues can be foreseen for market entry. Additionally, extensive sonication
may provide a worst-case scenario in in vitro assays, which could fit in a precautionary
approach. OECD guidance on sample preparation [44] is currently being revised to include
considerations for the choice of a specific dispersion protocol rather than applying extensive
sonication by default.

Box 1

For SbD hazard testing sonication should be carefully considered, and exposure relevancy should
always be kept in mind. If exposure-relevant and stable dispersions in the exposure medium are
obtained using simple methods such as vortexing, dispersion via sonication might not be needed.
In the case of NMs that quickly agglomerate and form large clumps, more controlled sonication
methods might be appropriate. NMs should subsequently be characterized to ensure that no PC
changes were produced that deviate from the exposure-relevant material.

3.2. Influence of Medium Components

Supplementation of cell-culture medium with serum (i.e., foetal calf serum (FCS) and
foetal bovine serum (FBS)) is common practice in cell culture procedures as it is required for
cell growth and maintenance. When exposing the NMs in a test medium, constituents of the
medium including proteins, amino acids, lipids, and sugars adsorb on the surface of NMs,
leading to the formation of the so-called biomolecular corona [45]. This corona is highly
dynamic and may change upon changing the composition of the test medium [46,47]. This
dense layer of biological molecules can modify NM toxicity in several ways. Firstly, it could
do so by masking the surface reactive sites of the NM [48]. Secondly, serum may stabilize
the NM dispersion, leading to a lower dose delivered to the cells in in vitro assays, as has
been shown for TiO2 NMs for example [49]. Lastly, a biomolecular corona may reduce NM
surface energy, and thereby its cellular uptake via adhesion-induced endocytosis, as has
been shown for SiO2 NMs [50,51].

These effects are clear when comparing the toxicity of NMs tested with and without
serum. For instance, the cytotoxic potency of polystyrene NMs was found to decrease 2-fold
when the exposure medium contained serum [52]. Similarly, the cytotoxicity of SiO2 NMs
decreased up to 92%, and pro-inflammatory response decreased up to 87% when cells were
exposed in medium with serum [53]. In addition, the species of origin of the serum could
lead to different responses [54]. Addition of bovine serum albumin (BSA), a protein often
used to help stabilize dispersions, has also been reported to reduce cytotoxicity [55,56].

In short, the addition of serum and BSA to the exposure medium may lead to lower
toxicity in in vitro assays. Which approach is most suitable for SbD hazard testing should
be explored further. Since SbD hazard testing is mostly focused on detecting hazard
warnings, it could be argued that testing without serum is more appropriate, as it ensures
a higher sensitivity. Additionally, when testing serum-free, a worst-case scenario could
be mimicked without the protective effect of serum on NM-cell interaction. On the other
hand, testing with serum is the more realistic approach as humans are rarely exposed to
NMs without a biomolecular corona. Eventually, the route of (potential) human exposure
should be taken into account when selecting an exposure protocol, as systemically injected
NMs will immediately be covered by serum proteins, whereas inhaled NMs will come in
contact with epithelial lining fluids, which contains a different set of biomolecules. For SbD
hazard testing, exposure relevancy is important, and a biocorona could be applied which
corresponds to the route of exposure, such as lung-lining fluid for pulmonary exposure. In

254



Nanomaterials 2023, 13, 472

the context of exposure relevance, and in the context of the 3Rs (replacement, reduction, and
refining), the use of human serum or serum-free alternatives may be favoured over FBS.

3.3. Determining Dose Delivered to Cells

A particular challenge when testing NMs in vitro in adherent, submerged cell cultures
is determining the delivered dose, i.e., the amount of material that reaches the cells. Settling
of NMs depends on their density, size, and the properties of the cell-culture medium, as
well as on their agglomeration state [57]. The latter is again influenced by the dispersion
method used [58].

Determining the delivered dose in an in vitro experiment is an absolute requirement,
even when performing a simple hazard screening for the purpose of SbD, and when
performing high throughput screening (HTS) experiments. This is because the administered
dose can differ substantially from the delivered dose that reaches the cells. For example,
for particles that settle rapidly, the difference between administering 100 μL per well or
200 μL per well of the same concentration will mean a doubling of the amount of material
per well, and thus a potential doubling of the delivered dose. Moreover, since sonication
influences the agglomeration state, and the agglomeration state influences the settling
rate and thus the dose delivered to cells, determining the delivered dose may help the
comparison of data among independent experiments using different dispersion protocols.
A visual representation of two example NMs with different settling rates is shown in
Figure 3. For SbD hazard testing specifically, determination of delivered dose aids in a
comparison to benchmark materials with known toxicity, as settling may differ greatly
between NMs. The importance of determining the delivered dose was shown in a study by
Pal et al. (2015), where a correction for the delivered dose led to a considerable change in
the hazard ranking of a panel of NMs, after which the in vitro outcomes matched better
with the in vivo results [59].

 

Figure 3. Visual representation of two NMs with different properties, resulting in different doses
delivered to the cells, when administered doses are equal.

The delivered dose can be modelled using the DG [60] or ISD3 model [61], which are
currently available in the DosiGUI software generated in the PATROLS project [62]. The
DosiGUI is user friendly, however, these models also introduce uncertainty as they do
not take into account some critical factors such as particle convection [63], or dispersion-
stabilizing surface functionalization. Moreover, cell stickiness needs to be chosen from an
arbitrary scale, which is often an unknown parameter that has a big effect on the modelled
delivered dose [64].

These models require the effective density of the NM as input, which is the density
of the NM in a dispersion. In the case of agglomerates, this includes the density of the
medium trapped inside the agglomerate. The effective density can be measured using
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analytical ultracentrifugation (AUC) or using the volumetric centrifugation method (VCM).
In order to adhere to the criteria of SbD hazard testing, the VCM is preferred over AUC,
as it is easier, less costly, and does not require specialized equipment [65]. It is important
to measure model input parameters precisely, as small differences in input as a result of
instrument variation may lead to large differences in the modelled deposited dose [64].
Stable dispersions are a requirement for modelling the dose rate and final dose delivered
to the cells, as the calculations are based on a one-size distribution. The accuracy of the
model outcome—and thus the estimated deposited dose (rate)—is less accurate if the size
distribution of the dispersion changes over time due to agglomeration or aggregation.

The need to determine the delivered dose adds an extra step to SbD hazard testing,
leading to a reduction of the achievable simplicity. Determining the delivered dose is
however a requirement, even for SbD hazard testing, as more precise dosimetry will allow
for more informative hazard testing. This, however, only applies to submerged testing, and
not to experiments in which, for instance, an air-liquid interface (ALI) exposure protocol is
followed. For ALI exposures, a quartz crystal microbalance (QCM) may provide sensitive
and accurate deposited-dose measurements [66].

3.4. SbD Hazard Testing of NEPs and NMs Released during the Life Cycle

One of the most important aspects of SbD is assessing the safety of a product along its
entire life cycle (LC) [5]. Usually, only pristine NMs are included in toxicity assays. This
could be insufficient, as humans are also exposed to NEPs, aged NM and/or NMs released
during the product LC including production, use, and end-of-life. The physicochemical
characteristics of the NMs released to the environment along the different stages of the
LC can be very different in terms of shape, chemical composition, agglomeration state,
and surface modification [67–71]. Moreover, NEPs and NMs released during the LC might
pose a different hazard than pristine NMs [72–75]. Thus, gathering information on the
characteristics and hazard of NEPs and NMs released during the LC is important for
designing relevant SbD interventions.

Processes leading to the release of NMs from a NEP during the entire LC can be
simulated under laboratory conditions, after which NMs can be collected (e.g., by using
filters) and redispersed in liquid for toxicity testing [76] or collected in liquid suspensions
directly [77]. Realistic, released NMs, relevant for consumer exposure during the use of
NEPs, can be obtained by using standardized methods (e.g., abrasion and weathering) that
are normally used to test the durability and performance of NEPs. In the case of abrasion
processes, there are different instruments that can be used to simulate mild or hard abrasion.
Experimental parameters (e.g., cycles of abrasion, abrasion materials, normal load at the
top of the abrader, etc.) can be tuned to reflect closely the NEP use conditions.

Aging experiments simulate conditions to which a product could be exposed during its
use phase and are usually performed in a weathering chamber under accelerated conditions
of UV exposure and rain. The weathering conditions (e.g., duration of cycles of light and
rain, duration of the experiment, etc.) can be selected to follow international standards
or be customized. In order to obtain higher quantities of released material (worst-case
scenario), NEPs can be fragmented and sieved [78].

Released aerosols can be size-separated by using e.g., a cascade impactor to ensure
inhalable or respirable fractions of NMs; After which they are collected on filters [79].
Efforts should be made to ensure high extraction efficiency and minimal compositional
alterations when extracting material from filters [80]. Another option which is less easy but
mimics better a real-life exposure is the direct exposure of cells to the released material, as
performed by Zarcone and colleagues [81] for diesel exhaust. This approach is however
somewhat more labour-intensive for SbD hazard testing but might be useful for gaining a
more fundamental insight into the toxicity of released materials (exposure-relevant material)
without losing a fraction to filter extraction.

After obtaining and extracting the material from filters, the same actions should be
taken as for pristine NM testing, such as an accurate dose determination, controlling for
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interference, endotoxin contamination testing, choosing an appropriate dispersion protocol,
etc. For NEPs and NMs released during the LC, endotoxin contamination might pose
an extra challenge as these materials are generally not produced in sterile environments.
Finally, compatibility in submerged settings might pose additional challenges as a NEP
matrix is often plastic-based and might float on culture medium.

Feasibility and Relevance

Obtaining sufficient amounts of NM that are released at a given stage of the LC can be
challenging due to low emission rates, contamination with other substances (e.g., sanding
material), as well as laboursome and time-consuming procedures. The question is whether
performing SbD hazard testing on pristine NMs is sufficiently relevant when assessing the
safety of a NM along its entire life cycle. There are some examples in literature in which
both pristine and released NMs have been tested to assess and compare their hazards. In
most cases, materials released during the LC induced less or equal toxicity as compared
to the pristine NM, as has been shown in in vivo studies [75,82,83] as well as in vitro [84].
This means that testing pristine materials, albeit often far from representing the reality, can
still represent a worst-case scenario. In this case, risk screening of NMs released from a
NEP can be mainly based on emission rates combined with the hazard information of the
pristine NM. However, it should be noted that there is very little known about the toxicity
of released NMs as compared to pristine NMs, and the exception may prove the rule.

Similarly, testing pristine NMs may represent a worst-case scenario for aged NMs.
For example, freshly ground quartz particles have been shown to induce higher levels of
pulmonary inflammation and cytotoxicity as compared to aged quartz [85].

For now, it should be considered on a case-by-case basis whether testing forms other
than the pristine NM is required. More research is needed to determine whether the use of
the pristine NM in SbD hazard testing is sufficient due to its ‘worst-case’ nature, or whether
testing aged NMs, and NMs released during LC is crucial for designing SbD interventions.

Box 2

It should be considered on a case-by-case basis whether testing forms other than the pristine NM is
required. More research is needed to determine whether the use of the pristine NM in SbD hazard
testing is sufficient due to its ‘worst-case’ nature, or whether testing aged NMs, and NMs released
during LC is crucial for designing SbD interventions.

3.5. Challenging NMs and Advanced Materials

Hydrophobic NMs, NMs with low material density, multi-component NMs, and other
advanced materials yet to be invented may show poor compatibility with commonly used
in vitro assays. Applying a single standardized exposure method to all types of NMs
will inherently give biased outcomes. For SbD hazard testing it is therefore important to
consider the compatibility of NMs with challenging physicochemical properties and to be
prepared for future novel advanced materials.

3.5.1. Hydrophobic Particles

Since cells are always cultured in aqueous culture medium, hydrophobic particles
can be of extra difficulty to test. Carbon nanotubes (CNTs) and graphene-based particles,
for example, are notorious for being difficult to disperse in culture medium. Ethanol pre-
wetting, using different dispersion media [86], and adjusting sonication time and frequency
have been shown to improve dispersibility of NMs. However, for some NMs a stable
dispersion can never be achieved in cell-culture medium. For example, some CNTs are
specifically designed to agglomerate in order to reduce their dustiness and thereby improve
their safety. For cases such as these, dry exposures at the air-liquid interface (ALI) should
be considered when focussing on potentially respirable NMs. This requires a cell type that
can be cultured on membranes in medium on the basal side, while being exposed to the
air on the apical side. For the generation of a dry (dust) aerosol for ALI exposure, several
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methods are available [87]. However, it should be kept in mind that if a dust cannot be
generated in a laboratory setting, inhalation of the NM is very unlikely. Thus, in these cases
the relevance of an inhalation study should be reconsidered.

3.5.2. Buoyant NMs

NMs with a density lower than cell-culture medium (e.g., certain types of plastic
particles or agglomerates with a low effective density) will float and do not settle over
time, resulting in no contact with adhering cells in a classical, submerged in vitro setup.
This will likely lead to an underestimation of the potency of NMs such as nano-plastics
and liposomes [88]. A solution to solve the problem of buoyant particles is to perform
an inverted ‘overhead’ cell culture, where the cells are not cultured on the bottom of a
culture dish, but upside down on top of the exposure medium. With this approach, it was
possible to produce a dose response for several floating particles, whereas the traditional
approach did not show any results [88,89]. For buoyant NMs, where inhalation is the
relevant exposure route, ALI exposures can also be an option.

3.5.3. Multicomponent NMs and Other Advanced Materials

In the past years, the more complex multicomponent nanomaterials (MCNM) have
gained popularity. These next generation NMs consist of two or more materials or sub-
stances, giving rise to properties (e.g., reactivity) that are not equal to the sum of the
properties of each component [90]. There are still many knowledge gaps when it comes to
the toxicity of these and other novel advanced materials, which is why the concept of SbD
is a suitable prevention-oriented approach. Whether these materials are compatible with
the available toxicity assays is unknown, and this might pose challenges for future SbD
hazard testing. Theoretically, MCNMs could exhibit multiple types of assay interference,
attributed to the individual components of the MCNM. It is important to be aware of these
challenges and to always assess interference.

4. Evaluation of In Vitro Methods for SbD Hazard Testing

4.1. Cytotoxicity

Measuring cell viability or cytotoxicity is a fundamental part of most hazard assess-
ment strategies and integrated approaches to testing and assessment (IATA’s) for several
reasons. Firstly, cytotoxic potency (for example LC50) gives an indication of the relative
hazard of a NM. Secondly, cytotoxicity assays allow for the selection of appropriate sub-
lethal doses for further mechanistic testing (e.g., genotoxicity and inflammation). Lastly,
for several mechanistic assays such as genotoxicity assays, cytotoxicity measurements are a
requirement for the correct interpretation of the results. Cell viability can be determined
by the measurement of various cellular parameters, such as mitochondrial activity, lysoso-
mal integrity, and membrane integrity. Different endpoints should be included to assess
cytotoxicity [91–93], as results from different assays do not always correspond [94].

4.1.1. Most Frequently Used Assays, Strengths and Limitations

The most-used approaches for measuring cytotoxicity or cell viability in vitro include
measuring mitochondrial activity (examples are MTT, MTS, XTT, and WST-1 assays), release
of cytoplasm components (examples are LDH and AK), lysosomal integrity (Neutral red
uptake), apoptosis markers (caspase 3/7), and stains that can specifically enter apoptotic
and/or necrotic cells (Trypan blue, Propidium iodide, and Annexin V). Propidium iodide
and Annexin V can be combined to determine plasma membrane restructuring which can
be representative of either necrosis or apoptosis specifically. Most cytotoxicity assays are
relatively simple, can be carried out in a 96-well microplate format, could be used for HTS,
and have commercial kits available. An exception are the assays that require microscopic
evaluation of a certain staining, as this is more labour-intensive.

