www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Towards a harmonized testing
strategy for nanofibers by
integrating toxicological screening
and proteomic profiling

Rico Ledwith¥?2, Verdnica |. Dumit?, Tobias Stobernack?, Victor Alcolea-Rodriguez'-3,
Antje Bergert!, Doreen Wittke', Andrea Haase'>*** & Mario Pink%***

Nanofibers, particularly multi-walled carbon nanotubes, have attracted attention for their
exceptional properties, but concerns remain about their potential health hazards due to their
fiber-like morphology. Although bio-durable nanofibers may cause cancer upon inhalation, only

rigid nanofibers may exhibit morphology-driven pathogenicity. Since no validated methods exist

for assessing their rigidity, alternative approaches are needed that comply with the 3R principles
(Replacement, Reduction, Refinement) and the European Commission efforts to foster alternatives

to animal testing. This study aims to advance the development of a harmonized test method for
nanofibers toxicity by comparing effects of selected carbon-based nanomaterials (NMs) with different
morphologies: a nanofiber (Mitsui-7-JRCNM40011a), an elongated material (NM-400) and a particle
(Printex-90). Therefore, in vitro toxicological screening and proteomic investigations were employed
using differentiated THP-1 (dTHP-1) macrophage-like cells. First, we evaluated cytotoxicity and
pro-inflammatory responses of the different dTHP-1 phenotypes (M0, M1 and M2) to evaluate their
sensitivity, and thus selected the M0 phenotype for further oxidative and lysosomal investigations:
Mitsui-7-JRCNM40011a caused, besides increased cytotoxicity and pro-inflammatory effects, oxidative
stress and lysosomal dysfunction. Moreover, decreased levels of 25 lysosomal proteins, including five
cathepsins, were detected. These findings deepen the understanding of nanofiber-related toxicity,
supporting the development of a reliable in vitro testing strategy.
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Abbreviations

CCM  Cell culture medium

FPP Fiber pathogenicity paradigm
FDR False discovery rate

LDH Lactate dehydrogenase

LPS Lipopolysaccharide

MS Mass spectrometry

NF Nanofibers

NM Nanomaterial

NR Neutral red

ROS Reactive oxygen species

TFA Trifluoroacetic acid
WST Water soluble tetrazolium

Nanofibers (NFs) are characterized by having at least two external dimensions in the nanoscale and have
emerged as a focal point for research and development!. Multi-walled carbon nanotubes (MWCNTs), which are
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among the most extensively studied NFs, exhibit a variety of valuable properties, including thermal and electrical
conductivity, making them advantageous for many industrial applications, such as in high performance batteries
and medical biosensors?™*. However, their potential health hazards remain a subject of concern, particularly
due to their morphological similarities to asbestos fibers, known to cause fibrosis, cancer and mesothelioma®®.
Understanding the potential of NFs to cause asbestos-like pathogenicity upon inhalation is crucial to enable the
responsible usage of such materials.

The fiber pathogenicity paradigm (FPP) outlines that the morphology and bio-durability of fibers can
potentially lead to asbestos-like lung diseases”® like fibrosis, cancer and pleural mesothelioma, an aggressive
form of cancer almost uniquely associated with asbestos exposure. The World Health Organization (WHO)
outlined for occupational settings counting criteria for fibers with potentially carcinogenic properties. These
criteria stipulate that fibers exceeding lengths > 5 um, with a respirable diameter < 3 um, and an aspect ratio > 3:1,
pose significant risks to human health upon inhalation exposure if they also meet the additional criterion
of being sufficiently bio-durable’. However, NFs represent a challenge to the FPP. As the diameter of a fiber
decreases, the fiber gains flexibility and becomes more prone to tangling'®. Studies with thin MWCNTs indicate
that those with diameters below 30 nm (the proposed bending threshold for MWCNTs!! tend to form spherical
agglomerates, losing their fibrous nature!. The toxicity of entangled MWCNTs would align more closely with
bio-persistent granular particles'.

Risk assessment of the pathogenicity of fibers currently relies on data obtained from animal testing, which
is time-consuming and raises both ethical and scientific concerns. In addition, the European Commission is
making efforts to phase out animal testing in the area of chemical safety assessment'. The challenges when using
rodents for the assessment of fiber toxicity relate to the long latency periods for tumor development, which occur
toward the end of their lifespan when they are susceptible to spontaneous tumor development. This makes it
difficult to determine the true extent of the carcinogenic properties of NFs!>. Therefore, to ensure the safe and
sustainable use of rapidly emerging novel NFs, there is an urgent need for alternative assessment strategies, e.g.,
in form of new approach methodologies (NAMs), in particularly high throughput in vitro assays. However,
so far only a few NAMs are validated, established as OECD test guidelines (TGs), and accepted for regulatory
risk assessments. Existing NAM-based OECD TGs cover for example, skin corrosion/irritation and serious eye
damage/irritation, which are acute effects associated with substance toxicity'®. However, when considering NF
toxicity, long-term effects addressing potential outcomes like fibrosis and cancer become essential.

To this end, the Adverse Outcome Pathways (AOPs) serves as a framework that allows to compile existing
knowledge to understand long-term toxicological effects. Therefore, the AOPs are a crucial foundation for the
design of testing strategies. AOPs link the molecular initiating event (MIE) to the adverse outcome through a
well-defined sequence of key events (KEs) across molecular, cellular, organ, and organism levels, based on the
current knowledge!”!8. Each KE represents a measurable biological change!®?’. Specifically for fiber toxicity,
multiple AOPs, such as AOP171, AOP303, and AOP409, have been developed. Common to these AOPs is the
induction of inflammation, with the macrophage response to fiber exposure playing a critical role in initiating the
inflammatory cascade?®?!. In particular, when alveolar macrophages encounter rigid fibers of critical lengths, the
fundamental mechanism for particle clearance, the phagocytosis by the macrophage, is compromised, leading
to a state known as frustrated phagocytosis?»?*. The inability to successfully phagocytose large fibers triggers
a cascade of detrimental effects, ultimately leading to cell death. These effects are accompanied by lysosomal
disruption? the release and generation of reactive oxygen species (ROS) and pro-inflammatory mediators?,
which recruit additional immune cells, such as circulating monocytes?*. Following extravasation, monocytes are
maturated in the tissue to non-activated (M0) macrophages, which are further polarized by local stimuli to type
1 (M1) or type 2 (M2) macrophages?®. M1 macrophages are found promptly at the affected site to release pro-
inflammatory cytokines (inflammatory macrophages), while M2 macrophages appear later to counteract the
pro-inflammatory activity of the M1 phenotype by secreting anti-inflammatory mediators (anti-inflammatory
macrophages).

Differentiated human monocytic THP-1 macrophage-like cells (dTHP-1) are a prominent cell model
frequently used for studying macrophage responses to fibers owing to a very limited number of better
alternatives®”?®. Compared to primary human monocyte-derived macrophages, which are short-lived, finite, and
have high inter-doner variability, dTHP-1 cells are more robust cell model that might be easier to standardize®’.
Moreover, they are widely used for studying immunology, infectious, and inflammatory diseases, among
others®*-32. Also, they are utilized in the Human Cell Line Activation Test (h-CLAT), a component of one of the
limited number of NAM-based OECD test guidelines®>. THP-1 cells can be readily differentiated into the M0
phenotype, and further polarized into the M1 and M2 macrophage phenotypes, offering versatile possibilities for
toxicity studies and appearing well suited for use in a harmonized fiber testing strategy. While previous research
mainly focused on MO macrophages, recent endeavors have incorporated M1 and M2 phenotypes?®34. However,
there is considerable variation in the experimental conditions used for differentiation and polarization®>-%’.
Therefore, a crucial starting point for establishing the testing procedure is to select the most appropriate
macrophage phenotype. The selected dTHP-1 phenotype must provide the most sensitive readouts for NF
exposure, particularly to the varying rigidity of the NFs, as it is imperative to extend the FPP to encompass this
parameter'?. The lack of validated methods for assessing NF rigidity presents a significant challenge. Therefore,
different approaches are required, such as investigating the effects of NFs on cellular responses.

In a previous study, we conducted a meta-analysis of over one hundred existing omics datasets from both
human and rodent in vitro and in vivo data, demonstrating the potential of this approach of identifying relevant
signatures for different morphologies of carbon-based NMs, including entangled and rigid NFs*. Although
this information contributes to the development of a harmonized fiber testing strategy, distinct responses to the
various morphologies of the evaluated carbon-based materials were observed at the level of cellular pathways*.
No specific genes or proteins were identified as potential biomarkers. To deepen the mechanistic understanding
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of NF toxicity, and aiming at advancing the development of a harmonized testing strategies for NFs, in this
work we investigated the suitability of different dTHP-1 phenotypes. To this end, we assessed the cytotoxicity
and cellular responses towards Printex-90, NM-400, and Mitsui-7-JRCNM40011a—representing a spherical
particle, an entangled fiber, and a carcinogenic rigid fiber, respectively. The assays address cytotoxicity, pro-
inflammatory cytokine release, and oxidative stress and lysosomal integrity. To further unravel the underlying
cellular toxicity mechanisms caused by the morphologically different carbon NMs, we additionally employed
proteomic profiling using an advanced tandem mass tag (TMT) labelling protocol®. Our findings highlighting
the inherent limitations of certain dTHP-1 cell models for comprehensively evaluating fiber toxicity, and provide
a molecular description of the morphological-driven toxicity for Mitsui-7-JRCNM40011a.

