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Abstract
Background  The advancement of nanotechnology underscores the imperative need for establishing in silico 
predictive models to assess safety, particularly in the context of chronic respiratory afflictions such as lung fibrosis, a 
pathogenic transformation that is irreversible. While the compilation of predictive descriptors is pivotal for in silico 
model development, key features specifically tailored for predicting lung fibrosis remain elusive. This study aimed to 
uncover the essential predictive descriptors governing nanoparticle-induced pulmonary fibrosis.

Methods  We conducted a comprehensive analysis of the trajectory of metal oxide nanoparticles (MeONPs) within 
pulmonary systems. Two biological media (simulated lung fluid and phagolysosomal simulated fluid) and two cell 
lines (macrophages and epithelial cells) were meticulously chosen to scrutinize MeONP behaviors. Their interactions 
with MeONPs, also referred to as nano-bio interactions, can lead to alterations in the properties of the MeONPs as 
well as specific cellular responses. Physicochemical properties of MeONPs were assessed in biological media. The 
impact of MeONPs on cell membranes, lysosomes, mitochondria, and cytoplasmic components was evaluated 
using fluorescent probes, colorimetric enzyme substrates, and ELISA. The fibrogenic potential of MeONPs in mouse 
lungs was assessed by examining collagen deposition and growth factor release. Random forest classification was 
employed for analyzing in chemico, in vitro and in vivo data to identify predictive descriptors.

Results  The nano-bio interactions induced diverse changes in the 4 characteristics of MeONPs and had variable 
effects on the 14 cellular functions, which were quantitatively evaluated in chemico and in vitro. Among these 
18 quantitative features, seven features were found to play key roles in predicting the pro-fibrogenic potential of 
MeONPs. Notably, IL-1β was identified as the most important feature, contributing 27.8% to the model’s prediction. 
Mitochondrial activity (specifically NADH levels) in macrophages followed closely with a contribution of 17.6%. 
The remaining five key features include TGF-β1 release and NADH levels in epithelial cells, dissolution in lysosomal 
simulated fluids, zeta potential, and the hydrodynamic size of MeONPs.
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Introduction
Nowadays, nano-enabled products have gained wide-
spread utilization across various industries, including 
cosmetics [1], foods [2, 3], pharmaceuticals [4], elec-
tronics [5], automotives [6] and building materials [7]. 
According to the Nanotechnology Products Database, 
there are approximately 11,000 nanoproducts in the 
market, with 4,395 of them specifying the chemical for-
mula of nanomaterial used [8]. Among these, around 
12.6% contains metal oxide nanoparticles (MeONPs). 
Throughout the life cycle of nanoproducts, the release 
of engineered nanomaterials (ENMs) into the environ-
ment poses potential health implications. Humans can be 
exposed to ENMs through various routes, including inha-
lation, ingestion, dermal contact, and injection routes [9]. 
Of these, considerable safety concerns have arisen spe-
cifically from inhalation exposure to engineered nano-
materials (ENMs), particularly those used in printing, 
medicine, cosmetics, and textiles. In the medical field, 
products such as respiratory masks, disinfecting sprays, 
anti-bacterial sprays, lung surfactants, wound rinsing 
sprays, and burn rinsing sprays may release NPs that pose 
inhalation risks to consumers. Similarly, in cosmetics, 
skin and hair spray products may also release particles 
and cause inhalation exposure during use. Inhaled NPs 
have been found to induce a variety of adverse effects, 
including respiratory disease [10], systemic inflamma-
tion [11], cardiovascular disease [12], reproductive dis-
order [13], neurological disorder [14], and cancer [15]. 
Especially, numerous studies have explored the potential 
link between exposure to ENMs and the onset of chronic 
respiratory diseases. For instance, occupational studies 
have shown that inhaled aluminum oxide (Al2O3) par-
ticles are linked to pulmonary fibrosis, asthma, chronic 
obstructive lung diseases and possibly lung cancer 
[16–20]. In addition, many rodent inhalation studies 
have indicated potential associations between respira-
tory exposure to MeONPs such as zinc oxide (ZnO) [21, 
22], cerium dioxide (CeO2) [23, 24], and titanium diox-
ide (TiO2) [25] and pulmonary fibrosis. The detrimental 
effects of ENMs may potentially impact the progress of 
nanotechnology. For instance, scientists speculate that 
the inclusion of carbon nanotubes in regulatory list of 
SIN (‘Substitute It Now’) [26] may discourage research 
and investment in these materials [27]. Given the expo-
nential rise in nanoproducts, the efficient assessment 

of nanoparticle-induced chronic respiratory injuries 
assumes paramount importance for the sustainable 
advancement of nanotechnology.