For many cytotoxicity and viability assays, NMs can interfere with assay reagents
and/or the optical readout [95–98]. Therefore, potential interference of the NMs with assays
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should always be assessed [92,99]. The elimination of NMs via high-speed centrifugation
may reduce optical interference [92]. Alternatively, since mitochondrial activity is measured
intracellularly, NMs can be washed away from cells prior to incubation with the reagent
to avoid interaction of the NMs with the reagent [100]. For products measured in the
supernatant (e.g., LDH and AK), washing is not feasible, but centrifugation can help remove
larger NMs and thereby reduce optical interference. However, some NMs are known to
inactivate or adsorb LDH directly [101]. If interference still occurs after taking precautions,
it is advised to perform another type of cytotoxicity test, as the subtraction of the average
background signal of the NMs will reduce the accuracy of the outcome [97,102,103]. For
specific NMs, some assays might prove not to be compatible.

Much effort has been put into the optimization and standardization of in vitro cy-
totoxicity assays specifically for NMs in the past years. An ISO standard for the MTS
assay was published in 2018 [104]. In 2021, an ISO standard was published for impedance
measurements for NMs specifically [105]. This assay involves growing cells on an electrode
during exposure to the NM. The detachment of cells, indicating cytotoxicity, is measured
as a decrease in electrochemical impedance, as demonstrated in the assessment of poly-
lactic acid NM-induced toxicity in A549 epithelial cells [106]. This assay is less prone to
interferences as no optical readout and no assay reagents are required. However, it does
require specialized equipment not available in many labs. Internationally standardized
and harmonized standard operating procedures (SOPs) for other cytotoxicity assays have
not been published to date.

In the NanoReg project, an interlaboratory study for the MTS assay was carried out,
and acceptable robustness levels were found depending on the cell type. The human
alveolar cell-line A549 showed a good agreement in cytotoxicity between labs, whereas
the differentiated human monocyte cell-line THP-1 (dTHP-1) showed varying results
and a poor robustness [107]. In a large interlaboratory study by Piret et al. (2017), a
good robustness was found for the MTS assay and ATP content measurements. These
comparisons were carried out using both A549 as well as dTHP-1 cell lines, and two
different NMs. The authors stressed the importance of avoiding interference of the NM with
the assay in order to obtain more reliable results, and a lower inter-laboratory variability.
They also found that the caspase-3/7 assay showed a high inter-laboratory variability [100].

A large interlaboratory study of eight labs studied how to improve the robustness
of the LDH and MTS assay. After a first round of experiments, adaptations to the proto-
cols were made and robustness increased significantly within and between laboratories.
Changes made to the protocols included the optimization of the differentiation of THP-1
cells and centrifugation after incubation with MTS reagent to remove NMs [108]. These
findings on the MTS assay were confirmed in another interlaboratory study using the A549
cell line. Additional sources of variability were identified in this study. A549 cells from
two different suppliers showed a large difference in cytotoxicity in response to polystyrene
NMs. Also, the inclusion of serum effectuated large differences in cytotoxicity as compared
with serum-free experiments. Moreover, differences in pipetting techniques (e.g., harsh
aspiration vs. gentle pipetting and completely removing medium vs. partially remov-
ing medium before MTS incubation) and dispersion protocols were identified as causing
differences in results between laboratories [52]. The importance of more elaborate and
detailed SOPs was again stressed in a recent inter-laboratory study, where the inclusion of
several acceptance criteria was found to improve the robustness of the MTS assay, such as
maximum acceptable variations between replicates, minimum cell survival, and maximum
interference levels [102].

4.1.2. Predictivity and Relevance

Whether in vitro cytotoxicity assays are predictive of in vivo acute toxicity has been
studied for years for soluble chemicals. For NMs, however, there are only a few studies
that correlate in vitro cytotoxicity with in vivo toxicity. Therefore, in this section we have
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included not only studies that correlate in vitro cytotoxicity with in vivo markers of cell
death (apoptosis, necrosis etc.), but also with any type of in vivo toxicity.

In general, the predictivity of cytotoxicity assays depends on the mechanism of action
of the NM, as well as on the cell type used for the in vitro study [109–111]. NMs which
exert their effect through the shedding of toxic ions are usually also cytotoxic in vitro [100].
In a comprehensive comparison study, in vitro cytotoxicity was compared to in vivo lung
inflammation for several different particles, using comparable doses. LDH release and
trypan blue exclusion assays were able to predict the inflammation-inducing effects of ion-
shedding NMs, but not of poorly soluble NMs [112]. However, in another study, in vitro
LDH release in response to poorly soluble TiO2 NMs correlated well to the in vivo number
of polymorphonuclear cells (PMN) in BALF. This correlation was only present when the
dose was expressed as surface area, and not when using mass as dose metric [113].

The toxic effects of CNTs in vivo upon inhalation are not easily predicted using in vitro
cytotoxicity assays, unless the toxicity is caused by metal impurities [109]. Also for CNTs,
the in vitro effects differ between cell types [114]. Other carbon-based materials, such
as diesel exhaust also do not show an accurate correlation of cytotoxic response with
in vivo effects. LDH release from A549 cells and LDH measured in BALF from rats upon
instillation with diesel exhaust did not correspond, and even showed an opposite ranking
in toxicity [115]. However, the suspensions used were not purely the particle fraction and
contained other substances such as lube oil (which floats on culture medium), possibly
causing the contrasting rankings.

The choice of cell type is crucial for performing a predictive in vitro cytotoxicity assay.
For example, the WST-1 and NRU assays were able to establish an accurate ranking in
toxicity of Ag, Au, SiO2, and MWCNTs, but IC50 values differed between the cell types
used [114]. In a study by Sayes and colleagues, in vitro LDH release did not correlate
with rat pulmonary LDH release and inflammation (% PMNs) for rat primary pulmonary
macrophages and rat pulmonary epithelial L2 cells grown in mono-cultures. However,
when grown in co-culture, in vivo LDH release and inflammation were accurately predicted
via the in vitro LDH release for crystalline silica and ZnO (but not for amorphous silica) [94].
A similar study also showed a good correlation for this co-culture model for ZnO NM, but
only at the highest (particle overload) dose [116].

When choosing a cell line, immune cells are found to give a higher prediction accuracy
than fibroblasts [114]. When macrophages are thought to be involved in the toxicity of
NM, it is especially important to select an immune cell type for testing cytotoxicity. THP-1
cells which were differentiated to macrophages (dTHP-1) showed a higher sensitivity for
cytotoxic effects as compared to A549 cells (alveolar cell line) for a panel of 24 NMs [117].
Cho and colleagues found that differentiated peripheral blood mononuclear cells and
isolated lung macrophages performed better compared to cell lines such as dTHP-1, A549,
and 16-HBE [112]. The fact that primary cells are more sensitive than cell lines is generally
accepted. Despite this, primary cells are more difficult to work with and more expensive,
and will therefore most likely be disfavoured for SbD hazard testing.

4.1.3. Overview of Needs and Knowledge Gaps

Table 1 shows a summary of how the different cytotoxicity assays perform in terms
of the criteria for SbD hazard testing. As cytotoxicity measurements are a requirement for
several mechanistic assays, they are crucial for SbD hazard testing. Simple cytotoxicity assays—
although optimizations for NMs are needed—serve as a good starting point for detecting
hazard warnings in SbD hazard testing. It is recommended to include at least two different
cytotoxicity assays as different assays measure different mechanisms [92,118]. A combination
of a mitochondrial activity assay and a membrane-integrity assay is recommended.
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Table 1. Evaluation of suitability of cytotoxicity assays for SbD hazard testing.

Performance Criteria
Mitochondrial Activity
(MTT, MTS, XTT, WST-1,
Alamar Blue)

Cell Membrane Integrity
(LDH)

Cell Membrane Integrity
Staining (Trypan Blue,
Propidium Iodide,
Annexin V)

Lysosomal Integrity
(Neutral Red Uptake)

Caspase 3/7 Assay

Simplicity and cost Easy and cost-effective,
commercial kits available.

Easy and cost-effective,
commercial kits available.

Microscopic evaluation
is time-consuming. Using
flow cytometry increases
time efficiency.

Easy and cost-effective,
commercial kits available.

Easy and cost-effective,
commercial kits available.

Predictivity (Sensitivity
and Specificity)

Depends on the
mechanism of toxicity of the
particle, and the cell type
used [110]. Macrophages
seem more sensitive
[114,117]. Assay better
equipped to detect
cytotoxicity of ion-shedding
NMs [100]. Possibly suitable
for making accurate
rankings in toxicity [114].

Depends on the
mechanism of toxicity of the
particle, and the cell type
used. LDH results have
been shown to correlate
with in vivo results for ion
shedding NMs [112] as well
as poorly soluble NMs [113].

Not assessed for NMs
specifically.

Not assessed for NMs
specifically

Not assessed for NMs
specifically.

Robustness

For MTS assay, decent
robustness but depending
on cell type used [107], and
only when interferences are
correctly avoided [100,108].
More elaborate SOPs and
harmonization between labs
enhance assay robustness
[52,102].

Similar robustness as
MTS assay [108].

Not assessed for NMs
specifically.

Not assessed for NMs
specifically.

One study showed
high inter-laboratory
variability [100].

Compatibility

Many NMs interfere
with the substrate, the
product, or the optical
readout. Can be overcome
by washing cells before
incubation with reagent,
and centrifugation to get rid
of NMs [100,108].

Many NMs
interfere with the enzyme,
the reagent, or the optical
readout. Can be overcome
via centrifugation. Washing
not possible as LDH is
measured in supernatant.

NMs may
interfere with the dye.

NMs may
interfere with the dye.

NMs may
interfere with the dye or the
readout.

Readiness ISO protocol for MTS
assay.

No NM-specific
standardized protocol
available.

No NM-specific
standardized protocol
available.

No NM-specific
standardized protocol
available.

No NM-specific
standardized protocol
available.

Prediction accuracy of cytotoxicity assays should be investigated further. It was shown
that predictivity depends on the cell type used and the mode of action (MOA) of the NM.
Assay applicability domains should be mapped in more detail to understand which toxic
effects can be predicted with in vitro cytotoxicity assays and which cannot. We also found
that protocol optimization improves assay robustness. Moreover, interferences are quite
common for cytotoxicity assays, and they can be avoided by taking the right precautions
and including the right controls, which is crucial even when performing SbD hazard
testing. Together, this indicates the need for optimised and standardized protocols for NMs
specifically. This will in turn also aid the determination of the prediction accuracy of assays.

Box 3

As cytotoxicity measurements are a requirement for several mechanistic assays, they are crucial for
SbD hazard testing. Simple cytotoxicity assays—although optimizations for NMs are needed—serve
as a good starting point for detecting hazard warnings in SbD hazard testing. It is recommended to
include at least two different cytotoxicity assays as different assays measure different mechanisms
A combination of a mitochondrial activity assay and a membrane integrity assay is recommended.

4.2. Dissolution

Although in vitro testing of dissolution is a measure of a PC property, and not directly
a measure of toxicity, the results obtained can be used to infer potential toxicity, or even
potential pathogenicity. This is through consideration of a material’s biodurability or its
transformation to ions or molecules. In this context, biodurability may be accompanied
with biopersistence, which historically has been linked to the fibre pathogenicity paradigm
such as that relating to asbestos, CNTs, and other respirable fibres [119], but also in relation
to poorly soluble particles such as TiO2. Long-term inhalation exposure to poorly soluble
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particles can induce impaired clearance and chronic inflammation that might even progress
to cancer, as has been observed for TiO2 in rats [120]. The human relevance of these results
is a topic currently receiving a resurgence in interest within the scientific community [121].
Conversely, rapid dissolution of a substance can indicate exposure to potentially harmful
soluble components, such as metal ions, which can be released in body compartments that
are otherwise inaccessible.

Information on dissolution in relevant conditions is greatly beneficial for the hazard
assessment of NMs and in defining SbD interventions. Information on dissolution is already
a requirement of REACH and EFSA [21] and dissolution rates are a valuable criterion within
all of the current risk assessment tools available for NM hazard assessment and can also be
used for grouping/read-across [14,16,18].

4.2.1. Most Frequently Used Assays, Strengths and Limitations

There are various methods used in in vitro testing of dissolution, acellular and cellular,
which have not changed significantly for some time. There are a number of guidance
documents including ones from ISO (ISO 19057:2017) and OECD (OECD GD No. 318,
specifically for environmental studies) which provide the start of standardization of these
techniques. The output of various EU projects (e.g., GRACIOUS, Gov4Nano and BIORIMA)
will also greatly impact the development of this methodology.

For acellular testing, it is possible to test within static systems [122] or flow-through
(dynamic) systems [123,124]. The application of these methods is extremely diverse, as
the formulation of different simulant fluids may facilitate the simulation of any biological
compartment, including extracellular and intracellular compartments, and any exposure
route of interest including oral, dermal, or inhalation [125], with recommendations made
within an ISO technical report (ISO 19057:2017). There are a number of differences, both
subtle and substantial, in the simulant fluids used that determine the accuracy of in vivo
prediction. For example, components such as citric acid have a significant effect on the
dissolution of certain metals, and inclusion of proteins/serums will also have an effect on
dissolution [126]. These considerations have been recently reviewed [127]. Two recently
completed projects (nanoGRAVUR and GRACIOUS) identify the abiotic flow-through
system ISO/TR 19057:2017 as the most relevant system [124,128], with a technology readi-
ness level (TRL) identified as high/medium for metals using Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS) analysis and medium/low for materials such as CNTs that re-
quire techniques such as Transmission Electron Microscopy (TEM) or X-Ray Photoelectron
Spectroscopy (XPS).

Although there are currently no accepted methods for in vitro cellular dissolution
testing, various studies have been conducted and these may be more reflective of the
in vivo response following inhalation of particles, although there have been concerns raised
with the cellular methods.

Acellular Methods

Acellular dissolution can certainly be considered simple, considering the practical
requirements. However, each methodology has different demands and associated limita-
tions. For example, the solutes released during dissolution within a static system, especially
those of a basic nature, may cause enhanced nucleation, precipitation, changes in localised
pH, and/or saturation effects preventing further dissolution [129–132]; this behaviour is
unlikely to reflect the in vivo behaviour, demonstrating clear limitations of static systems.
Although dynamic systems, by design, circumvent these issues, they are not without lim-
itations, and there are a number of factors which may affect their reproducibility [132].
NMs may pass through filters used in flow-through systems, leading to misinterpretation
of results and potential false-positive results [133], or filters may become blocked and
ruptured by components of the more complex fluids such as proteins or lipids [134]. Prac-
tically, dynamic systems are cumbersome due to the high volume of liquids required in
long-running tests [135]. Although a comparison of acellular methods is not often made,
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when done so the findings have been confounding. For example, the dissolution rate of
gold nanoparticles has been found similar in static and dynamic systems [136], while the
solubility of BaSO4 has been shown to differ in static and dynamic systems [137].

It is often reported that distinction between different material forms is possible, with a
level of sensitivity allowing for a distinction between dissolution rates leading to grouping,
as has been suggested for fibrous NMs within the GRACIOUS project [138]. This approach
has been aligned with previously established methodology for man-made vitreous fibres
(MMVF) and asbestos, whereby NMs biodurability can be defined by the respective disso-
lution in alveolar fluid and lysosomal fluid. Good comparability has already been found
for in vitro dissolution of MMVF materials and in vivo biopersistence [139], allowing confi-
dence in this approach. Heavy influencers of sensitivity include the analytical method used
to detect released ions, as well as high background measurements caused by the complexity
of fluids used, although this can be alleviated through the removal (or reduction) of specific
metal components within the fluid, in line with the solutes expected to be released from
the test material [140]. The current use of dissolution within RA tools may not be so greatly
impacted by sensitivity, as the thresholds used are very broad and/or rather elementary,
using a ranking based on dissolution time (ANSES, Swiss Precautionary Matrix) or soluble
concentration (GUIDEnano). Advances have been made recently to include threshold
decisions based on dissolution rate [21,123]. Nevertheless, unless very significant changes
are made to the particle to result in very different dissolution behaviour, it is unlikely that
the sensitivity of the thresholds used will be dynamic enough to provide meaningful SbD
decisions on dissolution behaviour.