Materials & methods

Nanomaterials

The NMs investigated in this work and their characteristics are outline in Table 1. NMs were dispersed by
sonication following the NANoREG D2.08 SOP 02 standard operational procedure?’. According to the protocol,
a2.56 mg/mL stock dispersion is prepared by prewetting the NMs with 0.5 vol% ethanol, followed by dispersion
in 0.05 wt% BSA-water. Stock dispersion are prepared to relative exposure concentrations in complete cell
culture medium containing 10% fetal calf serum (FCS). All NMs were shown to be endotoxin-free using Limulus
Amebocyte Lysate Endochrome test (Lonza, Switzerland, 11690231).

Cell lines and culture conditions

THP-1 (DSMZ, ACC 16): The human monocytic leukemia cell line was obtained from the German Collection
of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany. THP-1 monocytes were maintained in
culture in Roswell Park Memorial Institute medium (RPMI 1640), (PAN Biotech, Germany, P04-17500), 10%
heat inactivated FCS, (PAN Biotech, Germany, P30-3302) and supplemented with 1% penicillin-streptomycin,
(PAN Biotech, Germany, P06-07100), 1% L-glutamine, (PAN Biotech, Germany, P04-80100), 10 mM HEPES
buffer, (PAN Biotech, Germany, P05-01100) and 1mM sodium pyruvate, (PAN Biotech, Germany, P04-43100).
This is then referred to as complete cell culture medium (CCM). The range of the passage number used for
experiments, P6 - P13, was deemed reliable for conducting reproducible biological replicates for proteomic
experiments as previously assessed*. Cell lines were confirmed to be mycoplasma free and were incubated at
37 °C, 5% CO,. The cells were split twice per week in T75 flasks (TPP, Switzerland, 90075), to 1 x 10° cells in 15
mL CCM.

All plasticware used in this study was sourced from TPP Switzerland.

THP-1 differentiation conditions to obtain initial MO, M1 and M2 phenotypes

THP-1 cells were differentiated to MO macrophages by incubation with 100 nM phorbol-12-myristate-13-acetate
(PMA), (Sigma Aldrich, Germany, P1585) in CCM for 48 h. To obtain both M1 and M2 macrophages, the initial
PMA differentiation time to the non-activated (MO) state was shortened to 24 h. Based on Mirata et al.,?%, the
MO dTHP-1 macrophages were incubated with 20 ng/mL of IFN-y (Peprotech, Germany, 300-02) and 200 ng/
mL of Lipopolysaccharide (LPS), (Sigma Aldrich, Germany, 297-473-0) in CCM for 24 h to obtain polarized
M1 macrophages and with 20 ng/mL of interleukin 4 (IL-4), (Peprotech, Germany, 200-04) in CCM for 24 h to
obtain polarized in M2 macrophages.

Cell plating and exposure to NFs

For all cell-based assays, 2x 10 THP-1 cells in 100 uL. CCM were plated in 96-well plates, unless otherwise
stated, and subsequently differentiated into various dTHP-1 phenotypes. No resting period was used before
further polarization. After differentiation, the adherent cells were washed three times with Dulbecco’s Phosphate
Buffered Saline (DPBS), (PAN Biotech, Germany, P04-36500) and then directly exposed to NMs or positive
controls suspended in 100 uL of CCM for 24 h. As interference controls, cell-free wells were similarly exposed to
NMs. For assays using cell supernatants, the supernatants were first transferred to V-bottom 96-well plates and
then centrifuged at 5,000 relative centrifugal force (RCF) for 10 min to pelletize any suspended NMs. Adherent

Mean
Manufacturer Mean Thickness | BET
MWCNT Provider Length Synthesis (nm) (m?/g) | Main Impurities Shape
" Organic impurity content .
Printex-90*! Lot:237,246 gZ‘r‘r’ga(nDei%“m)’ 14 nm Furnace 14 300 is < 1%. Sgilfiggal
Y 0.8% Nand0.01%H, |P
40042 . > 0.01%: Al Fe, Na, S Highly bent
e ]‘g)CONM_ 1008 JRC, Ttaly. 846 +446 nm dC:e(‘)‘Sl;;iLV"‘P‘" 1143 254 |0.005-0.01%: Co (entangled
’ P 0.001-0.005%: Ca, K agglomerates)
Mitsui-7% Lot:05072001K28 | Mitsui & Co., Japan. * | 3.86% 1.94 um # ghem.icf‘l VAPOT | 494134 | 26 | 0.41% Na, 0.32% Fe Rigid wall
eposition (needle-like)

Table 1. NMs and their characteristics used in the present study. “The measured values given are mean values,
originated from Porter et al. 2010%3. However, the decisive factor is the consideration of the entire length
distribution, which contains a proportion of fibers with lengths > 5 pm, as indicated by Takagi et al. 2008
*Distributed by the European Commission-DG JRC.
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cells used were washed three times with DPBS to remove NMs before incubation with the respective assay
probes. All assays were performed in three independent replicates, unless otherwise stated.

Cytotoxicity and metabolic activity: LDH and WST-1 assays

Both the lactate dehydrogenase (LDH) and the water-soluble tetrazolium (WST-1) assays were performed in
tandem. Following cell exposure, 50 pL of the centrifuged supernatants were utilized for the LDH assay while
the remaining adherent cells were utilized for the WST-1 assay.

LDH is released into the supernatant as a result of cell membrane permeabilization and this is well-known
marker for the assessment of cell membrane integrity and cytotoxicity. The LDH release was quantified using a
commercially available LDH diagnostic kit (Roche, Germany, 11644793001), according to the manufacturer’s
protocol. Absorbance readings were taken at 490 nm with a reference wavelength of 630 nm. The measured
absorbance values are normalized to the respective positive control on each 96 well plate. Positive control cells
were treated with 1% of Triton-X 100 (applied to foster maximal cell permeabilization) for 30 min before the end
of the 24 h exposure period to NFs.

The WST-1 assay is commonly used to measure cell viability and proliferation by means of metabolic
conversion of the water-soluble tetrazolium salt to soluble formazan dye. The WST-1 dye (Roche, Germany,
5015944001), was diluted 1:10 in CCM according to the manufacturer’s protocol and then incubated with cells
for 3 h. Absorbance readings were taken at 450 nm. The obtained values were normalized to the respective
control wells on each well plate.

Inflammation state of dTHP-1 cells: TNF-a release

TNF-a concentrations in supernatants were assessed using the Human TNF-a DuoSet ELISA; (RNDSystems,
USA, DY210), according to the manufacturer’s protocol. Absorbance readings were taken at 450 nm with a
reference wavelength of 570 nm. The absorbance values are normalized to a TNF-a standard curve and expressed
as TNF-a released in pg/mL. 1 pg/mL of LPS exposed to cells for 24 h, is used as a pro-inflammatory positive
control.

Lysosomal integrity: neutral red assay

Lysosomal integrity was assessed by means of the Neutral Red (NR) assay. NR is a weak cationic dye, which
accumulates in viable lysosomes due to the pH gradient (lysosomal pH ~ 4.5), where it becomes protonated and
trapped. The assay was conducted according to the method of Repetto et al., 2008, with minor adaptations®®. After
exposure of the cells to the various NFs, they were incubated with 40 pg mL~! of the NR dye (Merk, Germany,
1013690100), diluted in CCM, for 2 h. The dye was extracted using 50% ethanol containing 1% (v/v) acetic acid
and the absorbance was quantified at 540 nm*®. The absorbance values are normalized to the respective control
wells on each 96 well plate and expressed as percentages.

Oxidative protein damage: carbonylation assay

The carbonyl-fluorometric assay kit (Cayman Chemical, USA, CAY701530), was used to measure the protein
carbonyl content in cell lysates to estimate oxidative damage to proteins and is based on the rhodamine
B hydrazide (RBH) reaction. 4.5x 10° THP-1 cells in 3 mL CCM were plated in 6-well plates before further
differentiation. Cell lysates were prepared according to manufactures protocol. Formation of the fluorescent
protein carbonyl-RBH hydrazone was analyzed using an excitation wavelength of 560 nm and an emission
wavelength of 585 nm. The fluorescence values are normalized to a carbonyl standard curve and then expressed
as a fold change relative to the control wells.