In terms of compatibility, the potential of acellular tests is broad, and other than
particular hydrophobic materials, it is difficult to list examples that could not be tested.
In fact, these acellular methods have been used for some time to resolve the time-kinetic
release of metals within complex materials, such as man-made fibres, or from occupational
dusts such as welding fumes [141]. The biological predictivity of acellular tests, although
not always established within the literature, has been demonstrated to a relatively high
level, with various promising outcomes. For example, the solubility of BaSO4 in the
dynamic system was considered to reproduce what is known for the solubility of BaSO4
in vivo, while the results of the static system underestimated this [137]. With the use of
a lysosomal simulant fluid, the dynamic dissolution system was also shown to replicate
cellular dissolution of BaSO4 (in conjunction with SrCO3 and ZnO) in rat macrophage
models [123], and similarly acellular dissolution of MoO3 in the same lysosomal simulant
fluid was found comparable to dissolution within mouse macrophage models [142]. These
studies, and others, have demonstrated that by using various simulated biological fluids of
intracellular compartments and/or lung lining fluid, a number of correlations with either
cellular assays or in vivo exposures can be attained [123,143–146]; however, it should be
acknowledged that there is an equal number of studies that have shown no correlation,
raising the concern for appropriate fluid selection [127].

Cellular Methods

The basic principle of the cellular method is simple and can be performed cheaply
as typical assessments investigate dissolution within cells up to 24 h. The difficulty with
this methodology is the success of analysing the ions released. There are various options
for separating cells and supernatant, such as centrifugal ultrafiltration and cloud point
extraction [147], however it is not always as straightforward as the acellular assessments, as
released ions may form complexes with biomolecules and therefore separation may be ham-
pered [148]. Additional concerns may arise from the complexing of ions to biomolecules.
Therefore, studies have often opted to determine both the ion concentration and the NM
concentration to aim to avoid false positives or false negatives [149].

Koltermann-Jülly et al. (2018) found that macrophage-assisted dissolution in vitro
was only applicable for an exposure period of 1–2 days, which they believe is too short
and may be responsible for the low amounts of ions detected for the NMs tested [123].
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The authors state that using cellular systems gives no additional benefit to the abiotic
flow-through system with regards to predicting the in vivo response. This conclusion,
however, is based only on the three materials tested. Moreover, when a cellular method
uses uptake as an inference of dissolution, overestimating particle concentrations may
occur, when measurements are not only of internalised particles but also of those adhered
to the cell membrane. However, this is likely to be resolved by following well-described
methodology which includes steps to limit this interference such as ensuring thorough
washing and etching of the cells prior to analysis to remove adhered particles [150]. Further
promising methodologies for this include the isolation of NMs and ions from cells using
Triton X-114-based cloud point extraction as has previously been conducted for intracellular
Ag NMs and Ag+ isolation [147,149].

4.2.2. Overview of Needs and Knowledge Gaps

Table 2 shows a summary of how the different dissolution assays perform in terms of
the criteria for SbD hazard testing. There is a wealth of studies available for interpretation
of in vitro dissolution methods, and although there are promising findings, there are still
too many uncertainties to be sure of which model is most appropriate or reliable for specific
materials. For SbD hazard testing, the use of a static system would be preferred, due to its
simplicity. Although correlations with in vivo outcomes have been shown for static and
flow-through systems, this is not always the case, and therefore requires further attention.
Going forward, assessing predictivity will be important, especially when assessing novel
materials; however, auspiciously, as shown above, for some substances a strong relationship
between acellular, cellular, and in vivo findings has already been observed. It has been
previously suggested that specific in vitro methods (e.g., specific fluid choices) should be
selected based on feasible degradation pathways [142] which could be dependent upon
specific degradation routes e.g., complexation, protonation, or to establish robust and fully
accurate biological simulations [127]. Moreover, if these methods are to be applied in
grouping and read-across approaches, the development of reliable and robust methods for
determining particle dissolution rates has been considered paramount [123].

Table 2. Evaluation of suitability of dissolution assays for SbD hazard testing.

Acellular Assays Cellular Assays

Performance Criteria
Static Dissolution (e.g., OECD Series on
Testing and Assessment No. 29)

Flow-through/Dynamic Dissolution Cellular In Vitro Dissolution

Simplicity and cost
This system is the simplest and

could be conducted by commercial
laboratories without extensive investment in
equipment.

Requires much greater effort with
regards to setup, and also requires a large
volume of fluid.

The basic principle of this method is
simple and can be performed cheaply.
Would be considered high throughput but as
cellular will typically incur higher costs than
acellular.

Predictivity (Sensitivity and Specificity)

Static dissolution studies have
been found to correlate with in vivo results
in some instances [143,146,151], but in others
poor correlation is observed
[137,144,146,152,153]. Losses in sensitivity
may arise due to any sample handling (e.g.,
acidifying the sample, filtration) or
saturation of ions. For highly soluble
materials, dissolution may continue during
centrifugation steps, resulting in greater
values of dissolution.

Good correlation observed
between flow-through system using a
specific simulant fluid (modified Gamble’s)
and intratracheal instillation in vivo [154],
and for some particles dynamic dissolution
in phagolysosomal simulate fluid (PSF) was
a good predictor for short term inhalation
study in rats [123] and intratracheal
instillation in rats [137]. Losses in sensitivity
may arise due to any sample handling (e.g.,
acidifying the sample). Additional concerns
about losses in the system due to filtration.

Results do appear to correlate well
with in vivo in some instances (e.g., fast
dissolution of Ag NMs in vivo [155] and
in vitro [149]). Study by Koltermann-Jülly
et al. (2018) found very low levels of
dissolution in macrophages compared with
the abiotic flow-through system and
clearance in vivo [123]. Sensitivity relies on
the capability of analysing released material.
Additional concerns may arise from
complexing of ions to biomolecules.

Compatibility

The basic setup is compatible with
many materials. Issues may arise with
hydrophobic materials and with any
material whereby sensitivity cannot be
achieved for further analysis due to
interference with components in the biofluid
mixture (e.g., Ag NMs).

The basic setup is compatible with
many materials. Issues may arise with any
material whereby sensitivity cannot be
achieved for further analysis due to
interference with components in the biofluid
mixture or membranes used (e.g., Ag NMs).

Most common analytical
technique used is ICP-MS, therefore this
methodology is the most compatible with
metals. Carbon-based NMs such as CNT
have used analytical techniques such as
UV-Vis, Raman spectroscopy, and EM,
however the sensitivity of these techniques
is likely to be far less.
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Table 2. Cont.

Acellular Assays Cellular Assays

Performance Criteria
Static Dissolution (e.g., OECD Series on
Testing and Assessment No. 29)

Flow-through/Dynamic Dissolution Cellular In Vitro Dissolution

Robustness Large variability between different
biofluids.

Can result in false positives and
false negatives due to issues with the
filtering system (i.e., due to NMs passing
through pores or causing blockages in
filters).

No evidence of inter-laboratory
comparisons. Issues may arise due to
inclusion of particles on the surface of the
cell rather than internalised particles only.

Readiness OECD protocol but specifically for
environmental studies. Various fluid
compositions available.

ISO protocol outlining basic
methodology. TRL identified as
high/medium for metals and medium/low
for organic materials (e.g., CNT) [124].

Validated assays available but no
standardized method.

Box 4

There is a wealth of studies available for interpretation of in vitro dissolution methods, and although
there are promising findings, there are still too many uncertainties to be sure of which model is
most appropriate or reliable for specific materials. For SbD hazard testing, the use of a static system
would be preferred, due to its simplicity.

4.3. Oxidative Potential and Oxidative Stress

The oxidative potential (OP) of a NM is a chemical property that defines the ability
of a NM to form potentially toxic species such as hydroxyl (•OH) and superoxide (O2

−)
radicals and hydrogen peroxide (H2O2) (collectively called reactive oxygen species (ROS)),
or reactive nitrogen species (RNS) through redox reactions. This parameter is part of
many NM hazard assessment strategies and grouping approaches due to its potential as
a predictor of toxicity [13–15,18]. The pros and cons of OP assays in NM research have
extensively been reviewed previously [156,157].

Oxidative stress (OS) is a cellular state in which the amount of ROS, caused by NM OP
or the release of reactive ions, overwhelms the cells’ antioxidant capacity, potentially leading
to the oxidation of biomolecules, inflammation, and oxidative DNA damage [158,159]. OS
is seen as an important key event in the mode of action of many NMs and is therefore
important to quantify as an early warning indictor [156,160,161].

4.3.1. Most Frequently Used Assays, Strengths and Limitations
Acellular Methods

In an acellular assay, OP is usually measured as a rate of depletion of a reductor. OP
assays do not measure reductor depletion by OP only, since the release of reactive ions
by dissolution will also lead to a depletion. Multiple acellular assays have been proposed
to evaluate NM OP. The acellular dichloro-dihydro-fluorescein (DCFH) assay, electron
paramagnetic resonance (EPR), electron spin resonance (ESR) spectroscopy, and the Ferric
Reducing Ability of Serum (FRAS) assay are frequently used and have been evaluated
extensively in literature [162–167]. An additional assay which is especially relevant for
measuring NM OP is the haemolysis assay. For this assay, red blood cells are isolated
from whole blood, and the ability of NMs to disturb their membranes is measured through
absorbance. This assay requires whole blood, but no cell culturing, making it an easy and
cost-effective method. No interferences have been reported in this assay, but it has not been
studied extensively for NMs. There is no information available on robustness, and there is
no publicly available standardized protocol.

Out of the other acellular assays, standardized protocols are only available for EPR/ESR
(i.e., ISO 18827:2017). These assays require relatively expensive equipment, not always
available in standard laboratories. FRAS and DCFH are considered simple and low-cost
assays, requiring equipment that is present in any standard biological lab [165,166,168].
The FRAS method was originally developed to measure the ferric reduction in blood
plasma (FRAP) [169]. It has been adapted to be used with serum, optimized for smaller
volumes [165] and for multi-dose measurements, while showing good sensitivity and
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reproducibility for several metal-bearing NMs [163]. Recently, the FRAS protocol was
successfully adapted to measure the reactivity of graphene-based materials by adding a
filtration step for NMs of very low density [168]. Interlaboratory studies for the FRAS assay
have not yet been performed.

The robustness of the acellular DCFH assay using different NMs was evaluated in
a recent inter-laboratory study. A good robustness was found for the positive control
NMs when normalizing fluorescence values between labs. However, for the other NMs,
interlaboratory reproducibility differed per particle type [170]. Several papers reported NM
interference with, for example, the fluorescent readout of the DCFH assay [162,166,171].
Zhao and Riediker (2014) identified several other factors that could reduce the reliability
of the acellular DCFH assay, such as the use of different dispersing agents, as well as
using too-high concentrations of NM [172]. Interference by way of NM flocculation or
optical interference has been noted regarding the FRAS assay when testing various NM
pigments [173], while no NM interference has been reported for ESR/EPR.

The EPR, DCFH, and FRAS assays have recently been evaluated for NM-grouping
purposes. Results showed that the sensitivity of the methods greatly depends on the type of
particle studied. For example, CuO, BaSO4, and Mn2O3 were consistent in their reactivity
level across the three methods, but ZnO and CeO2 only showed a response in the FRAS
assay, and not in EPR and DCFH measurements [173]. This might suggest that reactive
species produced by certain NMs are captured better by some assays than by others, or
that the FRAS assay is more sensitive in general. The latter has been confirmed in several
studies that showed that the FRAS and ESR/EPR perform better than the DCFH assay in
terms of sensitivity [163,171,174,175].

The choice of assay should depend on the goal of testing. For example, if one would
like to know which types of radicals are formed in order to know what to change in the
NM design as a SbD intervention, ESR/EPR measurements with different spin traps will
provide the most informative results [176]. The FRAS assay can provide a more general
image of ROS generating potential, as a result of the cocktail of antioxidants that is present
in serum. The DCFH assay is especially sensitive for one-electron oxidizing species (such
as hydroxyl radicals) [177]. It should be taken into account that these assays measure the
OP of the NM in the specific environment required by the assay. OP is greatly influenced
by the exposure environment, and therefore the OP measured in the assay may not fully
reflect the OP in a real-life exposure scenario. A relevant protein corona could be applied
to ensure exposure relevancy, as is described in Section 3.2.

Cellular Methods

Cell-based assays can directly measure the intracellular ROS, irrespective of their
origin (i.e., as a result of the surface chemistry of the NM, as a cell-generated signalling
molecule, or as a defence mechanism of the cell within the phagolysosome), for example
through use of the cellular DCFH-DA assay. Other options include the assessment of the
effect of these radicals on biomolecules such as lipids (e.g., lipid peroxidation) and proteins
(e.g., protein carbonylation), cellular antioxidant status (e.g., glutathione (GSH:GSSG ratio)),
and antioxidant gene regulation (HO-1 expression and Nrf-2 reporter cell lines), of which
the latter two are extensively described in Boyles et al. (2016) [178].

It has been suggested that OS measured in a cell-system has advantages over measur-
ing the OP in acellular systems. By measuring in a cellular environment, the cells’ ability to
defend itself against the induced OS is taken into account, the ROS’ generated genotoxicity
can be assessed, and other mechanisms other than the OP that lead to OS are captured as
well [156]. Other mechanisms leading to OS, such as through mitochondrial perturbation,
have been shown for chemicals extracted from diesel exhaust particles [179,180], yet there
is no convincing evidence that NMs are capable of inducing OS through mechanisms other
than OP or ion release.
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4.3.2. Predictivity and Relevance

For SbD hazard testing, it would be desirable to be able to predict human health effects
or at least effects that are observed in studies in experimental animals with simple, fast, and
cheap acellular OP assays. The ability of acellular assays to predict cellular oxidative stress
and in vivo oxidative stress markers is quite good, as shown in a comprehensive review by
Moller et al. (2010), but not for all particles and all test systems [160]. It has been shown that
NMs can induce different types of ROS [181] and therefore it depends on the type of NM
and their MOA whether assays can predict cellular and in vivo effects. For example, data
derived with the haemolysis assay correlate very well with in vivo pulmonary inflammation
for a panel of 13 metal oxide NMs (92% prediction accuracy), whereas EPR (69% prediction
accuracy) and DCFH (77% prediction accuracy) results showed lower correlations [164].
The haemolysis assay was able to predict in vivo pro-inflammatory responses of both NMs
that act through soluble ions as well as NMs that act through surface reactivity with a
prediction accuracy of 62.5% for a panel of eight NMs [112]. The FRAS assay has even been
shown to be able to correctly distinguish OPs between several types of CNTs [175]. In a
study comparing pulmonary inflammation (PMN influxes) upon inhalation of a range of
NMs with acellular ESR and DCFH results, the correlation was reasonable; however, here it
was concluded that ESR measurements in macrophages give a higher prediction accuracy
than the acellular assays [182]. For SiO2 NMs, EPR results correlated very well with in vitro
cellular cytotoxicity [183]. ESR also correlated well with in vitro protein carbonylation for a
large panel of NMs [184]. However, ESR as well as the FRAS assay were able to accurately
predict only 50% of the in vivo outcomes for a panel of 35 NMs [162].

False positives in acellular OP assays (when compared to in vivo outcomes) can be
explained by the fact that cells and organisms can resolve ROS to a certain extent. Therefore,
effort should go towards establishing thresholds for these assays. False negatives in
acellular OP assays can be explained by the fact that other mechanisms other than OP
can lead to pulmonary inflammation as well, which cannot be detected by these assays.
The large variation between prediction accuracies between studies could be explained
by the differences between the NM panels tested. Each assay has a specific applicability
domain and prediction accuracy will therefore depend on the NM types and the resulting
types of ROS.

In general, cellular assays show a higher prediction accuracy than acellular assays,
and a combination of both might perform even better [157,162,185]. However, for SbD
hazard testing, acellular assays may already give a good indication of toxicity and could
serve as a valuable initial screening in the very early stages of NM development.

4.3.3. Overview of Needs and Knowledge Gaps

Table 3 shows a summary of how the different OP assays perform in terms of the
criteria for SbD hazard testing. There are clear indications that only measuring acellular
reactivity would be sufficient for SbD hazard testing, when cellular testing is already
performed for cytotoxicity, genotoxicity, and pro-inflammatory effects. OP assays can be
used to categorize the materials and to explore in more depth if the OP can or should be
reduced in a SbD intervention. Mapping the prediction accuracy for each assay, as well as
an applicability domain will help understand which assays can be used to predict which
specific effects.

267



Nanomaterials 2023, 13, 472

Table 3. Evaluation of suitability of oxidative potential assays for SbD hazard testing.

Performance Criteria FRAS ESR/EPR DCFH Acellular Haemolysis Assay

Simplicity and cost Very simple but
needs large amounts of NM.

Very simple, yet
might be difficult to find lab
with specialized ESR/EPR
equipment.

Very simple and only
requires a fluorescence reader.

Very simple and only
requires absorbance reader
and whole blood.

Predictivity (Sensitivity and
Specificity)

The assay is able to detect
NMs’ reactivity at low
concentrations and in a
dose-dependent manner with
higher sensitivity compared
to DCFH assay [163]. Could
distinguish between CNT
types [175]. Prediction
accuracy reported: 50% [162].

Depending on spin trap
used. Aids to identify specific
ROS types, which could be
useful for SbD interventions
[176]. Prediction accuracies
reported: 69% [164] and 50%
[162]. Correlated well with
in vitro cytotoxicity and
protein carbonylation
[183,184].

Lacks sensitivity as
compared to FRAS and
ESR/EPR [163,171,175].
However, protocol
adaptations [172] show
ameliorated sensitivity.
Prediction accuracies
reported: 77% [164].

Is thought to be able to
detect OP of both surface
reactive as well as
ion-shedding NMs [112].
Showed very high prediction
accuracy (92%) in one study
[164].

Compatibility

Good compatibility
with a wide range of NMs.
Optical interferences are
largely avoided using a
centrifugation step but have
been reported [173]. Adapted
method suggested for
graphene-based materials
[168].

Good compatibility
with a wide range of NMs
[162]. No interferences
reported.

High background signals
resulted from dye
auto-oxidation [171]. NM
interferences reported
[162,166,184]. Adapted DCFH
protocol reduces interferences
[172].

No interferences
reported, yet might be
expected due to absorbance
readout.

Robustness
No interlaboratory study

performed. Found to be
reproducible and reliable
within the same lab [163,165]

Not assessed for NMs
specifically.

Previously lacked
robustness [175].
Interlaboratory round robin
tests in GRACIOUS project
showed satisfactory
reproducibility for positive
control NMs using optimized
SOP [170].

Not assessed for NMs
specifically.

Readiness
No NM-specific

standardized protocol
available. Gandon et al. (2017)
protocol available [163].

ISO protocol available
(ISO 18827:2017)

No NM-specific
standardized protocol
available. Boyles et al. (2022)
protocol available [170].

No NM-specific
standardized protocol
available.

Box 5

There are clear indications that only measuring acellular reactivity would be sufficient for SbD
hazard testing, when cellular testing is already performed for cytotoxicity, genotoxicity, and pro-
inflammatory effects.

4.4. Inflammation

Many IATAs and testing strategies include the measurement of inflammatory po-
tential using NMs since this is generally accepted as one of the key mechanisms of NM
toxicity [15,19,20]. Pulmonary inflammation in response to NM exposure has been shown
to lead to several adverse health effects, such as fibrosis as well as lung cancer in animal
studies [120,186,187]. For oral exposure, inflammation is a key parameter in NM toxicity
as well [188]. However, this section will focus on assays targeting the pulmonary route of
exposure only.

4.4.1. Most Frequently Used Assays, Strengths and Limitations

It is impossible to capture the complexity of an in vivo inflammatory response in an
in vitro model, where recruitment of inflammatory cells other than those already present
cannot occur. It is however possible to detect the cytokines responsible for this recruitment
in an in vitro experiment. The most widely used approach to assess inflammatory responses
in in vitro assays is measuring cytokine production or secretion, using, for instance, an
enzyme-linked immunosorbent assay (ELISA), RT-qPCR, or multiplex-based immunoas-
says [189] after exposing cultured cells to NMs. Measuring the levels of pro-inflammatory
cytokines and other inflammatory mediators may give insight into the mechanisms of the
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immunomodulatory effects of NMs in vitro, such as inflammasome activation or dendritic
cell maturation. Cytokines of specific interest for NM pulmonary toxicity are, amongst
others, IL-8 as markers for neutrophil recruitment [190], IL-1β as a marker for NLRP3
inflammasome activation [191], and TNF-α as a marker for macrophage activation [192].

Cytokine release can be measured in e.g., epithelial cells, macrophages, and dendritic
cells, cultured in mono- and co-cultures. Cells can be exposed in a submerged setup or at
the air-liquid interface (ALI), where cells are cultured in contact with the air and exposed
to aerosols on the apical side whilst kept in medium on the basal side, better resembling
the physiological environment of cells in the respiratory tract (Figure 4).

Figure 4. Submerged (left) and ALI exposures (right) to NMs. Submerged exposures are considered
easier, whereas ALI exposures are considered more physiologically relevant for inhalation (and
dermal and intestinal) exposures.

A critical factor when assessing pro-inflammatory responses in cell models is that
some NMs can interfere with common in vitro assays. SWCNT and MWCNT can non-
specifically adsorb TNF-α and IL-8 to their surface, and TiO2 NMs have been described
to be able to adsorb IL-8, thus causing a false-negative result in ELISA assays [99,118].
This effect has also been observed for Ag NM in combination with TNF-α and IL-8 [100].
NMs are also known to interfere with the components of the ELISA. This problem can be
overcome by centrifugation to remove the NMs from the supernatant before performing the
ELISA. It is also essential to test the NMs for endotoxin contamination, as endotoxins can
induce inflammation at very low concentrations, leading to false positive results [193,194],
especially since NMs are generally not produced in a sterile environment.

Despite the relevance of pro-inflammatory effects of NMs in human health, there is
currently no validated test method available to investigate inflammatory responses in vitro.
Submerged assays have been used far longer compared to the relatively new ALI models,
and thus more advances in standardization and optimization have been accomplished.
Only a few studies have been performed to show the robustness of one of these protocols.
At the ALI, Calu-3 cells with and without macrophages (either differentiated THP-1 cells
(dTHP-1) or primary cells) showed high reproducibility in seven participating labs based
on measurements of membrane integrity and mitochondrial activity. Cytokine release
however showed higher variability, although similar trends between the seven labs were
observed [195]. The reproducibility between labs after exposure of A549 cells at the ALI to
lipopolysaccharide (LPS) as a positive control was found to be quite low. However, after
protocol optimizations, special training of personnel for cell handling, and homogenization
of disposables and reagents, the reproducibility increased [196]. The reproducibility of
results between labs when using dTHP-1 cells is a frequent topic of debate. Not only
do they show varying responses to NMs, but also to a positive control such as LPS, as
shown in a large inter-laboratory study [100]. In another large inter-laboratory study by
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Xia et al. (2013), it was shown that good results can be obtained when using very detailed
protocols and using the same batch of serum and cells. They also showed that cell-culture
conditions and the duration of differentiation greatly affect the variability of dTHP-1 cells
between labs [108].

A frequently used alternative for dTHP-1 macrophages are monocyte derived
macrophages (MDMs), derived from donor blood. Even though they are considered
more predictive of the in vivo situation, they are also known for their donor-to-donor
variation. The same holds true for the use of commercially available primary epithelial
cells, which are considered more relevant, but also show considerable variation [197].

In ALI exposure systems, there are many other factors that may contribute to an
increased variability, such as the accuracy of the microbalance in the exposure system,
the quality of the nebulizer used, the method of sample preparation, etc. A comprehen-
sive overview of factors that can influence reliability and robustness can be found in
Petersen et al. (2021) [198].

In terms of predictivity, commercially available primary cells generally give a good
indication of in vivo effects for known inflammation-inducing particles. Studies have
shown that the pro-inflammatory effects of quartz [197], Ag NMs [199], SiO2 NMs [200],
and Pd and Cu NMs [201] are accurately predicted using primary cell models. Co-cultures
of cell lines are also able to predict in vivo responses in many cases, as has been shown for
quartz [94,202], CuO [112], and ZnO [94]. In this latter study, it was shown that co-cultures
perform better than the two cell types separately, showing the importance of interplay
between epithelial cells and immune cells. The addition of macrophages seems to be crucial
in order to capture a much wider domain of immunological responses as compared to
epithelial cells only, as has been shown in multiple studies [108,203,204]. Epithelial cell
lines in mono-cultures were not able to predict the toxic effects of quartz [205], but did
accurately detect Ag NMs’ pro-inflammatory effects [112].

In short, primary cells are the most sensitive, followed by co-culture systems with
macrophages, and then mono-cultures. There are however some studies that prove oth-
erwise. Cho et al. (2013) showed that cell lines performed similar to primary alveolar
macrophages and differentiated PBMCs in terms of accuracy [112]. The A549 epithelial cell
line in tri-culture with inflammatory cells did not pick up the pro-inflammatory effect of Ag
NMs [206]. Mono-cultures of the epithelial cell line 16-HBE better predicted in vivo effects
of Ag NMs than when in co-culture with dTHP-1 cells [207]. Furthermore, CeO2, Co3O4,
and NiO NMs induced an increase in granulocytes in BALF, whereas no pro-inflammatory
effects were seen in submerged mono- and co-cultures [112]. Finally, BEAS-2B and dTHP-1
cells were able to predict a ranking in pro-inflammatory effects of several types of CNTs
which corresponded to in vivo markers of lung fibrosis in two separate studies [208,209].
This could mean that cell lines could be suitable for SbD hazard testing. Likely, different
modes of action of toxicity require different levels of complexity in a cell model. In order to
be sure about the predictive capacity of the different cell types, more types of NMs should
be tested.

The exposure method chosen will also impact the predictivity of the method. Exposing
ALI-cultured cells is generally considered a more sensitive approach, since it is more
physiologically relevant, as has been shown in multiple studies [210–212]. However, for
SbD hazard testing it is desirable to work with a model that is as simple and cost-effective as
possible. This disfavours the use of primary cells and favours simple submerged exposure
systems as opposed to the more complex ALI cultures. There are strong indications that
simple submerged models could be predictive enough for SbD hazard testing. For example,
in a study by Loret et al. (2016) they concluded that, indeed, co-cultures were more
sensitive than monocultures, and that ALI exposures were more sensitive than submerged
cultures. However, the general ranking of the NMs in terms of their toxicity was similar
across the various exposure methods [213]. A study by Di Ianni et al. (2021) showed
a strong correlation between in vitro submerged co-cultures and in vivo results when
testing CNTs [190]. In a study by Herzog et al. (2014), the pro-inflammatory effects of Ag
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NMs were not detected in ALI culture conditions, but were detected under submerged
conditions, suggesting a better performance of the submerged model [214]. Submerged
and ALI exposures performed equally well for cytotoxicity in response to TiO2 [215]. In a
study by Panas et al. (2014), submerged conditions were more sensitive in detecting the
pro-inflammatory effects of SiO2 NMs as compared to ALI conditions [216]. Altogether,
the potential for submerged experiments to predict in vivo responses has been shown in
multiple studies, and is worth exploring further, especially for SbD hazard testing.

The differences in sensitivity between the ALI and submerged exposures can be
explained by many (potentially confounding) factors. Firstly, certain cell types such as
A549 are suggested to produce surfactant at the ALI, but not under submerged conditions,
making them more vulnerable to toxic effects in a submerged experiment [217]. Secondly,
the effective dose in submerged experiments is not always (correctly) calculated, and this
may lead to a skewed comparison to ALI and in vivo results. Thirdly, the medium used in
the submerged experiments may have an impact on NM behaviour in terms of the protein
corona and dissolution rate, which does not occur, or occurs differently, in ALI experiments.
Lastly, studies finding a good correlation between an in vitro model and in vivo results are
more likely to be published, leading to publication bias. In a comprehensive overview of
different cell types and exposure methods by McLean et al. (in preparation), it was shown
that for quartz hazard prediction, the strength of in vitro prediction of in vivo responses
was highly inconsistent, and largely dependent upon the data and study quality, which
highlighted a need for robust SOPs which take into account numerous requirements for
in vitro/in vivo extrapolation (McLean et al., in preparation).

There are several advantages of using ALI over submerged exposures. Particle al-
terations due to interaction with medium (such as the formation of a protein corona,
dissolution, agglomeration) are no longer an issue, and calculating the deposited dose is
much easier as compared to submerged experiments [212,218]. ALI exposures are com-
patible with a wider range of NMs, including hydrophobic particles, as exposures can be
performed using a powder. Without having to take into consideration their behaviour in
medium, abrasion products of NEPs can also directly be applied, making this type of model
especially interesting for assessing life-cycle considerations, as is crucial for SbD hazard
testing. Using ALI exposures is however more time-consuming and less high-throughput.
Additionally, robustness of deposited dose after nebulization in an ALI setup may be low,
depending on the NM used [219].

4.4.2. Overview of Needs and Knowledge Gaps

Table 4 shows a summary of how the different inflammation assays perform in terms
of the criteria for SbD hazard testing. For SbD hazard testing, it is crucial to include tests
that are predictive yet simple and cost-effective. Therefore, based on the current literature,
the use of a submerged co-culture model including at least a type of macrophage might be
the most suitable. However, more research is needed to confirm that simple methods are
predictive enough for early hazard screening by testing data-rich NMs. Moreover, novel
and advanced NMs should be tested in the available cell models in order to determine the
compatibility of the cell models and readouts with different types of NMs. For a better
predictivity, avoiding issues with dosimetry and medium interactions, and for hydrophobic
particles, a simple ALI experiment can be set-up for SbD hazard testing.

A short-lived inflammatory response is beneficial to help clear NMs from the lung,
and macrophage recruitment may not necessarily be a hazard warning. There is still a
poor understanding of which amount of inflammation could be considered an adverse
outcome, especially when measured in vitro. Establishing meaningful thresholds for these
assays is important. Moreover, since pulmonary inflammation is mostly a chronic adverse
effect, more work should be focusing on predicting chronic effects with in vitro assays,
with which a promising start has been made in the PATROLS project [220].
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Table 4. Evaluation of suitability of Inflammation assays for SbD hazard testing.

Submerged Cell Models ALI Cell Models

Performance Criteria
Submerged Cytokine
Release Mono-Culture

Submerged Cytokine
Release Co-Culture

ALI Cytokine Release
Mono-Cultures

ALI Cytokine Release
Co-Cultures

Simplicity and cost Simple and cost effective.

Simple and cost effective,
however creating a co-culture
requires more effort and
experience than a
mono-culture.

Requires specialized
exposure equipment and a
certain level of expertise.

Requires specialized
exposure equipment and a
certain level of expertise;
creating a co-culture requires
more effort and experience
than a mono-culture.

Predictivity (Sensitivity and
Specificity)

Good correlation with
in vivo found [190]. Found to
be more sensitive than ALI in
several studies [214,216].
Accurate ranking found
[208,209].

Combination of immune
cell and epithelial cell more
predictive than epithelial cell
alone [94]. Accurate ranking
found [213].

Generally good for
primary cells. Lower
predictivity of epithelial cell
lines. ALI exposures found
more sensitive than
submerged in several studies
[210–212].