Reactivity measurements: DCFH,-DA assay

The assay is a fluorometric tool for the detection of acellular ROS generation and is based on quantifying the
oxidation of the non-fluorescent probe 2’,7’-dichlorodihydrofluorescein (DCFH,) by ROS to the intensely
fluorescent 2’,7'-dichlorofluorescein (DCF). The assay has no specificity for any particular ROS, and was
previously applied to assess reactivity of various NMs in dTHP-1 cells*. The assay was conducted according to
the SOP published by Boyles et al., 2022%. 3-Morpholinosydnonimine hydrochloride (SIN-1 hydrochloride),
(Abcam, UK, ab141525) was utilized as a positive control. Test materials and positive control are prepared in
phenol red-free medium at various concentrations. A volume of 25 pL of each preparation was added to a black,
clear-flat-bottom 96-well plate, followed by 225 uL of 50 uM DCFH, in DPBS. The samples were immediately
read using an excitation wavelength of 485 nm and emission wavelength of 530, and then again after 30, 60, and
90 min. Particle-induced ROS generation was calculated by subtracting time-zero values from each subsequent
timepoint, and normalizing the arbitrary fluorescence values to molar values of oxidized fluorescein diacetate
(F-DA) using a standard curve. Dose-dependent false-positive signals, resulting from interference of the test
material interference, either due to auto-fluorescence or fluorescence quenching, were assessed by replacing
DCFH, with either DPBS or 0.1 uM F-DA, and reading the plate using the same excitation and emission settings.

TMT - labelling

Cell lysis, protein extraction, and digestion were performed with PreOmics iST-NHS kit (PreOmics, Germany,
P.0.00026) according to the manufacturer’s protocol. Cell lysates were labelled using the TMT duplex Isobaric
Label Reagent Set (Thermo Fischer, Germany). A previously established bottom-up proteomic protocol by
Stobernack et al., 2024 was employed for this purpose®. In brief TMT6-plex labels (80 pg/4.1 pL) were added to
protein digest (10 pg/18 uL, 0.1 M triethylammonium bicarbonate), incubated (1 h, 300 rpm, room temperature)
and quenched (1.5 uL 5% hydroxylamine). Peptides were acidified (220 uL, 0.1% formic acid), cleaned up using
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the PreOmics iST-NHS Kkit, pooled (1:1 ratio), dried under vacuum (40 °C, 2.5 h), and reconstituted (0.1%
trifluoroacetic acid (TFA), 5% acetonitrile) to 50 ng pL™" for LC-MS analysis.

MS sample preparation, liquid Chromatography-Electrospray lonization-Tandem mass
spectrometry (LC-ESI-MS/MS) measurements

Cell pellets were prepared for proteomics measurements using the iST kit (PreOmics, Germany, P.0.00030) to
obtain a tryptic peptide digest. Desalted peptides were reconstituted in 0.1% (v/v) TFA, 5% (v/v) acetonitrile to a
final concentration of 50 ng/uL and transferred to vials with glass inserts. LC-MS analyses were performed on an
UltiMate 3000 RLSCnano system (Thermo Scientific, USA) connected to an Orbitrap QExactivePlus (Thermo
Scientific, USA) mass spectrometer. The LC system was coupled to the mass spectrometer via a nanospray flex
ion source equipped with a stainless-steel emitter (Thermo Scientific, USA). Samples were injected (250 pg) and
concentrated on an Acclaim PepMap100 C18 trap column (3 pum, 100 A, 75 pm id. x 2 cm, Thermo Scientific,
USA) equilibrated (5 pL/min, 5 min, 45 °C) with 0.05% TFA, 2% acetonitrile in water. After switching the trap
column inline, peptides were separated on an Acclaim PepMap100 C18 column (2 um, 100 A, 75 umi.d. x 25 cm,
Thermo Scientific) at an eluent flow rate of 0.3 pL/min using a two linear gradient (5 to 35% B in 90 min, 35 to
50% in 5 min). Mobile phase A contained 0.1% formic acid in water, and mobile phase B contained 0.1% formic
acid in 80% acetonitrile. Non-targeted analysis was performed in a data-dependent acquisition (DDA) mode,
fragmenting the ten most abundant, multiply charged ions, with dynamic exclusion time set to 60 s. Each sample
was measured in three analytical replicates. A full list of instrument parameters is given in Supplementary Table
1.

Protein identification and data analysis

Mass spectrometric data from each LC-MS run were analyzed using the MaxQuant software**> (Version 1.6.14).
The identification of proteins was performed using the MaxQuant-implemented Andromeda search engine
against a reference Homo sapiens proteome. Initial maximum precursor and fragment mass deviations were set
to 7 ppm and 0.5 Da, respectively. Variable modifications (methionine oxidation and N-terminal acetylation)
and fixed modifications (cysteine carbamidomethylation) were set for the search and trypsin with a maximum
of three missed cleavages was chosen for searching. The minimum peptide length was set to 7 amino acids and
false discovery rate (FDR) for peptide and protein identification was set to 0.01.

KEGG pathway enrichment
KEGG pathway®!~>3 analysis enrichment was conducted using STRING (https:/string-db.org/), a widely used
bioinformatics tool for exploring functional interactions between proteins®.

Results

MO is the most adequate dTHP-1 phenotype for assessing nanofiber toxicity

Two initial experiments were conducted to select both the differentiation duration and the LPS concentration
needed to induce an M1 phenotype that is sensitive to material exposure. This was assessed using the LDH assay
and measurements of TNF-a levels. Supplementary Fig. 1 shows the differentiation results focusing on the initial
PMA concentration and differentiation time, while Supplementary Fig. 2 presents findings on the inclusion of
a 24-hour rest period in PMA-free media and the optimal LPS concentration. Optimal M1 differentiation was
achieved with a 24-hour differentiation period using 100 nM PMA, without a rest period, followed by 20 ng/mL
IFN-y and 200 ng/mL LPS for 24 h, consistent with the conditions utilized by Mirata et al.>. The next step of
our study was to determine by testing cytotoxicity and pro-inflammatory marker release, which of the dTHP-1
phenotypes—MO0, M1, or M2—is most sensitive to the morphological variations of different carbon-based NMs,
specifically Printex-90, NM-400, and Mitsui-7-JRCNM40011a.

Cell toxicity was assessed using the LDH and WST-1 assays. Figure 1 (A-C), shows the percentage of LDH
release following exposure to different concentrations of Printex-90, NM-400, and Mitsui-7-JRCNM40011a,
normalized to the complete cell lysis with 1% Triton-X. Results indicate a concentration-dependent effect of
Mitsui-7-JRCNM40011a on the LDH release for MO and M1 dTHP-1 phenotypes, with significant LDH release
observed at starting concentrations of 50 pg/mL and 100 pg/mL for M0 and M1, respectively. No significant LDH
release was observed for Printex-90 and NM-400 in any assessed phenotypes. Notably, the baseline for the M1
dTHP-1 phenotype was exceptionally high, indicating that 55% of the cells are non-viable even in the absence
of any treatment. The M2 dTHP-1 phenotype, also exhibited a high LDH baseline of 40% and furthermore,
appeared to be unaffected by any of the NMs evaluated.

The metabolic activity of the exposed cells, relative to an untreated control, was assessed by means of the
WST-1 assay, as shown in Fig. 1 (D-F). Similar to the LDH assay, Mitsui-7-JRCNM40011a showed impairment
of metabolic activity for the MO and M1 dTHP-1 phenotypes at concentrations 50 pg/mL and 25 pg/mL,
respectively. However, Printex-90 showed a similar dose-response effect to Mitsui-7-JRCNM40011a for the
MO and M1 dTHP-1 phenotypes, starting at 25 ug/mL and 50 pg/mL, respectively. NM-400 only affected the
MO phenotype at the highest concentration evaluated, 100 ug/mL. In contrast to the LDH measurement, the
M2 dTHP-1 phenotype was only affected by Mitsui-7-JRCNM40011a at the highest evaluated concentration,
100 pg/mL. Overall, the results presented in Fig. 1 show that dose-dependent cytotoxic effects vary amongst
the different dTHP-1 macrophage phenotypes, indicating that the macrophage activation state influences their
susceptibility to the cytotoxic effects of the NMs. Notably, MO dTHP-1 macrophages showed the most promising
response.