Co-cultures perform
better than two cell types
separately [94]. BMDL of this
model comes closer to the
in vivo BMDL compared to
submerged [211].

Robustness
Large inter-laboratory

variability for THP-1 cells
[100,108], no inter-laboratory
data on other cell types.

Not assessed for NMs
specifically.

Low reproducibility but
similar trends between labs
[195]. Low reproducibility
improved after protocol
optimizations [196].

Low reproducibility but
similar trends between labs
[195].

Compatibility NMs may interfere with
ELISA [99,118].

NMs may interfere with
ELISA [99,118].

Compatible with a
wide range of materials,
including hydrophobic and
low-density NMs. However,
NMs may interfere with
ELISA [99,118].

Compatible with a
wide range of materials, as
exposures do not necessarily
require a dispersion.
However, NMs may interfere
with ELISA. Might be more
suitable for NMs released
form NEPs.

Readiness
No NM-specific

standardized protocol
available.

No NM-specific
standardized protocol
available.

No NM-specific
standardized protocol
available.

No NM-specific
standardized protocol
available.

Box 6

For SbD hazard testing, it is crucial to include tests that are predictive yet simple and cost-effective.
Therefore, based on current literature, the use of a submerged co-culture model including at least a
type of macrophage might be the most suitable. However, more research is needed to confirm that
simple methods are predictive enough for early hazard screening.

4.5. Genotoxicity

One of the main safety concerns related to NMs is their possible genotoxicity [221,222].
Genotoxicity describes the capacity of a chemical or physical agent to produce genetic
damage that, if left unrepaired, may lead to cancer [223]. Therefore, every mutagen is
potentially carcinogenic [222].

Due to the important consequences to human health, mutagenicity is a hazard end-
point required in all product regulations (chemicals, biocides, pharmaceuticals, medical
devices, food additives, cosmetics, etc.) [224]. The assessment of genotoxicity is based
on validated in vitro assays, which can be followed up by validated in vivo assays, de-
pending on the in vitro outcome and the regulation involved [225]. Therefore, genotoxicity
assessment at an early stage of innovation is highly advised. In fact, genotoxicity is a key
endpoint in most of the testing strategies developed for NMs [13,19,221,226,227].

4.5.1. Most Frequently Used Assays, Strengths and Limitations

The mutagenicity of chemicals is usually evaluated on the basis of a battery of standard
genotoxicity assays, able to detect gene mutations, chromosomal damage, and aneuploidy,
as all these different mechanisms need to be considered in the assessment [221,224,227]. A
core in vitro battery comprising the Ames test (detecting bacterial gene mutations) plus the
in vitro micronucleus test (detecting chromosomal damage and aneuploidy) was already
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proposed 10 years ago for soluble chemicals [228]. Nearly 100% (958 out of 962) of rodent
carcinogens or in vivo genotoxins were correctly detected with these two tests, which
makes this battery a particularly sensitive combination [224]. However, the specificity
of both assays together was unacceptably low (12.0%), giving rise to a high rate of false-
positive results [229]. Hence, most of the EU regulations require a follow-up in vivo study
when in vitro positive results are obtained [224]. In the case of NMs, the Ames test does
not appear to be a suitable method as some NMs may not be able to penetrate through the
bacterial wall, whereas others may kill the bacteria due to their bactericidal effects [230–234].
Based on this evidence, results obtained with this method should be followed up with
other gene mutation assays using mammalian cells [21,235], or better yet, the Ames test
should be avoided for NMs.

A roadmap for the genotoxicity testing of NMs was suggested some years ago [236],
followed by guidance and common considerations [237]. There are two OECD TGs for
assessing in vitro mammalian gene mutations: the In vitro Mammalian Cell Gene Mutation
Tests using the Hprt and xprt genes (OECD TG 476), and the In vitro Mammalian Cell Gene
Mutation Tests Using the Thymidine Kinase Gene (OECD TG 490). The latter, also called the
mouse lymphoma assay (MLA), can detect a broader spectrum of genetic damage than the
former, including chromosome rearrangements, deletions, and mitotic recombination [236].
Both assays are time-consuming, requiring long culture times (e.g., 10–14 days before
counting colony formation), which has probably precluded an extensive use of these assays.
For soluble chemicals, the sensitivity and specificity of the MLA assay was reported to
be 73.1 and 39.0%, respectively, resulting in a prediction accuracy of 62.9 % [224]. In
the case of NMs, given the low number of studies performed with these assays, and the
wide variety of NMs included in these few studies, it has not been possible to draw any
conclusions concerning the relative sensitivity of the various reporter genes to the potential
mutagenicity of NMs [236]. Nevertheless, there are ongoing efforts to adapt the HPRT
assay for use with NMs, e.g., within the EU H2020 RiskGone project, where round robin
activities are ongoing.

Among the assays detecting chromosome damage, the In vitro Mammalian Cell Mi-
cronucleus (MN) Test (OECD TG 487) has been the most extensively used in nanotoxicol-
ogy [221,230]. The assay detects chromosome mutations induced by either clastogenic or
aneugenic agents. In addition, it also detects most mutagenic events as most mechanisms
leading to gene mutation also induce chromosome mutations [228]. For soluble chemicals,
the sensitivity and specificity of the MN assay was reported to be 78.7 and 30.8%, respec-
tively [229], resulting in a concordance of 67.8%. In the case of NMs, there are few papers
that evaluated a similar material, and there is a substantial variation in the methodology
applied, which precludes raising conclusions on the reproducibility and predictability of
this assay [236].

The most classically used version of the MN assay is the cytochalasin-blocked MN
assay, which includes the use of cytochalasin B, a cytokinesis blocking agent that enables
the identification of dividing cells [238]. However, as cytochalasin B may impair NM
intracellular internalization, leading to false-negative results in the MN assay [239], it is
recommended to successively treat the cells with NMs, and then with this agent [240,241].
Since cells should undergo mitosis for binucleated cells to form, the use of serum in expo-
sure medium is recommended. The need of both proliferating cells and cells accumulating
NMs in the MN assay has been illustrated recently while optimizing the MN assay on
3D cell models. The 3D EpiDerm™ skin model accumulates less NMs than 2D skin cells,
resulting in less MNs upon exposure to genotoxic ZnO NMs [242]. Moreover, HepG2
spheroids still hold the capacity to proliferate while HepaRG spheroids do not, and geno-
toxic ZnO NMs do not show a positive outcome in the MN assay in 3D HepaRG while they
do on the 3D HepG2 model [242,243]. An adaptation of this TG for NMs, within the OECD
project 4.95 (‘Guidance Document on the Adaptation of In vitro Mammalian Cell Based
Genotoxicity TGs for Testing of Manufactured Nanomaterials’), is currently ongoing based
on previous recommendations [236]. One of the first round robin studies on the in vitro
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MN assay was performed within the NanoGenotox project [244], involving 12 laboratories,
and comparing the genotoxicity of three reference materials. Relatively reproducible results
were obtained in some cases, but they were material- and cell line-specific. A similar conclu-
sion was reached by Louro et al. (2016) on four benchmark MWCNTs in two lung epithelial
cell lines [245]. One reason could be the low fold increase over control values, as was
also pointed out in the genotoxicity assessment performed by Elespuru et al. (2018) [236].
Currently, round robin tests are planned within the OECD project 4.95 and the EU H2020
RiskGone project.

Lately, the MN assay has been applied in co-culture systems involving inflammatory
cells (e.g., THP-1 cells) and target cells (e.g., lung epithelial cells) allowing the evaluation of
the mechanisms of action (primary vs. secondary) underlying NMs’ genotoxicity [246,247].
Genotoxins operating by a secondary mechanism of action, mediated by inflammation, are
assumed to have a threshold response [248].

Classically, the MN assay has involved a labour-intensive manual scoring under the
microscope. However, the speed of the analyses can nowadays be increased by using
automated microscope scoring platforms [249], or flow cytometry [250–252]. The latter has
recently been adapted to NMs [253].

The other validated method for assessing chromosome damage is the In vitro Mam-
malian Chromosome Aberration (CA) Test (OECD TG 473). This assay has been used much
less because it is more time-consuming and requires a significant level of expertise to score
the aberrations [236]. Furthermore, the CA assay does not detect aneugens, while the MN
assay does (OECD TG 473, 2016). Hence, the CA assay would not be recommended for
SbD hazard testing.

Furthermore, HTS approaches that could be applied to the testing of NMs are currently
in development. These methods are non-OECD-guideline methods but proved efficient
to detect potential NM genotoxicity. The comet assay is by far the most employed among
these assays, and it could complement the recommended in vitro mutagenicity assays [236].
During the past decade, some effort has been dedicated to increase its throughput, with
the highest achieved in the 96-minigel version using gel bond films [254]. It has been
optimized and successfully applied to assess the genotoxicity of NMs within the FP7
NanoREG project [255].

Lastly, one commonly used genotoxicity assay for NMs is the immunolabelling of
DNA repair protein foci, such as gamma-H2AX, which form during DNA double-strand
break repair. The background of DNA double-strand breaks in cells is generally very low
(although some exceptions exist, such as in some cancer cell lines), which makes these
assays very sensitive. High-throughput versions of the assays exist. Foci can be counted
using automated microscopy platforms or flow cytometry, with the advantage of their
rapidity and possibility of analysing other cell parameters such as cell viability or apop-
tosis simultaneously [256]. Such high-throughput methods have rarely been applied on
advanced 3D cell models for assessing NM genotoxicity because they necessitate additional
steps. For example, a high-throughput comet assay can be performed on 3D cells after
enzymatic and mechanical dissociation of the spheroid [257], reducing simplicity. Still,
such advanced models could increase the predictivity of the assay. For example, Ag NMs
cause significant DNA damage in a 2D liver-cell system, while the outcome of the comet
assay is insignificant in 3D HepG2 spheroids, which is similar to most of the in vivo studies
published up to now reporting Ag NM genotoxicity via comet assay [258].

4.5.2. Overview of Needs and Knowledge Gaps

Table 5 shows a summary of how the different genotoxicity assays perform in terms
of the criteria for SbD hazard testing. One of the main problems for determining the
sensitivity and predictability of the genotoxicity assays when assessing NMs is the ab-
sence of nano-sized particulate controls. NM-specific controls have rarely been demon-
strated [236,259], making comparisons among labs difficult. Furthermore, it is not possible
to establish historical positive control ranges that would confirm the sensitivity of the
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tests [259]. Based on the currently available information, we follow the recommendations
by Elespuru et al. (2018) [236] to use the MN assay in combination with a gene-mutation
assay (HPRT or MLA). In the meantime, further optimizations of genotoxicity assays for
testing NMs are ongoing.

Table 5. Evaluation of suitability of genotoxicity assays for SbD hazard testing.

Simple Cell Models More Complex Cell Models

Performance Criteria
Gene Mutations in Cell
Lines (OECD TGs 476 and
490)

Chromosome Damage in
Cell Lines (OECD TGs 487
MN Assay)

Gene Mutations in
Advanced Models

Chromosome Damage in
Advanced Models (OECD
TG 487)

Simplicity and cost

Time consuming,
requiring long culture times
(e.g., 10–14 days before
counting colony formation).
Relatively cheap.

Simple and relatively
cheap. Analyses can be sped
up using automatic image
analysis systems and
flow-cytometry.

Not used up to now,
would necessitate 3D model
dissociation before cell
plating, i.e., simplicity
reduced as compared to
simple models.

Relatively simple
and cheap for advanced
models. Would be more time
consuming and expensive
than 2D models [260].

Predictivity (Sensitivity and
Specificity)

Conventional chemicals:
adequate (62.9%) [224,229].
NMs: no conclusions can be
reached [236,259].

Conventional chemicals:
adequate (67.8%) [224,229]
NMs: no conclusions can be
reached [236,259].

Not used up to now, no
conclusion can be reached.

Co-culture systems may
allow the evaluation of the
involved genotoxicity
mechanisms of action
[246,247]. They may be more
predictive of an in vivo-like
response [260]. 3D models do
not seem to be appropriate for
applying this assay due to the
lack of cell proliferation
[242,243]. When the 3D
model involves proliferating
cells, it is more sensitive than
2D models, due to higher
metabolic activity [260].

Robustness

No inter-laboratory
comparisons available for
NMs. Ongoing comparisons
within the EU H2020
RiskGone project.

Relatively
reproducible results in some
cases, but material- and cell
line-specific [244]. Future
inter-laboratory comparisons
under the OECD project 4.95.

Not used up to now, no
conclusion can be reached.

Not enough studies
available yet to allow
reaching conclusions.

Compatibility Too low number of
studies to reach conclusions
[236].

Suitable for different
NMs (no interferences
reported). No information
about adequacy for complex
materials.

No conclusion can be
reached. Still, for NMs could
prove unsuitable since only
the cells at the periphery of
the spheroid/organoid would
be exposed to NMs.

Suitable for different
NMs (no interferences
reported). No information
about adequacy for complex
materials.

Readiness
No NM-specific

standardized protocol
available.

No NM-specific
standardized protocol
available.

No NM-specific
standardized protocol
available.

No NM-specific
standardized protocol
available.

For advanced models, such as 3D models, the 3D skin comet and micronucleus assays
are sufficiently validated for conventional chemicals and individual OECD TGs could
start being developed [260]. However, the 3D airway and liver models are still lacking
assays that could measure micronuclei and gene mutations, respectively [260]. Working
with NMs raises additional technical hurdles that need to be overcome. Nevertheless,
advanced models will offer advantages over current assays, especially by mimicking better
the human body response and being able to evaluate modes of actions, e.g., secondary
genotoxicity [261].

Box 7

Based on the currently available information, we follow the recommendations by Elespuru et al.
(2018) to use the MN assay in combination with a gene mutation assay (HPRT or MLA). In the
meantime, further optimizations of genotoxicity assays for testing NMs are ongoing.
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5. Discussion and Outlook

The development, manufacturing, and use of NMs with novel properties and poten-
tially undesired health risks are growing at a rapid rate. One way to reduce potential
adverse effects caused by NMs is to incorporate SbD in NM development processes. Within
a SbD approach, the potential hazards of a NM throughout the life cycle are assessed at an
early stage of product innovation. Although advancements have been made in terms of
nano-specific risk assessment strategies [13,19,138,227], several challenges remain when
applying these strategies to SbD:

1. Current hazard and risk-assessment strategies are not easily applied in an early
hazard assessment for SbD applicability, as the proposed and required assays are
too time-consuming and costly to be performed early in the development process
of a NM.

2. The suitability for SbD hazard testing of currently available in vitro assays in terms of
predictivity, cost-effectiveness, sensitivity, specificity, robustness, and compatibility
are largely unclear.

In this review, in vitro toxicity assays have been critically assessed in terms of their
suitability for SbD hazard testing. The main purpose of SbD hazard testing is the identifica-
tion of early hazard warnings and obtaining a general idea of the potential hazards of a
novel NM, NEP, or components released thereof during the LC. It therefore serves as a first
screening during the early stages of the development of a new NM or NEP. For SbD hazard
testing, a balance needs to be sought between simplicity and comprehensive testing that
addresses all concerns (Figure 5). The more elaborate the assessment, the more uncertainty
is minimized, and the more the testing becomes too complex for the purpose of SbD.

 

Figure 5. The balance of SbD hazard testing. SbD aims to address safety at an early stage in the
product development process. On the one hand, SbD tries to be comprehensive to address all
concerns, while on the other hand the approach should be simple.

5.1. Assay Predictivity
5.1.1. Early Hazard Warnings

Correlating in vitro effects to in vivo potency has not yet been possible [109] and is not
a requirement for SbD hazard testing. The identification of hazard warnings and detecting
the most potent NMs is more relevant, and in this review it was shown that many assays
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are capable of doing this. The prediction accuracy of the evaluated assays in many cases
depends on the type of particle, sample preparation, as well as the type of cell system
used. Effects of NMs which assert their effect through ion shedding, such as Ag and ZnO
NMs, were most accurately predicted across all toxicity endpoints. Current in vitro assays
were less capable of predicting the effects of NMs acting through surface reactivity, and
fibre-like NMs. Another important finding across several toxicity outcomes was the better
predictivity of primary cells as compared to cell lines, as well as better predictivity of
macrophage-like cells as compared to other cell types. However, there are clear indications
that simple submerged assays might be suitable for prediction of adverse effects in vivo, as
was also shown in a recent review by Di Ianni et al. (2022) [262].

5.1.2. Hazard Ranking

For an assay to be able to establish an accurate ranking in toxicity is valuable for SbD
hazard testing, as this allows the use of the assay for comparison between candidate NMs,
and for comparison to benchmark materials with known toxicity. There are indications
that in vitro cytotoxicity assays are able to predict an adequate ranking in toxicity which
corresponds to in vivo pulmonary inflammation [114]. Also, the detection of cytokines at
the ALI could potentially detect a ranking that corresponds to in vivo pro-inflammatory
mediators [211]. However, both of these studies could not draw any definitive conclusions
on comparable rankings. Two studies showed that simple submerged cell lines are able
to produce accurate rankings in pro-inflammatory effects that corresponded to in vivo
markers of fibrosis [208,209]. It is important to note that the accuracy of toxicity rankings
is hugely dependent on the calculation of the dose delivered to the cells, and this should
therefore always be carried out [59].

5.1.3. Applicability Domains

A low prediction accuracy of an assay could be improved by exploring the exact
applicability of the assay. Ensuring that the specific MOA that caused the in vivo toxicity
can be detected using the assay will reduce the rate of false negative outcomes. The
applicability domain of each assay should be well-understood (which assay can predict
what kind of in vivo (human) toxicity) to be able to use assays that are fit-for-purpose.
When looking at the transition to animal free testing in general, this is one of the issues
that needs addressing for soluble chemicals as well [263]. In that respect, in vitro toxicity
testing of NMs should be mechanism-based by looking for specific effects or MOAs [264].
If the applicability domain of assays and cell models is established with more certainty,
it is possible to combine assays into a strategy to holistically assess NM toxicity in vitro.
In such a strategy, assay and cell type selection would be facilitated by a combination of
applicability domains and the most relevant exposure route.

5.1.4. Prediction Accuracy

Prediction accuracy in terms of sensitivity and specificity should be determined for
more assays, to increase knowledge about assay reliability. Determination of accuracy is a
crucial step during the validation process of in vitro assays in general [265]. For example,
for regulatory genotoxicity testing, it is known that in vitro assays have a high sensitivity
but low specificity. This means that there is a high chance of false positives, and positives
should always be confirmed in an in vivo study. A better understanding of the prediction
accuracies of in vitro assays used for SbD hazard testing would help enormously with the
interpretation of results.

5.1.5. Challenges in Assessing Predictivity

Although in vitro assays have been used for some time to test NM toxicity, not all the
criteria could be evaluated properly due to the lack of or limited availability of high-quality
data. Especially for predictivity, there is a data gap that needs to be filled in order to
correctly interpret results. Several factors complicate the assessment of prediction accuracy
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of in vitro assays. Since there is a lack of human data on NM toxicity, predictivity of assays
is at present evaluated compared to in vivo data derived from studies in experimental
animals. This means that an in vitro model comprised of human cells is being compared
to animal data, to predict a human response. The relevance of this approach is question-
able, due to the differences between humans and experimental animals [266,267]. The
lack of deposited dose calculations, interference controls, proper characterization, and
varying sample preparation protocols (e.g., the use of serum, different media, different
dispersion techniques) across the literature add another layer of complexity to assessing
the predictivity of assays. Since these factors can have such an impact on assay outcome,
assay standardization will aid in determining assay predictivity for adverse human health
effects. Additionally, the lack of clear positive and negative controls for NMs hampers the
assessment of prediction accuracy.

Finally, it must be noted that in the papers reviewed here, an optimistic perspective
is given about the predictivity of in vitro assays for toxicity and adverse health outcomes
in vivo. We should however be cautious, as negative results or results with a low correlation
with known in vivo or human health responses may not reach publication: a phenomenon
known as publication bias.

5.2. Outlook for Innovators, Regulators, and Industry Based on Current Knowledge

An overview of the most important knowns and unknowns with regards to NM
SbD hazard testing is summarized in Table 6. Figure 6 shows what we think is the road
forward towards successfully putting SbD hazard testing into practice. The successful
implementation of SbD hazard testing requires efforts from innovators, regulators, as well
as from industry.

Table 6. Overview of the most important findings in this review, including knowns and needs for
SbD hazard testing.

What We Know for SbD Hazard Testing What We Need for SbD Hazard Testing

NM treatment

Dispersion protocols

-Sonication can destroy intrinsic NM
properties that might be part of its safer
design.
-Sonication can induce underestimation of
toxicity by reducing the length of CNTs.
-Sonication can enhance dissolution and
release of (toxic) ions.
-Sonication leads to a lower state of
agglomeration.

-Consensus around dispersion protocols.
-Dispersion guidance which covers all
relevant exposure conditions and takes into
account SbD interventions.

Experimental design

-Testing NMs with serum results in lower
in vitro toxicity.
-Calculation of the dose delivered to the cells
can have impact on toxicity ranking and is
therefore also required for SbD hazard
testing.

-Consensus and guidance for experimental
design in the context of SbD.

Compatibility and LC

-Humans are not only exposed to pristine
NMs, but also to NEPs, aged NMs, and NMs
released during the LC.
-Testing NMs released from NEPs may pose
challenges in terms of feasibility and
compatibility
-Compatibility of novel NMs with currently
available in vitro assays unknown.

-Guidance on how to approach testing NMs
with unknown compatibility.
-More research towards determining
whether testing pristine NMs is sufficient for
SbD hazard testing.

Assay protocols

Cytotoxicity

-More elaborate SOPs enhance robustness.
-Many NMs interfere with cytotoxicity
assays, which should not be overlooked.
-In vivo effect of ion shedding NMs is
sufficiently accurately predicted.
-Measuring cytotoxicity is useful for
identifying hazard warnings.

-Further standardization and validation of
cytotoxicity assays
-Thresholds for cytotoxicity in the context of
SbD
-More focus on assays that do not pose
interference issues.
-To confirm predictivity of cytotoxicity
assays

Dissolution

-Dissolution rate may infer bio-persistency,
which is important information for SbD
hazard testing.
-Predictivity largely depends on readout
method as well as biological fluid choice.
-Static acellular dissolution seems to be the
most appropriate method for SbD hazard
testing, especially as they are rather simple,
however some studies indicate otherwise.

-To confirm that measuring static acellular
dissolution is indeed sufficiently predictive
for SbD hazard testing.
-Meaningful thresholds for dissolution rates
that allow for detection of differences that
will lead to meaningful SbD decisions and
interventions.
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Table 6. Cont.

What We Know for SbD Hazard Testing What We Need for SbD Hazard Testing

Assay protocols

Oxidative Potential

-Acellular assays might be predictive
enough for SbD hazard testing.
-In vivo effects of ion-shedding NMs is
sufficiently accurately predicted.
-There are indications that the haemolysis
assay can accurately predict effects of
surface-reactive NMs.
-FRAS and ESR assays are more sensitive
than DCFH. -FRAS assay can provide
accurate ranking.

-To confirm that measuring acellular OP is
predictive enough for SbD testing.
-Meaningful thresholds for OP in the context
of SbD.

Inflammation

-The use of a type of immune cell is crucial
(using only epithelial cells is not sufficient).
-Primary cell models have better predictivity,
but (immune) cell lines may suffice for SbD
hazard testing.
-Co-cultures seem to perform better than
mono-cultures.
-More elaborate SOPs enhance robustness.

-More work needed to develop in vitro
models that can predict chronic
inflammation.
-Thresholds for in vitro inflammation in the
context of SbD.
-To confirm that submerged mono-cultures of
macrophage cell lines are predictive enough.

Genotoxicity

-Prediction accuracies very well established
for soluble chemicals, but not for NMs.
-It is important that the cell model of choice
is capable of NM uptake.
-The absence of NM positive controls makes
determination of prediction accuracy
challenging.

-To determine prediction accuracies of
assays for NM specifically.
-Round robin initiatives to test robustness of
assays.

Figure 6. Factors that became evident throughout this review that are crucial for putting SbD hazard
testing into practice. Protocol standardization is key for SbD hazard testing, as well as for better
understanding structure–activity relationships and prediction accuracies of assays.

5.2.1. A Change in Mindset towards Purpose-Driven Innovations

The current European policy landscape (the European Green Deal, the European
Chemical Strategy for Sustainability and the Zero Pollution Action Plan [2,3,268]) demands
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a new mindset for innovating. SbD provides an approach aiming at developing safer NMs
and NEPs by integrating safety into the innovation process and material development in
a LC thinking approach, from design to end-of-life. Any innovation that does not have a
green or sustainable purpose will not survive.

5.2.2. Starting In Silico: Databases and SARs

SbD hazard assessment should first and foremost be based on material knowledge
and material–activity relationships. Before even starting in vitro experiments, an elaborate
evaluation of available physicochemical data should be performed [220]. Here, certain
hazard warnings could already be noticed. For example, the structure–activity relationship
(SAR) of high aspect ratio NMs (HARNs) and mesothelioma risk is widely accepted [138].
It would be unnecessary to perform hazard testing on HARNs, as it would already be
clear beforehand that this material raises a hazard warning. Another potential hazard
warning would be respirable crystalline silica particles, due to their structure–activity
relationship with silicosis and lung cancer [269,270]. Knowledge on structure activity rela-
tionships is especially important for the identification of potential hazards and application
of SbD interventions.

For novel advanced materials however, limited information on these tox-driving properties
is available, and the SbD decisions are mostly based on SbD hazard-testing outcomes.

5.2.3. Importance of Experimental Design

The physical aspects of NMs add another dimension to the complexity of toxicity test-
ing. It should always be considered that the way the experiment is carried out (dispersion
protocol, medium type, addition of serum) affects the outcomes and that the behaviour of
the particle in the culture dish (settling, agglomerating, floating, dissolution, formation of
protein corona) should always be analysed [23,49,53,58,59]. Checking and accounting for
assay interference is crucial, also for SbD hazard testing and high throughput screening,
where it is often overlooked [97]. This makes SbD hazard testing for NMs more challenging
than that of soluble chemicals.

5.2.4. Combinations of Assays

An integrated approach to testing and assessment (IATA) that can combine information
from multiple sources (available data, in silico tools, in vitro assays) is the way forward
towards an effective early hazard identification of NMs and NEPs and for the development
of SbD interventions. This review discusses simple assays since it focusses on the initial
stages of innovation. However, at more advanced stages, SbD hazard testing may also
include approaches that are not as simple and cost-effective [264]. With regards to the
transition to animal-free alternatives, the focus on simplicity as is required for SbD hazard
testing should not create a barrier for the development of more realistic and innovative cell
models with potentially better predictivity, such as induced pluripotent stem cells (iPSCs)
and organoids.

For inflammatory potential, chronic inflammation (leading to tissue damage and re-
modelling as well as loss of functions) is the adverse outcome of concern, which is presently
not captured by one or more in vitro tests. An acute pro-inflammatory effect in an in vitro
assay as measured by cytokine secretion, in combination with slow dissolution, indicating
high bio-persistency [14], might together indicate that the NM induces chronic inflamma-
tion. Combining assay outcomes in SbD hazard testing should be further explored.

5.2.5. Thresholds for Toxicity

In order to raise hazard warnings and to interpret results from combinations of assays,
thresholds are needed. This is especially challenging for inflammatory potential assays.
Macrophages are the major defence mechanism against foreign materials, and their acti-
vation is crucial for the clearance of NMs [192]. It is unclear when a beneficial immune
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response turns into persistent pulmonary inflammation in vivo, and how to predict this
in vitro.

Previously established frameworks have made a step towards generating thresholds
for toxicity. The Nanoreg2 framework and the Swiss Precautionary Matrix score NMs as
low, medium, or high hazard according to their fold change increase as compared to a
negative control [271]. The Nanoreg2 framework adds a scoring system that allows for
combining outcomes of different assays, and subsequent comparison of different NMs.
With both approaches, a significantly positive response in an assay might still lead to a
classification as low hazard.

Since SbD hazard testing is performed as an early screening, and its main goal is
determining early hazard warnings, a zero-tolerance principle might be more suitable in
this case (as is common practice in the pharmaceutical industry). For primary genotoxicity,
a zero-tolerance principle is already in place in regulatory risk assessment, as genotoxic
carcinogens are regarded as having no threshold and thus an acceptable exposure level
cannot be derived [224]. For SbD hazard testing, it could be argued that a worst-case
approach would be suitable for the other endpoints as well, meaning that any indication of
inflammation, reactivity, or cytotoxicity at relevant doses would raise a hazard warning.
Here it is important to consider the possibility of false negatives produced in the assays.

For SbD hazard testing, the inclusion of benchmark NMs with known in vivo toxicity
is recommended to compare the new NM to existing information. Thresholds could be
set according to the response of the benchmark NM in a specific assay. Alternatively, an
appropriate ranking in potency of NMs could be useful for making SbD decisions when
comparing several candidate NMs.

5.2.6. Assay Standardization

In Figure 6, assay standardization is represented connecting many important aspects.
As mentioned throughout this review, assay standardization is a key need for the further
development of SbD hazard testing, as well as for putting SbD into practice. Firstly,
we showed that in vitro-in vivo comparisons are hampered by the lack of standardized
protocols. Moreover, fundamental research into structure–activity relationships will benefit
from standardized protocols as well. Assay standardization will result in more high-quality
fundamental data on the MOAs of toxicity of NMs, which will in turn aid the refining of SbD
hazard testing. Ultimately, standardization will increase the chances of industrial use and
acceptance of these assays into existing legal frameworks, which will make incorporating
SbD approaches more appealing for manufacturers [272].

On the contrary, the complexity of NM toxicity testing hampers the standardization of
assays. It is for example impossible to create one exposure method suitable for all NMs,
especially considering NMs of the future which will possess yet unknown properties. A
case-by-case or targeted approach will be needed for specific NMs with incompatible PC
properties. In some cases, standardization may not be feasible, but guidance will be of
great help.

Assay standardization should be followed by assay validation in order to improve
our understanding of the robustness, predictivity, and compatibility of the assays. The
ongoing work in the OECD’s Working Party on Manufactured Nanomaterials [273], the
Malta Initiative [274], and work in ongoing European projects such as NanoHarmony [275],
Nanomet [276] and Gov4Nano [277] are currently supporting the standardization efforts.

5.2.7. Compatibility (NEPs and Novel Materials)

Safety along the LC as well as keeping pace with the rapid emergence of advanced
materials are important hallmarks of SbD. Consumers are most likely exposed to NEPs
and not pristine NMs. Therefore, assay optimization is needed to be able to test NEPs in
an accurate way. Assay compatibility with NEPs and novel advanced materials needs to
be studied further. More data on how NMs can change over the LC and the possible risks
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they may pose during this process is very much needed. This will help determine whether
testing only pristine NMs may be sufficient for SbD hazard testing.

5.2.8. Gathering Experimental Data following FAIR Principles

Since SbD hazard testing will involve the generation of large datasets, it is important
to ensure that the data gathered from the different in vitro assays are adequately collected
using templates that support FAIR principles, and that the data is findable, accessible,
interoperable and reusable. Guidance for finding these templates can be found in the
GoFair initiative and guidance on experimental workflows design and implementation can
be found within the NanoCommons initiative.