The pro-inflammatory response of dTHP-1 macrophage phenotypes, when exposed to the carbon-based NMs,
was evaluated by measuring their TNF-a release. The response was compared to LPS treatment, which serves as a
pro-inflammatory positive control. Of the three phenotypes evaluated, only the MO dTHP-1 phenotype showed
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Fig. 1. Cytotoxicity assessment in M0, M1, and M2 dTHP-1 macrophage phenotypes exposed for 24 h to
various concentrations of carbon-based NMs, Printex-90, NM-400 and Mitsui-7-JRCNM40011a. (A-C) Results
from the LDH assay. Data are presented as a percentage of LDH release relative to the maximum release
induced by lysis with 1% Triton-X 100 (set as 100%). (D-F) WST-1 assay results showing metabolic activity
expressed as a percentage relative to the untreated control (set as 100%). Each bar denotes the mean + SD from
three independent experiments (n=3). “*” indicates a statistically significant difference from the control group
by the one-way ANOVA, followed by Dunnett’s multiple comparisons test with p <0.05.

Scientific Reports|  (2025) 15:32430 | https://doi.org/10.1038/s41598-025-15423-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1000
£
g

= 500
g
L
Z
[

0

Control 1

Control 2

*

Il MO
= M1
1 M2

*
—
—
LPSed————

I n e i
NOSeMNMINSSONBSSS "““!"’."’,Q‘QQ“’."’.QQQ"’."’_QQQ s MNOQONINSQSNBRAS S
NWooOANWSSONWSS Tlolwodgvalwogwawses goloadwogaNwogS NSO
"~TADO ., rANBWO -~ NWDLO PP .rANDO -~ ANBO .NBOO 1 L e ANDO . -ANDMO . NDO
ey il i~ ST N S, U R U - - L — OG-SR~ BT ST R o N S, ) - B e e B e e i W IR e
o000 .99 08 .INNN . EE HOOO .20008 . LNNN . CEE HOoOO .20008 ~LINNN .
q)qsc?gqccogz.;.;_'l\ 88 *qqngcoog:;.;.;h 88 *qq@gqoocg:;.;;r\
w33 3.2 w3 3 3.2 o 3 3 3 .%
xxx.s???vgmmmz 3"**,‘(5"‘7?1’.‘:01010: gxxx.s‘f‘rvvgmmmz
CELEETZEEEcSEEED clEEFZSSScs===0 c2E8E8FZSSScs===0
EEEETZZZE=s=s=¢& EEEEETZZZZ==s=s=s¢2 EEEEETZZZE==ss5:s¢:
=TT £ z = aEEEE z = ATt EE z =
ooa = oaa = oaa =

NMs, concentration [ug/mL]

Fig. 2. TNF-a levels in the M0, M1 and M2 dTHP-1 macrophage phenotypes exposed for 24 h to various
concentrations of Printex-90, NM-400 and Mitsui-7-JRCNM40011a, or 1 ug/mL of LPS. Each bar represents
the mean + SD of three independent experiments (1 =3). “*” indicates a statistically significant difference from
the control group, of each respective phenotype, by the one-way ANOVA, followed by Dunnett’s multiple
comparisons test with p <0.05.

Assay | MO M1 M2

Baseline Toxicity | LDH Acceptable (23%) | Too high (55%) | Too high (40%)
LDH Yes - -

Dose - Response | WST-1 | Yes Yes -
TNF-a | Possible* - -

Table 2. Overview of the response across the different dTHP-1 phenotypes to the different morphologies of
the carbon-based nms, highlighting their different sensitivities. The comparison is based on two cytotoxicity
assays, LDH and WST-1, along with a TNF-a release assay as an inflammatory readout. *A positive trend was
observed, however, a significant response relative to the control was only observed at the highest concentration
tested.

a significant response, and only at the highest concentration evaluated, 100 pg/ml with Mitsui-7-JRCNM40011a.
The M1 dTHP-1 phenotype showed no response to tested materials, while M2 phenotype showed minimal
inflammatory capacity.

Taken together, the results presented in Fig. 2 show that TNF-a release varies amongst the different dTHP-1
macrophage phenotypes. Furthermore, due to the low response after NM exposure, the results suggest that the
TNF-a measurement may not be a reliable indicator of an inflammatory response that can be used to discern
NM morphological effects.

Taken together, of all the dTHP-1 phenotypes evaluated for cytotoxicity and inflammatory response
(Table 2), the MO phenotype appears to be the most sensitive model for further detailed investigation. The M1
phenotype was excluded from further analysis due to the extremely high baseline toxicity seen in the LDH assay,
which was already 55% under control conditions indicating significant impairment of cell viability even without
treatment. Furthermore, despite the induction of inflammation, there was no response to any NM exposure.
Similarly, the M2 phenotype exhibited high LDH baseline levels and as expected from its anti-inflammatory
nature, exhibited no NM-induced inflammatory response. In light of these findings, both the M1 and M2
phenotypes were excluded and the MO dTHP-1 phenotype was used further to investigate the toxicity of the
different morphologies of the carbon-based NMs.
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Rigid Mitsui-7 shows the stronger responses in the toxicological screening

Subsequently, we evaluated the morphological toxicity of carbon-based NMs using both acellular and cellular
assays. The acellular assay was designed to detect the inherent reactivity of the NMs. For the cellular assays,
we employed MO dTHP-1 macrophages to assess oxidative damage, lysosomal integrity, and for an in-depth

proteomic profiling.

The DCFH,_DA assay was employed to determine the inherent reactivity of the different NMs by measuring
the production of ROS in an acellular setup over various time intervals. Figure 3 shows the reactivity assessment
of Printex-90, NM-400 and Mitsui-7-JRCNM40011a. Mitsui-7-JRCNM40011a does not show acellular activity;
instead, there is a slight decrease in dichlorofluorescein (DCF) fluorescence at higher concentrations, which
may suggest antioxidative properties or a scavenging effect of the material. In contrast, results suggest a time
and concentration-dependent increase in reactivity for Printex-90 and NM-400, which is significant for both

materials at 12,5 pg/mL.

Comparing these results with the cytotoxicity measurements based on LDH release shown in Fig. 1A-C,
where no significant LDH release was observed at NM concentrations up to 12.5 pg/mL in any of the assessed
dTHP-1 phenotypes, it can be concluded that the increased reactivity of the evaluated NMs, although notable, is
insufficient to compromise the integrity of the cellular membrane. Similarly, the LDH release detected in Mitsui-
7-JRCNM40011a at concentrations starting from 25 pg/mL does not correlate with the material reactivity
indicating that other factors may be contributing to the cellular toxicity relative to membrane permeabilization.

Protein carbonylation is an indicator of oxidative protein damage and is a recognized marker of cellular
oxidative stress®. Figure 4 shows the levels of protein carbonylation in the MO dTHP-1 phenotype exposed to
the three different carbon-based NMs. At all tested concentrations from 6.3 pg/mL to 25 pg/mL, all NMs show
an increase in protein carbonylation, although these values are only statistically significant for Mitsui-7.

The NR assay is conventionally employed for the assessment of cytotoxicity; however, in our study it is utilized
as an indirect readout for lysosomal integrity because it can reflect changes in lysosomal permeability. While a
decline in the assay readout indicates potential lysosomal damage and/or cytotoxic effects, a comparison among
the three carbon-based NMs, as shown in Fig. 5, reveals that only Mitsui-7-JRCNM40011a causes a pronounced
decrease at concentrations > 50 pg/mL withPrintex-90 and NM-400 having no statistically significant effects.
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Fig. 3. Reactivity assessment of Printex-90, NM-400, and Mitsui-7-JRCNM40011a. Data is presented as the
concentration of fluorescein diacetate (F-DA) in nM, achieved by normalizing the arbitrary fluorescence unit’s
readout of the assay to a F-DA standard curve. Each line represents the assay readout measured across three
different timepoints; 30 (@), 60 (=) and 90 (A) mins. Each datapoint denotes the mean+ SD from three

independent experiments (n=3).

e

indicates a statistically significant difference from the control group by

the one-way ANOVA, followed by Dunnett’s multiple comparisons test with p <0.05.
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Fig. 4. Oxidative protein damage assessment in MO dTHP-1 macrophages exposed to different carbon-based
NMs for 24 h, measured by protein carbonylation quantification. Each bar denotes the mean + SD from three
independent experiments (n=3). “*” indicates a statistically significant difference from the control group by
the one-way ANOVA, followed by Dunnett’s multiple comparisons test with p <0.05.

Proteomic profiling indicates lysosomal disruption

Proteomic profiling was performed to gain insight into the molecular mechanisms affected by the different
morphologies of the carbon-based NMs. We used two different concentrations of 25 ug/mL and 50 pug/mL of the
NMs to treat MO dTHP-1 cells during 24 h. The complete list of detected proteins is shown in Supplementary
Tables 2 to 11, for treatments with NM concentrations of 25 pg/mL and 50 ug/mL, respectively.