5.2.9. The Chemical Strategy for Sustainability

Although this review covers cytotoxicity, dissolution, oxidative potential, inflamma-
tory potential, and genotoxicity, the Chemical Strategy for Sustainability has put forth
extra endpoints to ensure the ambition towards a toxic-free environment and protection
against the most harmful chemicals is fulfilled [3]. One of these endpoints is endocrine
disruption. Under REACH, endocrine disruptors are identified as substances of very high
concern alongside chemicals known to cause cancer, mutations, and toxicity to reproduc-
tion. Work is ongoing by ECHA to develop classification and labelling criteria for endocrine
disruption [278]. From a NM-perspective, there is increasing evidence showing endocrine
disruption and reproductive impairments caused by NMs such as nano plastics [279,280],
and this warrants further attention.

Although this review is only focused on SbD, sustainability impacts should also be
considered early in the innovation process. Safe-and-sustainable-by-design is a central ele-
ment of the European Chemical Strategy for Sustainability and it demands the optimization
of safety and sustainability interventions in the design of NMs, NEPs, and all processes in
a life-cycle approach.

6. Conclusions

This review provides the first building blocks towards an early hazard testing strategy
for SbD applicability and is the first detailed state of the art analysis of in vitro assays
against performance criteria (simplicity and cost effectiveness, predictivity, robustness,
compatibility, and readiness) for SbD hazard testing. The most important conclusions are:

• Based on current knowledge, primary cell models and more physiologically relevant
exposure methods provide better predictions of in vivo results. However, the aim of
SbD hazard testing is to detect early hazard warnings using simple methods. There
are strong indications that simpler assays, such as acellular OP assays, static disso-
lution assays, and simple submerged cell-based assays for cytotoxicity, genotoxicity,
and inflammation give sufficiently accurate information for identifying early hazard
warnings or even hazard rankings, when carried out correctly.

• The suitability of these simple assays for SbD hazard testing has to be further con-
firmed in future studies. More model comparisons between simple, complex, and
in vivo models are needed to investigate whether simple in vitro models are indeed
sufficiently predictive and suitable for SbD hazard testing, preferably using standard-
ized methods. Additionally, the applicability domain of in vitro assays to detect NM
toxicity should be mapped more precisely to correctly interpret results.

• Assay standardization proved to be critical for the progression of SbD hazard testing
as it will improve in vitro-in vivo comparisons, improve fundamental knowledge on
NM toxicity, support industrial use, and is a first step towards regulatory acceptance.

• Simplicity is not always feasible when testing NMs, even though it has been put
forward as one of the criteria for SbD hazard testing. Dispersion protocols, dose
delivered to cells, compatibility issues, interferences, testing NEPs and NMs released
along the LC, etc., all complicate SbD hazard testing of NMs and reduce achievable
simplicity. Innovators, industry, regulators, and policymakers should realize that
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the hazard assessment of NMs and advanced materials is complex and that in vitro
tests need to be further developed, tested, and evaluated to assess their suitability in
identifying potential hazards.
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55. Žūkienė, R.; Snitka, V. Zinc oxide nanoparticle and bovine serum albumin interaction and nanoparticles influence on cytotoxicity
in vitro. Colloids Surf. B Biointerfaces 2015, 135, 316–323. [CrossRef] [PubMed]

56. Kittler, S.; Greulich, C.; Gebauer, J.S.; Diendorf, J.; Treuel, L.; Ruiz, L.; Gonzalez-Calbet, J.M.; Vallet-Regi, M.; Zellner, R.; Köller, M.;
et al. The influence of proteins on the dispersability and cell-biological activity of silver nanoparticles. J. Mater. Chem. 2010, 20, 512.
[CrossRef]

285



Nanomaterials 2023, 13, 472

57. Pyrgiotakis, G.; Blattmann, C.O.; Pratsinis, S.; Demokritou, P. Nanoparticle–Nanoparticle Interactions in Biological Media by
Atomic Force Microscopy. Langmuir 2013, 29, 11385–11395. [CrossRef] [PubMed]

58. Cohen, J.; DeLoid, G.; Pyrgiotakis, G.; Demokritou, P. Interactions of engineered nanomaterials in physiological media and
implications for in vitro dosimetry. Nanotoxicology 2013, 7, 417–431. [CrossRef] [PubMed]

59. Pal, A.K.; Bello, D.; Cohen, J.; Demokritou, P. Implications of in vitro dosimetry on toxicological ranking of low aspect ratio
engineered nanomaterials. Nanotoxicology 2015, 9, 871–885. [CrossRef] [PubMed]

60. DeLoid, G.M.; Cohen, J.M.; Pyrgiotakis, G.; Pirela, S.V.; Pal, A.; Liu, J.; Srebric, J.; Demokritou, P. Advanced computational
modeling for in vitro nanomaterial dosimetry. Part. Fibre Toxicol. 2015, 12, 32. [CrossRef]

61. Thomas, D.G.; Smith, J.N.; Thrall, B.D.; Baer, D.R.; Jolley, H.; Munusamy, P.; Kodali, V.; Demokritou, P.; Cohen, J.; Teeguarden, J.G.
ISD3: A particokinetic model for predicting the combined effects of particle sedimentation, diffusion and dissolution on cellular
dosimetry for in vitro systems. Part. Fibre Toxicol. 2018, 15, 6. [CrossRef]

62. Botte, E.; Vagaggini, P.; Zanoni, I.; Gardini, D.; Costa, A.L.; Ahluwalia, A.D. An integrated pipeline and multi-model graphical
user interface for accurate nano-dosimetry. bioRxiv 2021. [CrossRef]

63. Lison, D.; Thomassen, L.C.J.; Rabolli, V.; Gonzalez, L.; Napierska, D.; Seo, J.W.; Kirsch-Volders, M.; Hoet, P.; Kirschhock, C.E.A.;
Martens, J.A. Nominal and Effective Dosimetry of Silica Nanoparticles in Cytotoxicity Assays. Toxicol. Sci. 2008, 104, 155–162.
[CrossRef]

64. Keller, J.G.; Quevedo, D.F.; Faccani, L.; Costa, A.L.; Landsiedel, R.; Werle, K.; Wohlleben, W. Dosimetry in vitro—exploring the
sensitivity of deposited dose predictions vs. affinity, polydispersity, freeze-thawing, and analytical methods. Nanotoxicology 2021,
15, 21–34. [CrossRef]

65. DeLoid, G.; Cohen, J.M.; Darrah, T.; Derk, R.; Rojanasakul, L.; Pyrgiotakis, G.; Wohlleben, W.; Demokritou, P. Estimating the
effective density of engineered nanomaterials for in vitro dosimetry. Nat. Commun. 2014, 5, 3514. [CrossRef]

66. 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® cell exposure systems. Part. Fibre Toxicol. 2020, 17, 44. [CrossRef]

67. Yokel, R.A.; MacPhail, R.C. Engineered nanomaterials: Exposures, hazards, and risk prevention. J. Occup. Med. Toxicol. 2011, 6, 7.
[CrossRef] [PubMed]

68. Basinas, I.; Jiménez, A.S.; Galea, K.S.; Van Tongeren, M.; Hurley, F. A Systematic Review of the Routes and Forms of Exposure to
Engineered Nanomaterials. Ann. Work. Expo. Health 2018, 62, 639–662. [CrossRef]

69. Schneider, T.; Brouwer, D.H.; Koponen, I.K.; Jensen, K.A.; Fransman, W.; Van Duuren-Stuurman, B.; van Tongeren, M.; Tielemans,
E. Conceptual model for assessment of inhalation exposure to manufactured nanoparticles. J. Expo. Sci. Environ. Epidemiol. 2011,
21, 450–463. [CrossRef]

70. Duncan, T.V.; Pillai, K. Release of Engineered Nanomaterials from Polymer Nanocomposites: Diffusion, Dissolution, and
Desorption. ACS Appl. Mater. Interfaces 2015, 7, 2–19. [CrossRef] [PubMed]

71. Al-Kattan, A.; Wichser, A.; Vonbank, R.; Brunner, S.; Ulrich, A.; Zuin, S.; Arroyo, Y.; Golanski, L.; Nowack, B. Characterization of
materials released into water from paint containing nano-SiO2. Chemosphere 2015, 119, 1314–1321. [CrossRef]

72. Murray, A.R.; Kisin, E.R.; Tkach, A.V.; Yanamala, N.; Mercer, R.; Young, S.-H.; Fadeel, B.; Kagan, V.E.; Shvedova, A.A. Factoring-in
agglomeration of carbon nanotubes and nanofibers for better prediction of their toxicity versus asbestos. Part. Fibre Toxicol. 2012,
9, 10. [CrossRef]

73. Noël, A.; Charbonneau, M.; Cloutier, Y.; Tardif, R.; Truchon, G. Rat pulmonary responses to inhaled nano-TiO2: Effect of primary
particle size and agglomeration state. Part. Fibre Toxicol. 2013, 10, 48. [CrossRef]

74. Murugadoss, S.; Brassinne, F.; Sebaihi, N.; Petry, J.; Cokic, S.M.; Van Landuyt, K.L.; Godderis, L.; Mast, J.; Lison, D.; Hoet, P.H.;
et al. Agglomeration of titanium dioxide nanoparticles increases toxicological responses in vitro and in vivo. Part. Fibre Toxicol.
2020, 17, 10. [CrossRef]

75. Saber, A.T.; Jacobsen, N.R.; Mortensen, A.; Szarek, J.; Jackson, P.; Madsen, A.M.; Jensen, K.A.; Koponen, I.K.; Brunborg, G.;
Gützkow, K.B.; et al. Nanotitanium dioxide toxicity in mouse lung is reduced in sanding dust from paint. Part. Fibre Toxicol. 2012,
9, 4. [CrossRef]

76. Pal, A.K.; Watson, C.Y.; Pirela, S.V.; Singh, D.; Chalbot, M.-C.G.; Kavouras, I.; Demokritou, P. Linking Exposures of Particles
Released from Nano-Enabled Products to Toxicology: An Integrated Methodology for Particle Sampling, Extraction, Dispersion,
and Dosing. Toxicol. Sci. 2015, 146, 321–333. [CrossRef] [PubMed]

77. Kim, S.; Jaques, P.A.; Chang, M.; Froines, J.R.; Sioutas, C. Versatile aerosol concentration enrichment system (VACES) for
simultaneous in vivo and in vitro evaluation of toxic effects of ultrafine, fine and coarse ambient particles Part I: Development
and laboratory characterization. J. Aerosol Sci. 2001, 32, 1281–1297. [CrossRef]

78. Nowack, B.; Boldrin, A.; Caballero, A.; Hansen, S.F.; Gottschalk, F.; Heggelund, L.; Hennig, M.; Mackevica, A.; Maes, H.;
Navratilova, J.; et al. Meeting the Needs for Released Nanomaterials Required for Further Testing—The SUN Approach. Environ.
Sci. Technol. 2016, 50, 2747–2753. [CrossRef]

79. Demokritou, P.; Lee, S.J.; Ferguson, S.T.; Koutrakis, P. A compact multistage (cascade) impactor for the characterization of
atmospheric aerosols. J. Aerosol Sci. 2004, 35, 281–299. [CrossRef]

80. Bein, K.J.; Wexler, A.S. A high-efficiency, low-bias method for extracting particulate matter from filter and impactor substrates.
Atmos. Environ. 2014, 90, 87–95. [CrossRef]

286



Nanomaterials 2023, 13, 472

81. Zarcone, M.C.; Duistermaat, E.; van Schadewijk, A.; Jedynska, A.; Hiemstra, P.S.; Kooter, I.M. Cellular response of mucociliary
differentiated primary bronchial epithelial cells to diesel exhaust. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2016, 311, L111–L123.
[CrossRef]

82. Wohlleben, W.; Brill, S.; Meier, M.W.; Mertler, M.; Cox, G.; Hirth, S.; Von Vacano, B.; Strauss, V.; Treumann, S.; Wiench, K.; et al.
On the Lifecycle of Nanocomposites: Comparing Released Fragments and their In-Vivo Hazards from Three Release Mechanisms
and Four Nanocomposites. Small 2011, 7, 2384–2395. [CrossRef] [PubMed]

83. Smulders, S.; Luyts, K.; Brabants, G.; Van Landuyt, K.; Kirschhock, C.E.A.; Smolders, E.; Golanski, L.; Vanoirbeek, J.; Hoet, P.H.
Toxicity of Nanoparticles Embedded in Paints Compared with Pristine Nanoparticles in Mice. Toxicol. Sci. 2014, 141, 132–140.
[CrossRef]

84. Smulders, S.; Luyts, K.; Brabants, G.; Golanski, L.; Martens, J.; Vanoirbeek, J.; Hoet, P.H. Toxicity of nanoparticles embedded in
paints compared to pristine nanoparticles, in vitro study. Toxicol. Lett. 2015, 232, 333–339. [CrossRef]

85. Shoemaker, D.A.; Pretty, J.R.; Ramsey, D.M.; McLaurin, J.L.; Khan, A.; Teass, A.W.; Castranova, V.; Pailes, W.H.; Dalal, N.S.; Miles,
P.R. Particle activity and in vivo pulmonary response to freshly milled and aged alpha-quartz. Scand. J. Work. Environ. Health
1995, 21 (Suppl. 2), 15–18. [PubMed]

86. Buford, M.C.; Hamilton, R.F.; Holian, A. A comparison of dispersing media for various engineered carbon nanoparticles. Part.
Fibre Toxicol. 2007, 4, 6. [CrossRef] [PubMed]

87. Polk, W.W.; Sharma, M.; Sayes, C.M.; Hotchkiss, J.A.; Clippinger, A.J. Aerosol generation and characterization of multi-walled
carbon nanotubes exposed to cells cultured at the air-liquid interface. Part. Fibre Toxicol. 2016, 13, 20. [CrossRef] [PubMed]

88. Watson, C.Y.; DeLoid, G.M.; Pal, A.; Demokritou, P. Buoyant Nanoparticles: Implications for Nano-Biointeractions in Cellular
Studies. Small 2016, 12, 3172–3180. [CrossRef]

89. Stock, V.; Böhmert, L.; Dönmez, M.H.; Lampen, A.; Sieg, H. An inverse cell culture model for floating plastic particles. Anal.
Biochem. 2020, 591, 113545. [CrossRef]

90. Saleh, N.B.; Aich, N.; Plazas-Tuttle, J.; Lead, J.R.; Lowry, G.V. Research strategy to determine when novel nanohybrids pose
unique environmental risks. Environ. Sci. Nano 2015, 2, 11–18. [CrossRef]

91. Kroll, A.; Pillukat, M.H.; Hahn, D.; Schnekenburger, J. Current in vitro methods in nanoparticle risk assessment: Limitations and
challenges. Eur. J. Pharm. Biopharm. 2009, 72, 370–377. [CrossRef] [PubMed]

92. Stone, V.; Johnston, H.; Schins, R.P.F. Development of in vitro systems for nanotoxicology: Methodological considerations. Crit.
Rev. Toxicol. 2009, 39, 613–626. [CrossRef] [PubMed]

93. Hillegass, J.M.; Shukla, A.; Lathrop, S.A.; MacPherson, M.B.; Fukagawa, N.K.; Mossman, B.T. Assessing nanotoxicity in cells
in vitro. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2010, 2, 219–231. [CrossRef]

94. Sayes, C.; Reed, K.L.; Warheit, D.B. Assessing Toxicity of Fine and Nanoparticles: Comparing In Vitro Measurements to In Vivo
Pulmonary Toxicity Profiles. Toxicol. Sci. 2007, 97, 163–180. [CrossRef]

95. Guadagnini, R.; Halamoda Kenzaoui, B.; Walker, L.; Pojana, G.; Magdolenova, Z.; Bilanicova, D.; Saunders, M.; Juillerat-Jeanneret,
L.; Marcomini, A.; Huk, A.; et al. Toxicity screenings of nanomaterials: Challenges due to interference with assay processes and
components of classic in vitro tests. Nanotoxicology 2015, 9 (Suppl. 1), 13–24. [CrossRef]

96. Ribeiro, A.R.; Leite, P.E.; Falagan-Lotsch, P.; Benetti, F.; Micheletti, C.; Budtz, H.C.; Jacobsen, N.R.; Lisboa-Filho, P.N.; Rocha, L.A.;
Kühnel, D.; et al. Challenges on the toxicological predictions of engineered nanoparticles. NanoImpact 2017, 8, 59–72. [CrossRef]

97. Andraos, C.; Yu, I.J.; Gulumian, M. Interference: A Much-Neglected Aspect in High-Throughput Screening of Nanoparticles. Int.
J. Toxicol. 2020, 39, 397–421. [CrossRef]

98. Savage, D.T.; Hilt, J.Z.; Dziubla, T.D. In vitro methods for assessing nanoparticle toxicity. In Nanotoxicity; Methods in Molecular
Biology; Zhang, Q., Ed.; Humana Press: New York, NY, USA, 2019; Volume 1894, pp. 1–29. [CrossRef]

99. Kroll, A.; Pillukat, M.H.; Hahn, D.; Schnekenburger, J. Interference of engineered nanoparticles with in vitro toxicity assays. Arch.
Toxicol. 2012, 86, 1123–1136. [CrossRef]

100. Piret, J.-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]

101. Han, X.; Gelein, R.; Corson, N.; Wade-Mercer, P.; Jiang, J.; Biswas, P.; Finkelstein, J.N.; Elder, A.; Oberdörster, G. Validation of an
LDH assay for assessing nanoparticle toxicity. Toxicology 2011, 287, 99–104. [CrossRef]

102. Nelissen, I.; Haase, A.; Anguissola, S.; Rocks, L.; Jacobs, A.; Willems, H.; Riebeling, C.; Luch, A.; Piret, J.-P.; Toussaint, O.; et al.
Improving Quality in Nanoparticle-Induced Cytotoxicity Testing by a Tiered Inter-Laboratory Comparison Study. Nanomaterials
2020, 10, 1430. [CrossRef]

103. Labouta, H.I.; Sarsons, C.; Kennard, J.; Gomez-Garcia, M.J.; Villar, K.; Lee, H.; Cramb, D.T.; Rinker, K.D. Understanding and
improving assays for cytotoxicity of nanoparticles: What really matters? RSC Adv. 2018, 8, 23027–23039. [CrossRef]

104. ISO 19007:2018; Nanotechnologies—In Vitro MTS Assay for Measuring the Cytotoxic Effect of Nanoparticles. International
Organization for Standardization: Geneva, Switzerland, 2018.

105. ISO/TS 21633:2021; Label-Free Impedance Technology to Assess the Toxicity of Nanomaterials In Vitro. International Organization
for Standardization: Geneva, Switzerland, 2021.

287



Nanomaterials 2023, 13, 472

106. Da Luz, C.M.; Boyles, M.S.P.; Falagan-Lotsch, P.; Pereira, M.R.; Tutumi, H.R.; Santos, E.D.O.; Martins, N.B.; Himly, M.; Sommer,
A.; Foissner, I.; et al. Poly-lactic acid nanoparticles (PLA-NP) promote physiological modifications in lung epithelial cells and are
internalized by clathrin-coated pits and lipid rafts. J. Nanobiotechnol. 2017, 15, 11. [CrossRef]

107. NANoREG. Deliverable D 5.06. Identification and Optimization of the Most Suitable In Vitro Methodology. 2016. Available
online: https://www.rivm.nl/sites/default/files/2019-01/NANoREG_D5_06_DR_Identification_and_optimization_of_the_
most_suitable_in_vitro_methodology_Yo3qmgPoS9aEh1-9l2OVcA.pdf (accessed on 14 November 2022).

108. 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]

109. Landsiedel, R.; Sauer, U.G.; Ma-Hock, L.; Schnekenburger, J.; Wiemann, M. Pulmonary toxicity of nanomaterials: A critical
comparison of published in vitro assays and in vivo inhalation or instillation studies. Nanomedicine 2014, 9, 2557–2585. [CrossRef]

110. Sohaebuddin, S.K.; Thevenot, P.T.; Baker, D.; Eaton, J.W.; Tang, L. Nanomaterial cytotoxicity is composition, size, and cell type
dependent. Part. Fibre Toxicol. 2010, 7, 22. [CrossRef]

111. Kroll, A.; Dierker, C.; Rommel, C.; Hahn, D.; Wohlleben, W.; Schulze-Isfort, C.; Göbbert, C.; Voetz, M.; Hardinghaus, F.;
Schnekenburger, J. Cytotoxicity screening of 23 engineered nanomaterials using a test matrix of ten cell lines and three different
assays. Part. Fibre Toxicol. 2011, 8, 9. [CrossRef]

112. Cho, W.-S.; Duffin, R.; Bradley, M.; Megson, I.L.; MacNee, W.; Lee, J.K.; Jeong, J.; Donaldson, K. Predictive value of in vitro assays
depends on the mechanism of toxicity of metal oxide nanoparticles. Part. Fibre Toxicol. 2013, 10, 55. [CrossRef]

113. Han, X.; Corson, N.; Wade-Mercer, P.; Gelein, R.; Jiang, J.; Sahu, M.; Biswas, P.; Finkelstein, J.N.; Elder, A.; Oberdörster, G.
Assessing the relevance of in vitro studies in nanotoxicology by examining correlations between in vitro and in vivo data.
Toxicology 2012, 297, 1–9. [CrossRef] [PubMed]

114. Mannerström, M.; Zou, J.; Toimela, T.; Pyykkö, I.; Heinonen, T. The applicability of conventional cytotoxicity assays to predict
safety/toxicity of mesoporous silica nanoparticles, silver and gold nanoparticles and multi-walled carbon nanotubes. Toxicol. In
Vitro 2016, 37, 113–120. [CrossRef]

115. Seagrave, J.; McDonald, J.D.; Mauderly, J.L. In vitro versus in vivo exposure to combustion emissions. Exp. Toxicol. Pathol. 2005,
57, 233–238. [CrossRef] [PubMed]

116. Warheit, D.B.; Sayes, C.M.; Reed, K.L. Nanoscale and Fine Zinc Oxide Particles: Can In Vitro Assays Accurately Forecast Lung
Hazards following Inhalation Exposures? Environ. Sci. Technol. 2009, 43, 7939–7945. [CrossRef]

117. Lanone, S.; Rogerieux, F.; Geys, J.; Dupont, A.; Maillot-Marechal, E.; Boczkowski, J.; Lacroix, G.; Hoet, P. Comparative toxicity of
24 manufactured nanoparticles in human alveolar epithelial and macrophage cell lines. Part. Fibre Toxicol. 2009, 6, 14. [CrossRef]
[PubMed]

118. Monteiro-Riviere, N.A.; Inman, A.O.; Zhang, L.W. Limitations and relative utility of screening assays to assess engineered
nanoparticle toxicity in a human cell line. Toxicol. Appl. Pharmacol. 2009, 234, 222–235. [CrossRef] [PubMed]

119. Donaldson, K.; Tran, C.L. An introduction to the short-term toxicology of respirable industrial fibres. Mutat. Res./Fundam. Mol.
Mech. Mutagen. 2004, 553, 5–9. [CrossRef] [PubMed]

120. Heinrich, U.; Fuhst, R.; Rittinghausen, S.; Creutzenberg, O.; Bellmann, B.; Koch, W.; Levsen, K. Chronic inhalation exposure
of Wistar rats and two different strains of mice to diesel exhaust, carbon black and titanium dioxide. Inhal. Toxicol. 1995, 7, 23.
[CrossRef]

121. Driscoll, K.E.; Borm, P.J.A. Expert workshop on the hazards and risks of poorly soluble low toxicity particles. Inhal. Toxicol. 2020,
32, 53–62. [CrossRef] [PubMed]

122. Shin, H.U.; Stefaniak, A.B.; Stojilovic, N.; Chase, G.G. Comparative dissolution of electrospun Al2O3 nanofibres in artificial
human lung fluids. Environ. Sci. Nano 2015, 2, 251–261. [CrossRef]

123. Koltermann-Jülly, J.; Keller, J.G.; Vennemann, A.; Werle, K.; Müller, P.; Ma-Hock, L.; Landsiedel, R.; Wiemann, M.; Wohlleben, W.
Abiotic dissolution rates of 24 (nano)forms of 6 substances compared to macrophage-assisted dissolution and in vivo pulmonary
clearance: Grouping by biodissolution and transformation. NanoImpact 2018, 12, 29–41. [CrossRef]

124. Keller, J.G.; Persson, M.; Müller, P.; Ma-Hock, L.; Werle, K.; Arts, J.; Landsiedel, R.; Wohlleben, W. Variation in dissolution behavior
among different nanoforms and its implication for grouping approaches in inhalation toxicity. NanoImpact 2021, 23, 100341. [CrossRef]

125. Plumlee, G.S.; Morman, S.A.; Ziegler, T.L. The Toxicological Geochemistry of Earth Materials: An Overview of Processes and the
Interdisciplinary Methods Used to Understand Them. Rev. Miner. Geochem. 2006, 64, 5–57. [CrossRef]

126. Krystek, P.; Kettler, K.; van der Wagt, B.; de Jong, W.H. Exploring influences on the cellular uptake of medium-sized silver
nanoparticles into THP-1 cells. Microchem. J. 2015, 120, 45–50. [CrossRef]

127. Innes, E.; Yiu, H.H.P.; McLean, P.; Brown, W.; Boyles, M. Simulated biological fluids—A systematic review of their biological
relevance and use in relation to inhalation toxicology of particles and fibres. Crit. Rev. Toxicol. 2021, 51, 217–248. [CrossRef]
[PubMed]

128. Wohlleben, W.; Hellack, B.; Nickel, C.; Herrchen, M.; Hund-Rinke, K.; Kettler, K.; Riebeling, C.; Haase, A.; Funk, B.; Kühnel, D.;
et al. The nanoGRAVUR framework to group (nano)materials for their occupational, consumer, environmental risks based on a
harmonized set of material properties, applied to 34 case studies. Nanoscale 2019, 11, 17637–17654. [CrossRef] [PubMed]

129. Alexander, I.C.; Brown, R.C.; Jubb, G.A.; Pickering, P.; Hoskins, J.A. Durability of ceramic and novel man-made mineral fibers.
Environ. Health Perspect. 1994, 102, 67–71. [CrossRef] [PubMed]

288



Nanomaterials 2023, 13, 472

130. Christensen, V.R.; Jensen, S.L.; Guldberg, M.; Kamstrup, O. Effect of chemical composition of man-made vitreous fibers on the
rate of dissolution in vitro at different pHs. Environ. Health Perspect. 1994, 102, 83–86. [CrossRef]

131. Spitler, G.; Spitz, H.; Glasser, S.; Hoffman, M.K.; Bowen, J. In Vitro Dissolution of Uranium-contaminated Soil in Simulated Lung
Fluid Containing a Pulmonary Surfactant. Health Phys. 2015, 108, 336–343. [CrossRef]

132. Searl, A.; Cullen, R.T. An enzymatic tissue digestion method for fibre biopersistence studies. Ann. Occup. Hyg. 1997, 41, 721–727.
[CrossRef]

133. Utembe, W.; Potgieter, K.; Stefaniak, A.B.; Gulumian, M. Dissolution and biodurability: Important parameters needed for risk
assessment of nanomaterials. Part. Fibre Toxicol. 2015, 12, 11. [CrossRef]

134. Ansoborlo, E.; Hengé-Napoli, M.H.; Chazel, V.; Gibert, R.; Guilmette, R.A. Review and Critical Analysis of Available In Vitro
Dissolution Tests. Health Phys. 1999, 77, 638–645. [CrossRef]

135. Farrugia, C. Flow-through dissolution testing: A comparison with stirred beaker methods. Chronic Ill 2002, 6, 17–19.
136. Braydich-Stolle, L.K.; Breitner, E.K.; Comfort, K.K.; Schlager, J.J.; Hussain, S.M. Dynamic Characteristics of Silver Nanoparticles in

Physiological Fluids: Toxicological Implications. Langmuir 2014, 30, 15309–15316. [CrossRef]
137. Keller, J.; Peijnenburg, W.; Werle, K.; Landsiedel, R.; Wohlleben, W. Understanding Dissolution Rates via Continuous Flow

Systems with Physiologically Relevant Metal Ion Saturation in Lysosome. Nanomaterials 2020, 10, 311. [CrossRef]
138. Murphy, F.; Dekkers, S.; Braakhuis, H.; Ma-Hock, L.; Johnston, H.; Janer, G.; di Cristo, L.; Sabella, S.; Jacobsen, N.R.; Oomen, A.G.;

et al. An integrated approach to testing and assessment of high aspect ratio nanomaterials and its application for grouping based
on a common mesothelioma hazard. NanoImpact 2021, 22, 100314. [CrossRef]

139. Hesterberg, T.W.; Hart, G.A. Lung Biopersistence and In Vitro Dissolution Rate Predict the Pathogenic Potential of Synthetic
Vitreous Fibers. Inhal. Toxicol. 2000, 12 (Suppl. 3), 91–97. [CrossRef]

140. Boyles, M.S.P.; Brown, D.; Knox, J.; Horobin, M.; Miller, M.R.; Johnston, H.J.; Stone, V. Assessing the bioactivity of crystalline
silica in heated high-temperature insulation wools. Inhal. Toxicol. 2018, 30, 255–272. [CrossRef]

141. Ellingsen, D.G.; Chashchin, M.; Berlinger, B.; Fedorov, V.; Chashchin, V.; Thomassen, Y. Biological monitoring of welders’ exposure
to chromium, molybdenum, tungsten and vanadium. J. Trace Elem. Med. Biol. 2017, 41, 99–106. [CrossRef]

142. Gray, E.P.; Browning, C.L.; Wang, M.; Gion, K.D.; Chao, E.Y.; Koski, K.J.; Kane, A.B.; Hurt, R.H. Biodissolution and cellular
response to MoO3 nanoribbons and a new framework for early hazard screening for 2D materials. Environ. Sci. Nano 2018, 5,
2545–2559. [CrossRef]

143. Chazel, V.; Houpert, P.; Paquet, F.; Ansoborlo, E.; Hengé-Napoli, M.H. Experimental Determination of the Solubility of Industrial
UF4 Particles. Radiat. Prot. Dosim. 2000, 92, 289–294. [CrossRef]

144. Chazel, V.; Gerasimo, P.; Debouis, V.; Laroche, P.; Paquet, F. Characterisation and dissolution of depleted uranium aerosols
produced during impacts of kinetic energy penetrators against a tank. Radiat. Prot. Dosim. 2003, 105, 163–166. [CrossRef]

145. Stefaniak, A.B.; Guilmette, R.A.; Day, G.A.; Hoover, M.D.; Breysse, P.N.; Scripsick, R.C. Characterization of phagolysosomal
simulant fluid for study of beryllium aerosol particle dissolution. Toxicol. In Vitro 2005, 19, 123–134. [CrossRef]

146. Heim, K.E.; Danzeisen, R.; Verougstraete, V.; Gaidou, F.; Brouwers, T.; Oller, A.R. Bioaccessibility of nickel and cobalt in synthetic
gastric and lung fluids and its potential use in alloy classification. Regul. Toxicol. Pharmacol. 2020, 110, 104549. [CrossRef]

147. Yu, S.-J.; Chao, J.-B.; Sun, J.; Yin, Y.-G.; Liu, J.-F.; Jiang, G.-B. Quantification of the Uptake of Silver Nanoparticles and Ions to
HepG2 Cells. Environ. Sci. Technol. 2013, 47, 3268–3274. [CrossRef]

148. Su, C.-K.; Sun, Y.-C. Considerations of inductively coupled plasma mass spectrometry techniques for characterizing the dissolution
of metal-based nanomaterials in biological tissues. J. Anal. At. Spectrom. 2015, 30, 1689–1705. [CrossRef]
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