Summarized, at a concentration of 25 pg/mL and 50 pg/mL, 3217 and 3226 total proteins were detected,
respectively. Exposure to Printex-90 at concentrations of 25 pg/mL and 50 pg/mL resulted in 43 and 134
significantly altered proteins; respectively. In contrast, exposure to NM-400 at the same concentrations resulted
in 15 and 65 significantly altered proteins, respectively. Mitsui-7-JRCNM40011a accounts for the highest number
of significantly altered proteins, affecting 257 at a concentration of 25 ug/mlL, and 777 proteins at a concentration
of 50 ug/mL.

Subsequently, we subjected the list of significantly altered proteins to an enrichment analysis using the
STRING database to identify altered pathways (Table 3). As indicated by the enrichment analysis, Printex-90
affected only the cholesterol metabolism KEGG pathways in a dose-dependent manner. At 50 pg/mL, additional
KEGG pathways including ribosome, spliceosome, and DNA replication were also affected. Due to the low
number of significantly altered proteins for NM-400, no altered KEGG pathway was detected by our analysis.
Mitsui-7-JRCNM40011a appeared to be the only material that affected the lysosomal KEGG pathway and
notably, this effect occurred in a dose-dependent manner, supporting the screening results from the NR assay.
Additionally, from the 777 proteins altered by exposure to 50 pg/mL of Mitsui-7-JRCNM40011a, pathways
associated with shigellosis, Parkinson’s disease, metabolic pathways, carbon metabolism, and protein processing
in the endoplasmic reticulum were affected. Notably, the latter three pathways are related to the maintenance of
cellular homeostasis. 25 of the 777 proteins are associated with the lysosomal KEGG pathway and interestingly,
the vast majority of these proteins are down-regulated (Fig. 6-A), indicating that their levels are significantly
lower compared to control conditions.

Notably, six of the lysosomal proteins are cathepsins, of which five are down-regulated after Mitsui-7-
JRCNM40011a exposure, as indicated by Fig. 6-B. Cathepsins are a group of protease enzymes primarily found
in lysosomes, involved in protein degradation and various cellular processes. Supplementary Table 12 includes a
complete list of the 25 lysosomal proteins significantly altered by Mitsui-7-JRCNM4001 1a, showing their relative
levels to the control under the different evaluated conditions.
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Fig. 5. NR assay activity in dTHP-1 MO macrophages exposed to various concentrations of carbon-based NMs
for 24 h. Data is presented as a percentage of measured NR absorbance at 540 nm relative to the untreated
control (set as 100%). Each bar represents the mean + SD of three independent experiments (n=3). “*”
indicates a statistically significant difference from the control group by the one-way ANOVA, followed by
Dunnett’s multiple comparisons test with p <0.05.

KEGG Pathway [ 25 ug/mL [ 50 ug/mL
Printex-90

Cholesterol metabolism | 4 of 48 (0.0016) 6 of 48 (0.00026)
Ribosome - 10 of 131 (1.20e-05)
Spliceosome - 7 0of 132 (0.0034)
DNA replication - 4 of 36 (0.0096)
Mitsui-7

Lysosome 14 of 125 (1.03e-06) | 25 of 125 (2.47e-08)
Shigellosis 13 of 218 (0.0015)

Metabolic pathways - 133 of 1435 (7.20e-17)
Carbon metabolism - 34 0f 116 (2.65e-15)
Protein processing in ER | - 30 of 163 (4.39¢-09)
Parkinson disease - 36 of 236 (4.40e-09)

Table 3. KEGG pathway enrichment analysis of significantly altered proteins as identified by proteomic
measurements for Printex-90 and Mitsui-7. Numbers indicate how many proteins were detected as
significantly altered out of the total of proteins belonging to that particular KEGG pathway. Numbers in
brackets represent the FDR calculated for the enrichment of that pathway. Only the top 5 KEGG pathways are
displayed if the FDR <0.01.

Discussion

Risk assessment relies heavily on animal testing but to align with the European Commission efforts to enable
the transition from animal testing to alternative approaches, NAMs are needed. The aim of this study was to
use NAM:s to move towards a harmonized testing strategy, in particular by applying in vitro assays for assessing
the pathogenicity of NFs. It is crucial to recognize that the provided assays in the presented study contribute

Scientific Reports |

(2025) 15:32430 | https://doi.org/10.1038/s41598-025-15423-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

04 Bl Printex-90
= NM-400
1 Mitsui-7

[<}]

(=]

c

©

L

o 0.0 B

S

el

N

[o)]

o]

-

-0.4 /
tlllc;)lul')llllul‘)nlglIlnl_lc!')t,lllllllql)r:j
Nl 2 S ESST%al0cS83530
N 1 OoUWEFLEpSSThLSWUAC YOQALQEEFRRRIE
g4 O T ok < 590 Z2wnaZ20z000000
Zz < 4 9= < g
a - . =

B

Gene name

0.2

()

(o))

: ah___&

£ 0.0

(5]

S n

L

N

o))

(o]

|

-0.2

1
—
1

] 1 1 1 1 1 1 1 1 1 1 ] 1 1 1 1 1 1
< MmO I » N < MmO I » N < m Ao I o N
I R I IR I L B R T I B B R IR B
F - - - = - - = = = - = = = =
O 0oL oL oo O L0 L oL oo O 0oL oL oo

Gene name

Fig. 6. (A) Level of significantly altered lysosomal proteins as detected by proteomics following exposure
of MO dTHP-1 cells to 50 pg/mL of the different NMs. (B) Detailed comparison of significantly altered
cathepsins.

to advancing the hazard assessment framework evaluating NF toxicity. In addition to the cellular response,
assessment of the morphology and agglomeration state, as well as the assessment of biopersistence must be
further considered, as they play a key role in determining NF pathogenicity. For instance, biopersistence refers
to both the physicochemical stability/durability of a fiber in the body (such as its solubility or dissolution rate)
and the efficiency of biological clearance mechanisms, particularly those mediated by macrophages®. However,
the assays proposed in the present work do not allow the necessary time horizons to adequately account for the
dissolution behavior and solubility of the NFs, which should be evaluated separately.

To develop NAMs for assessing the hazard of NFs, it is essential to address open questions such as the
suitability of the cell model and whether proposed assays are sufficiently reliable. Moreover, we investigated
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further relevant mechanistic processes using an advanced tandem-mass tag (TMT) labelling protocol®® for
proteome profiling. Although this analysis is not intended as an assay per se within the test strategy, it was
performed to obtain mechanistic information on NF toxicity. It thereby supports the substantiation of AOPs and
further development of NAMs, which may be subsequently incorporated into an overall testing strategy.

Carbon-based NMs of different morphologies were used in our study to address these questions with regard
to a fiber test strategy. MWCNTs are among the most extensively studied NFs with a substantial amount of
existing knowledge on NF toxicity both in vitro and in vivo®®*. MWCNTSs can exists as rigid and tangled forms,
with a proposed bending threshold of 30 nm in diameter!!. While Mitsui-7-JRCNM40011a surpasses this
threshold and is considered a rigid fiber, NM-400 fibers fall below this limit and are considered non-rigid NF.
In addition, particulate Printex-90 is also applied for testing. dTHP-1 cells were used in our study as they are
a common cell model for studying macrophage responses in immunology, infectious diseases, inflammatory
diseases, and other areas. This choice is partly due to the limited number of alternatives.

The dTHP-1 MO phenotype provides sensitive and reliable readout for testing fiber toxicity
The physiological response of macrophages to inhaled NFs is a multi-step process which employs multiple
phenotypes across the inflammatory cascade. Therefore, as a first step, we undertook a critical evaluation of the
suitability of different dTHP-1 phenotypes, which have proven their adequacy to test the toxicity of asbestos
fibers?®.

Having optimized the differentiation and polarization conditions to obtain the various dTHP-1 phenotypes,
we determined which phenotype was more sensitive in discerning the effect of the different morphologies of the
carbon-based NMs. We considered measurements of cytotoxicity as assessed by the LDH and WST assays, which
address cellular membrane permeability and metabolic activity, respectively, and pro-inflammatory response
by measuring TNF-a release. The MO phenotype displayed both a cytotoxic and pro-inflammatory response
to Mitsui-7-JRCNM40011a, while the other two NMs only caused a decrease in the WST-1 assay readout,
suggesting an impact on metabolic activity without inducing cell permeability, as evidenced by the LDH assay.

According to the TNF-a levels, the M1 phenotype exhibited an intense pro-inflammatory state relative to the
other dTHP-1 phenotypes, likely inherent to the polarization process. However, no differences in the intensity
of the pro-inflammatory response after NM exposure were observed for any of the NM tested. Previous omic
investigations support our finding by showing that the polarization to M1 in both dTHP-1 cells and mouse
RAW264.7 macrophages resulted in up-regulation of the TNF-a as well as NF-kB signaling pathways relative
to M2%. Whilst it is arguable whether the release of TNF-a is the optimal indicator of inflammation in dTHP-1
cells, a compelling rationale for excluding the M1 phenotype from further analysis arose from the exceptionally
high baseline detected in the LDH assay. This suggests that the additional polarization process required to obtain
the M1 dTHP-1 phenotype had a cytotoxic effect, resulting in membrane permeability in over half of control
cells. We therefore, recommend to report LDH data of control and treated cells, normalized to a positive control
for which complete cellular permeabilization is achieved, such as exposure to Triton-X.

The M2 phenotype displayed a complete lack of pro-inflammatory response consistent with its anti-
inflammatory characteristics, in addition to the excessively high baseline LDH level.

Altogether, the MO dTHP-1 phenotype was selected for further investigation of the toxicity of various
morphologies of carbon-based NMs.

Mitsui-7 shows the most dominant response in screening assays

Given that lysosomal perturbation is implicated as part of frustrated phagocytosis® =, it became paramount
to assess lysosomal integrity utilizing the NR assay. A decline in the NR assay readout suggested lysosomal
damage at concentrations>50 pg/mL in MO dTHP-1 cells exposed to Mitsui-7-JRCNM40011a, contrary to
the other NMs, which showed no significant effects. This result for Mitsui-7-JRCNM40011a is consistent with
findings in the literature and for a comparable long rigid MWCNT, such as NM-401, known to caused lysosomal
membrane permeabilization (LMP)®+*, Increased levels of LMP was also reported for NF of TiOz63, CeOZ“,
anodic Al?, and Ag®, but not for spherical NPs of the same chemical composition in vitro, possibly due to
effective compartmentalization into the lysosomes®>*°. Similar observation correlate with in vivo findings®>”°.
As frustrated phagocytosis cannot be readily quantified, lysosomal damage could be a suitable marker of
morphology-dependent toxicity indicating a cell undergoing frustrated phagocytosis®*.

Following frustrated phagocytosis of bio-persistent fibers, increased ROS are generated due to the oxidative
bursts in macrophages, which can be a significant source of oxidative stress to surrounding cells”'. Oxidative
stress therefore is a KE in fiber toxicity AOPs and it can subsequently lead to secondary genotoxicity, including
oxidative lesions to DNA. Additionally, it is well documented that Printex-907? and Mitsui-77>"* induce the
production of ROS as part of their toxicity mechanism. Therefore, we investigated different assays to distinguish
between the inherent oxidative capacity of the NMs and their cell-associated effects in macrophages. To evaluate
the inherent oxidative capacity of the NMs, we conducted the DCFH,-DA assay under acellular conditions,
while a carbonylation assay was used to detect ROS formation in MO dTHP-1 cells. Printex-90 and NM-400
exhibited inherent oxidative capacity, unlike Mitsui-7-JRCNM40011a, which interestingly not only did not
exhibit ROS production but also presented a slight decrease in DCF under acellular conditions. This may be
due to the intrinsic scavenging capacity of MWCNTs, meaning they can adsorb ROS at their surface”> which has
been suggested to be related to the amount and nature of structural defects in the MWCNTs’. However, all NMs
showed the ability to oxidize proteins, as evidenced by increased protein carbonylation; however, values were
only significantly increased for Mitsui-7, due to the high standard deviation observed for both Printex-90 and
NM-400. Notably, Mitsui-7-JRCNM40011a induced protein carbonylation within cells despite lacking inherent
oxidative capacity, implying a more intricate interaction with cellular components, which leads to cellular ROS
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generation compared to the other NMs. These results indicate that macrophages undergo oxidative stress when
treated with Mitsui-7-JRCNM40011a, probably as a consequence of frustrated phagocytosis.

Proteomic profiling to unravel mechanisms of NF toxicity

To complement the in vitro toxicological screening approaches used, which are limited to the assessment of
acute toxicity, proteomics was used to gain a more in-depth knowledge of altered cellular pathways. This analysis
confirmed the results of the NR assay and showed that Mitsui-7-JRCNM40011a induced lysosomal disruption to
a greater extent than the other NMs evaluated. Of the 777 significantly altered proteins, 25 proteins were found
to be associated with the lysosomal KEGG pathway at Mitsui-7.

A thorough analysis of lysosomal protein levels revealed that the majority of these proteins showed lower
abundance levels in the cells treated with Mitsui-7-JRCNM40011a. Of particular interest is the finding that
among the 25 lysosomal proteins significantly altered, six of them are cathepsins, five of which were down-
regulated in response to Mitsui-7-JRCNM40011a exposure. This finding aligns with previous studies indicating
that the release of cathepsin B into the supernatant is a consequence of fiber toxicity?”-5+%. Considering this
result, the decreased levels of cathepsins observed in our proteomic analysis, may be attributed to increased
LMP due to frustrated phagocytosis leading to the leakage of lysosomal proteins into the extracellular milieu.
Studies investigating NF-related effects are often limited to cathepsin B release?#%>% and only a limited number
of publications aimed to quantify other cathepsins for this purpose®’. However, multiple cathepsins have been
associated with LMP and subsequent inflaimmasome activation’”’. Therefore, measuring multiple cathepsins
and quantifying these with targeted approaches both in cell lysates and supernatants may provide a more
comprehensive overview and robust readout for NF toxicity. Notably, dTHP-1 cells may pose a challenge for
conducting secretomics experiments due to the necessity to include FCS for their culture and viability’®”°. FCS in
the CCM compromises in-depth proteomic analysis of the secretome, as secreted proteins may be overshadowed
to their low abundance®. Alternative cell line such as NR8383 rat macrophages, which can be exposed under
FCS-free conditions, have shown their potential for predictive inhalation toxicity for NMs®!.

In summary, since frustrated phagocytosis cannot be directly measured in vitro, our observation of multiple
cathepsin alterations and quantifying these with targeted proteomic analysis, may serve as viable biological
markers indicative of morphology-driven fiber toxicity.

Conclusion

This study aims to advance a harmonized testing strategy for assessing NF pathogenicity using in vitro NAMs. It
addresses key issues like cell model suitability and assay reliability using dTHP-1 cells to evaluate the sensitivity
of different phenotypes (M0, M1, M2) to morphological variations of carbon-based NMs. dTHP-1 cells proved to
be an adequate model for evaluating NF toxicity, with the M0 phenotype identified as the most suitable. An array
of screening assays highlighted that Mitsui-7-JRCNM40011a causes cytotoxicity, pro-inflammatory response,
oxidative stress and lysosomal disruption. Proteomic profiling confirmed this last finding, and evidenced a
decrease in the level of lysosomal proteins, particularly cathepsins, which may serve as potential biomarkers
of frustrated phagocytosis and NF toxicity. This comprehensive approach underscores the utility of proteomics
alongside traditional assays for a deeper mechanistic understanding. Moreover, it enhances the understanding of
NF toxicity, contributing to the development of a reliable in vitro testing strategy by the identification of putative
biomarkers of NF toxicity.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.

Received: 19 November 2024; Accepted: 7 August 2025
Published online: 12 September 2025

References
1. ISO. 80004-1:2023(en) Nanotechnologies — Vocabulary — Part 1: Core vocabulary. pp. 1-12. (2023).
2. Rao, R. et al. Carbon nanotubes and related nanomaterials: critical advances and challenges for synthesis toward mainstream
commercial applications. ACS Nano. 12 (12), 11756-11784 (2018).
3. Lee, D. K, Yoo, J., Kim, H., Kang, B. H. & Park, S. H. Electrical and thermal properties of carbon nanotube polymer composites
with various aspect ratios. Mater. (Basel). 15(4), 1356 (2022).
4. Maheswaran, R. & Shanmugavel, B. P. A critical review of the role of carbon nanotubes in the progress of next-generation electronic
applications. J. Electron. Mater. 51 (6), 2786-2800 (2022).
5. Broflell, D. et al. A human risk banding scheme for high aspect-ratio materials. in: Synthetic Nano- and Microfibers / R M
Wagterveld, ] CM Marijnissen, L Gradon, A Moskal (Hrsg) Leeuwarden: Wetsus 2020 Seiten 55-79, Projektnummer: F 2480.
6. Barbarino, M. & Giordano, A. Assessment of the carcinogenicity of carbon nanotubes in the respiratory system. Cancers 13 (6),
1318 (2021).
7. Pott, F. & Friedrichs, K. Tumoren der ratte Nach ip-Injektion faserformiger Staube. Naturwissenschaften 59, 318 (1972).
8. Stanton, M. E & Wrench, C. Mechanisms of mesothelioma induction with asbestos and fibrous glass. J. Natl Cancer Inst. 48 (3),
797-821 (1972).
9. World Health Organization. Determination of Airborne Fibre Number Concentrations: a Recommended Method, by phase-contrast
Optical Microscopy (membrane Filter method) (World Health Organization, 1997).
10. Kane, A. B., Hurt, R. H. & Gao, H. The asbestos-carbon nanotube analogy: an update. Toxicol. Appl. Pharmcol. 361, 68-80 (2018).
11. BAuA. Proposal for Harmonised Classification and Labelling Multi-Walled Carbon Tubes. (synthetic graphite in tubular shape)
with a geometric tube diameter range >30 Nm to <3 pm and a length > 5 um and aspect ratio > 3:1, including Multi-Walled carbon
nanotubes, MWC(N)T. European chemical agency (ECHA). (2.0):1-111. (2021).

Scientific Reports |

(2025) 15:32430 | https://doi.org/10.1038/s41598-025-15423-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

12. Pauluhn, J. Subchronic 13-week inhalation exposure of rats to multiwalled carbon nanotubes: toxic effects are determined by
density of agglomerate structures, not fibrillar structures. Toxicol. Sci. 113 (1), 226-242 (2010).

13. Lee, D-K. et al. Threshold rigidity values for the asbestos-like pathogenicity of high-aspect-ratio carbon nanotubes in a mouse
pleural inflammation model. ACS Nano. 12 (11), 10867-10879 (2018).

14. European Commission. Report of the European Commission Workshop on the Roadmap Towards Phasing Out Animal Testing for
Chemical Safety Assessments — Brussels, 11-12 December 2023 (Publications Office of the European Union, 2024).

15. Workman, P. et al. Guidelines for the welfare and use of animals in cancer research. Br. J. Cancer. 102 (11), 1555-1577 (2010).

16. ECHA. Report on the European Chemicals Agency’s New Approach Methodologies Workshop: Towards an Animal Free Regulatory
System for Industrial Chemicals (31 May - 1 June 2023 (Europiische Chemikalienagentur, 2023).

17. Bajard, L. et al. Application of AOPs to assist regulatory assessment of chemical risks - Case studies, needs and recommendations.
Environ. Res. 217, 114650 (2023).

18. Tollefsen, K. E. et al. Applying adverse outcome pathways (AOPs) to support integrated approaches to testing and assessment
(IATA). Regul. Toxicol. Pharmacol. 70 (3), 629-640 (2014).

19. Users. Handbook supplement to the Guidance Document for developing and assessing Adverse Outcome Pathways [press release].
(2018).

20. Halappanavar, S. et al. Adverse outcome pathways as a tool for the design of testing strategies to support the safety assessment of
emerging advanced materials at the nanoscale. Part. Fibre Toxicol. 17 (1), 16 (2020).

21. Nymark, P, Karlsson, H. L., Halappanavar, S. & Vogel, U. Adverse outcome pathway development for assessment of lung
carcinogenicity by nanoparticles. Front. Toxicol. 3, 653386 (2021).

22. Fortini, R. et al. Measurement of flexural rigidity of Multi-Walled carbon nanotubes by dynamic scanning electron microscopy.
Fibers 8 (5), 31 (2020).

23. Donaldson, K., Murphy, E. A, Duffin, R. & Poland, C. A. Asbestos, carbon nanotubes and the pleural mesothelium: a review of the
hypothesis regarding the role of long fibre retention in the parietal pleura, inflammation and mesothelioma. Part. Fibre Toxicol. 7,
5(2010).

24. Palomaki, J. et al. Long, needle-like carbon nanotubes and asbestos activate the NLRP3 inflammasome through a similar
mechanism. ACS Nano. 5 (9), 6861-6870 (2011).

25. Gordon, S. The macrophage: past, present and future. Eur. J. Immunol. 37 (S1), S9-S17 (2007).

26. Arora, S., Dev, K., Agarwal, B,, Das, P. & Syed, M. A. Macrophages: their role, activation and polarization in pulmonary diseases.
Immunobiology 223 (4-5), 383-396 (2018).

27. Murphy, E A,, Schinwald, A., Poland, C. A. & Donaldson, K. The mechanism of pleural inflammation by long carbon nanotubes:
interaction of long fibres with macrophages stimulates them to amplify pro-inflammatory responses in mesothelial cells. Part.
Fibre Toxicol. 9 (1), 1-15 (2012).

28. Mirata, S. et al. The acute toxicity of mineral fibres: A systematic in vitro study using different THP-1 macrophage phenotypes. Int.
J. Mol. Sci. 23 (5), 2840 (2022).

29. Baxter, E. et al. Standardized protocols for differentiation of THP-1 cells to macrophages with distinct M (IFNy +LPS), M (IL-4)
and M (IL-10) phenotypes. J. Immunol. Methods. 478, 112721 (2020).

30. Hamamura-Yasuno, E., Aida, T., Tsuchiya, Y. & Mori, K. Immunostimulatory effects on THP-1 cells by peptide or protein
pharmaceuticals associated with injection site reactions. J. Immunotoxicol. 17 (1), 59-66 (2020).

31. Shah, P. T, Tufail, M., Wu, C. & Xing, L. THP-1 cell line model for tuberculosis: a platform for in vitro macrophage manipulation.
Tuberculosis 136, 102243 (2022).

32. de Almeida Roque, A. et al. Immunotoxicity of relevant mixtures of pesticides and metabolites on THP-1 cells. Toxicology 493,
153557 (2023).

33. Quaglio, C. OECD/OCDE 442E-OECD Test guideline for the testing of chemicals based on key events. (2017).

34. Raneri, S. et al. The influence of cation exchange on the possible mechanism of erionite toxicity: A synchrotron-based micro-X-ray
fluorescence study on THP-1-derived macrophages exposed to erionite-Na. Environ. Res. 252, 118878 (2024).

35. Lund, M. E,, To, J., O’Brien, B. A. & Donnelly, S. The choice of phorbol 12-myristate 13-acetate differentiation protocol influences
the response of THP-1 macrophages to a pro-inflammatory stimulus. J. Immunol. Methods. 430, 64-70 (2016).

36. Chanput, W,, Mes, J. J. & Wichers, H. J. THP-1 cell line: an in vitro cell model for immune modulation approach. Int.
Immunopharmacol. 23 (1), 37-45 (2014).

37. Yasin, Z.N. M., Idrus, E. N. M., Hoe, C. H. & Yvonne-Tee, G. B. Macrophage polarization in THP-1 cell line and primary monocytes:
A systematic review. Differentiation 128, 67-82 (2022).

38. Dumit, V. I. et al. Meta-Analysis of integrated proteomic and transcriptomic data discerns Structure-Activity relationship of
carbon materials with different morphologies. Adv. Sci. (Weinh) 11, 2306268 (2024).

39. Stobernack, T. et al. Advancing nanomaterial toxicology screening through efficient and Cost-Effective quantitative proteomics.
Small Methods. 8, 2400420 (2024).

40. Jensen, A. NANoREGD2. 08 SOP 02 for measurement of hydrodynamic Size-Distribution and Dispersion Stability by DLS. (2017).

41. Jackson, P. et al. Pulmonary exposure to carbon black by inhalation or instillation in pregnant mice: effects on liver DNA strand
breaks in dams and offspring. Nanotoxicology 6 (5), 486-500 (2012).

42. Joint Research, C. et al. Multi-walled Carbon Nanotubes, NM-400, NM-401, NM-402, NM-403, Characterisation and physico-
chemical Properties (Publications Office of the European Union, 2014).

43. Porter, D. W. et al. Mouse pulmonary dose- and time course-responses induced by exposure to multi-walled carbon nanotubes.
Toxicology 269 (2), 136-147 (2010).

44. Takagi, A. et al. Induction of mesothelioma in p53+/- mouse by intraperitoneal application of multi-wall carbon nanotube. J.
Toxicol. Sci. 33 (1), 105-116 (2008).

45. Ledwith, R. et al. Towards characterization of cell culture conditions for reliable proteomic analysis: in vitro studies on A549,
differentiated THP-1, and NR8383 cell lines. Arch. Toxicol. 98, 4021-4031 (2024).

46. Repetto, G., del Peso, A. & Zurita, J. L. Neutral red uptake assay for the Estimation of cell viability/cytotoxicity. Nat. Protoc. 3 (7),
1125-1131 (2008).

47. Alcolea-Rodriguez, V. et al. Differentially induced autophagy by engineered nanomaterial treatment has an impact on cellular
homeostasis and cytotoxicity. Nano Lett. 24, 11793-11799 (2024).

48. Boyles, M. et al. Development of a standard operating procedure for the DCFH2-DA acellular assessment of reactive oxygen
species produced by nanomaterials. Toxicol. Mech. Methods. 32 (6), 439-452 (2022).

49. Tyanova, S., Temu, T. & Cox, J. The MaxQuant computational platform for mass spectrometry-based shotgun proteomics. Nat.
Protoc. 11 (12), 2301-2319 (2016).

50. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-
wide protein quantification. Nat. Biotechnol. 26 (12), 1367-1372 (2008).

51. Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. & Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways
and genomes. Nucleic Acids Res. 51 (D1), D587-D92 (2023).

52. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28 (1), 27-30 (2000).

53. Kanehisa, M. Toward Understanding the origin and evolution of cellular organisms. Protein Sci. 28 (11), 1947-1951 (2019).

54. Szklarczyk, D. et al. The STRING database in 2023: protein-protein association networks and functional enrichment analyses for
any sequenced genome of interest. Nucleic Acids Res. 51 (D1), D638-D46 (2023).

Scientific Reports|  (2025) 15:32430 | https://doi.org/10.1038/s41598-025-15423-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

55. Mirata, S. et al. The acute toxicity of mineral fibres: A systematic in vitro study using different THP-1 macrophage phenotypes. Int.
J. Mol. Sci. 23 (5), 2840 (2022).

56. Dalle-Donne, L., Giustarini, D., Colombo, R., Rossi, R. & Milzani, A. Protein carbonylation in human diseases. Trends Mol. Med. 9
(4), 169-176 (2003).

57. Madl, A. K., Donnell, M. T. & Covell, L. T. Synthetic vitreous fibers (SVFs): adverse outcome pathways (AOPs) and considerations
for next generation new approach methods (NAMs). Crit. Rev. Toxicol. 54 (10), 754-804 (2024).

58. Nel, A. Carbon nanotube pathogenicity conforms to a unified theory for mesothelioma causation by elongate materials and fibers.
Environ. Res. 230, 114580 (2023).

59. Murphy, E. et al. Grouping MWCNTSs based on their similar potential to cause pulmonary hazard after inhalation: a case-study.
Part. Fibre Toxicol. 19 (1), 50 (2022).

60. Li, P. et al. Comparative proteomic analysis of polarized human THP-1 and mouse RAW264. 7 macrophages. Front. Immunol. 12,
700009 (2021).

61. Palomaiki, J. et al. A secretomics analysis reveals major differences in the macrophage responses towards different types of carbon
nanotubes. Nanotoxicology 9 (6), 719-728 (2015).

62. Dostert, C. et al. Innate immune activation through Nalp3 inflammasome sensing of asbestos and silica. Science 320 (5876),
674-677 (2008).

63. Hamilton, R. E. et al. Particle length-dependent titanium dioxide nanomaterials toxicity and bioactivity. Part. Fibre Toxicol. 6, 1-11
(2009).

64. Keshavan, S., Gupta, G., Martin, S. & Fadeel, B. Multi-walled carbon nanotubes trigger lysosome-dependent cell death (pyroptosis)
in macrophages but not in neutrophils. Nanotoxicology 15 (9), 1125-1150 (2021).

65. Zhu, W. et al. Nanomechanical mechanism for lipid bilayer damage induced by carbon nanotubes confined in intracellular vesicles.
Proceedings of the National Academy of Sciences. ;113(44):12374-9. (2016).

66. Ji, Z. et al. Designed synthesis of CeO2 nanorods and nanowires for studying toxicological effects of high aspect ratio nanomaterials.
ACS Nano. 6 (6), 53665380 (2012).

67. Wang, Y. et al. Systematic in vitro nanotoxicity study on anodic alumina nanotubes with engineered aspect ratio: Understanding
nanotoxicity by a nanomaterial model. Biomaterials 46, 117-130 (2015).

68. Sun, B. et al. NADPH Oxidase-Dependent NLRP3 inflammasome activation and its important role in lung fibrosis by multiwalled
carbon nanotubes. Small 11 (17), 2087-2097 (2015).

69. Keshavan, S., Gupta, G., Martin, S. & Fadeel, B. Multi-walled carbon nanotubes trigger lysosome-dependent cell death (pyroptosis)
in macrophages but not in neutrophils. Nanotoxicology 15(9), 1125-1150 (2021).

70. Hamilton, R. E Jr, Wu, Z., Mitra, S. & Holian, A. The effects of varying degree of MWCNT carboxylation on bioactivity in various
in vivo and in vitro exposure models. Int. J. Mol. Sci. 19 (2), 354 (2018).

71. Samet, J. M. & Wages, P. A. Oxidative stress from environmental exposures. Curr. Opin. Toxicol. 7, 60-66 (2018).

72. Verma, N., Pink, M. & Schmitz-Spanke, S. A new perspective on calmodulin-regulated calcium and ROS homeostasis upon carbon
black nanoparticle exposure. Arch. Toxicol. 95 (6), 2007-2018 (2021).

73. Chortarea, S. et al. Profibrotic activity of multiwalled carbon nanotubes upon prolonged exposures in different human lung cell
types. Appl. Vitro Toxicol. 5 (1), 47-61 (2019).

74. Ses Poulsen, S. et al. Transcriptomic analysis reveals novel mechanistic insight into murine biological responses to multi-walled
carbon nanotubes in lungs and cultured lung epithelial cells. PloS One. 8 (11), e80452 (2013).

75. Sabido, O. et al. Quantitative flow cytometric evaluation of oxidative stress and mitochondrial impairment in RAW 264.7
macrophages after exposure to pristine, acid functionalized, or annealed carbon nanotubes. Nanomaterials 10 (2), 319 (2020).

76. Fenoglio, 1. et al. Structural defects play a major role in the acute lung toxicity of multiwall carbon nanotubes: physicochemical
aspects. Chem. Res. Toxicol. 21 (9), 1690-1697 (2008).

77. Campden, R. 1. & Zhang, Y. The role of lysosomal cysteine cathepsins in NLRP3 inflammasome activation. Arch. Biochem. Biophys.
670, 32-42 (2019).

78. Fan, L. & Karino, T. Effect of serum concentration on adhesion of monocytic THP-1 cells onto cultured EC monolayer and EC-
SMC co-culture. J. Zhejiang Univ. Sci. B. 9, 623-629 (2008).

79. Suganuma, K. et al. Energy metabolism of leukemia cells: Glycolysis versus oxidative phosphorylation. Leuk. Lymphoma. 51 (11),
2112-2119 (2010).

80. Nakamura, R. et al. A simple method for in-depth proteome analysis of mammalian cell culture conditioned media containing fetal
bovine serum. Int. J. Mol. Sci. 22 (5), 2565 (2021).

81. Wiemann, M. et al. An in vitro alveolar macrophage assay for predicting the short-term inhalation toxicity of nanomaterials. J.
Nanobiotechnol. 14, 1-27 (2016).

Acknowledgements

R.L. and V.I.D. are very grateful Aileen Bahl for fruitful discussions in the field of bioinformatics.

Author contributions

R.L. performed the experiments and outlined the interpretation and wrote the manuscript.V.I.D. developed the
research idea, led the scientific supervision and wrote the manuscript.T.S. performed proteomics data analy-
sis.V.AR. contributed with oxidative stress experiments.A.B. and D.W. provided technical assistance with ex-
periments.A. H. provided scientific supervision and revised the manuscript.M. P. developed the research idea,
provided scientific supervision and revised the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was supported by the EU H2020 pro-
ject HARMLESS (grant agreement No 953183) and by the BfR projects 1322734 and 1322-777.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-15423-9.

Scientific Reports |

(2025) 15:32430 | https://doi.org/10.1038/s41598-025-15423-9 nature portfolio


https://doi.org/10.1038/s41598-025-15423-9
https://doi.org/10.1038/s41598-025-15423-9
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to A.H. or M.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2025) 15:32430 | https://doi.org/10.1038/s41598-025-15423-9 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Towards a harmonized testing strategy for nanofibers by integrating toxicological screening and proteomic profiling
	﻿Materials & methods
	﻿Nanomaterials
	﻿Cell lines and culture conditions
	﻿THP-1 differentiation conditions to obtain initial M0, M1 and M2 phenotypes
	﻿Cell plating and exposure to NFs
	﻿Cytotoxicity and metabolic activity: LDH and WST-1 assays
	﻿Inflammation state of dTHP-1 cells: TNF-α release
	﻿Lysosomal integrity: neutral red assay
	﻿Oxidative protein damage: carbonylation assay
	﻿Reactivity measurements: DCFH﻿2﻿-DA assay
	﻿TMT – labelling
	﻿MS sample preparation, liquid Chromatography–Electrospray Ionization–Tandem mass spectrometry (LC–ESI–MS/MS) measurements
	﻿Protein identification and data analysis
	﻿KEGG pathway enrichment

	﻿Results
	﻿M0 is the most adequate dTHP-1 phenotype for assessing nanofiber toxicity
	﻿Rigid Mitsui-7 shows the stronger responses in the toxicological screening
	﻿Proteomic profiling indicates lysosomal disruption

	﻿Discussion
	﻿The dTHP-1 M0 phenotype provides sensitive and reliable readout for testing fiber toxicity
	﻿Mitsui-7 shows the most dominant response in screening assays
	﻿Proteomic profiling to unravel mechanisms of NF toxicity

	﻿Conclusion
	﻿References