The computational (in silico) predictive methods have 
emerged as valuable approaches for the rapid assess-
ment of nanosafety, offering advantages such as reduced 
time, labor, and animal costs compared to conventional 
experimental methods [28, 29]. The successful develop-
ment of in silico models often relies on the identifica-
tion of predictive descriptors [29], which often need cell 
or animal experiments to acquire sufficient data for the 
model training or testing. For instance, considering that 
quantum dot (QD)-induced cell deaths are often attrib-
uted to surface chemistry factors such as size, ligand, 
and surface shell, Oh et al. successfully crafted predic-
tive cytotoxicity models for cell viability and IC50 assess-
ments [30]. Furthermore, the identification of NLRP3 
inflammasome activation and IL-1β release in the inter-
actions between MeONP and alveolar macrophages (31, 
32) has significantly contributed to the formulation of in 
silico predictive models for MeONP-induced acute lung 
inflammation [33]. These in silico models markedly accel-
erate the assessment of acute nanotoxicity. Given that 
nanoparticle-induced chronic respiratory injuries, such 
as lung fibrosis, entail an irreversible pathogenic trans-
formation, the demand for in silico predictive models 
specific to nanoparticle-induced lung fibrosis is press-
ing. However, the lack of reliable predictive features 
for lung fibrosis hampers the establishment of in silico 
models, primarily because nanoparticle-induced lung 
fibrosis involves intricate nano-bio interactions that can-
not be comprehensively mirrored at a singular nano-bio 
interface. Taking MeONP-induced lung fibrosis as an 
example, inhaled MeONPs traverse lung lining fluids and 
accumulate in lung alveoli, where they may internalized 
by macrophages or epithelial cells, engaging with subcel-
lular organelles such as membranes, lysosomes, mito-
chondria, etc [34]. Profibrogenic effects may result from 
cellular damage caused by metal ions or MeONPs and 
from persistent inflammation induced by long-retained 
MeONPs. All these events collectively contribute to the 
onset of pulmonary fibrosis. Our hypothesis posits that 
predictive descriptors for lung fibrosis can be discerned 
through a comprehensive analysis of features throughout 
the entire biological fate of MeONPs.

Conclusions  The pro-fibrogenic potential of MeONPs can be predicted by combination of key features at nano-
bio interfaces, simulating their behavior and interactions within the lung environment. Among the 18 quantitative 
features, a combination of seven in chemico and in vitro descriptors could be leveraged to predict lung fibrosis in 
animals. Our findings offer crucial insights for developing in silico predictive models for nano-induced pulmonary 
fibrosis.

Keywords  lung fibrosis, predictive toxicology, nanosafety, nanotoxicity, biotransformation
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In this study, our objective was to pinpoint the predic-
tive features implicated in MeONP-induced lung fibrosis. 
To achieve this goal, we embarked on a comprehensive 
exploration of the biological fate of MeONPs within the 
lungs. Constructing a library encompassing 50 distinct 
MeONPs, we systematically scrutinized their interac-
tions across various biological milieus, including lung lin-
ing fluids, plasma membranes, lysosomes, mitochondria, 
and other cytoplasmic components. Through the collec-
tion of quantitative features at these diverse interfaces, 
our aim was to discern the pivotal factors contributing to 
MeONP-induced lung fibrosis. Simultaneously, we exam-
ined the fibrogenic potential of the MeONPs through 
collagen staining and the measurement of TGF-β1 pro-
duction. The quantitative features acquired in chemico 
and in vitro were subsequently subjected to analysis 
alongside two fibrogenic indexes determined in vivo. This 
holistic approach empowered us to identify seven critical 
descriptors intricately linked to the development of lung 
fibrosis. Collectively, our study represents the first report 
of a descriptor formula to predict MeONP-induced lung 
fibrosis.

Results
Visualization of MeONP distribution in the lungs
For an in-depth exploration of the biological trajectory 
of MeONPs within the lungs, La2O3 was selected as a 
representative MeONP, and its dynamics were investi-
gated using radioactive iodine (125I) labeling (Figure S1). 
This assessment aimed to determine whether MeONPs 
exhibited prolonged retention in the lungs, potentially 
facilitating extended interaction with pulmonary cells. 
Single-photon emission computed tomography/com-
puted tomography (SPECT/CT) was employed to trace 
the biodistribution of 125I-labeled MeONPs in mouse 
lungs following intratracheal aspiration. As illustrated in 
Figure S1, 125I-labeled NPs exhibited a significant accu-
mulation in lung tissues post-exposure, demonstrating 
a gradual, time-dependent clearance from the lungs. 
Notably, even after 18 days, La2O3 showcased a consider-
able retention (11.69%) in mouse lungs. To gain deeper 
insights, lung tissues collected at 16 h post-exposure were 
fixed and stained to prepare sections for observation 
through transmission electron microscopy (TEM). Sig-
nificantly, MeONPs were predominantly localized in the 
alveoli or internalized by macrophages/epithelial cells in 
proximity to the air-blood barrier (Fig. 1A). Upon magni-
fication of the La2O3-rich regions within cells, a distinct 
distribution in lysosomes was evident. In a concur-
rent exploration of the intracellular trajectory of La2O3, 
a macrophage-like cell line, THP-1 cells, was exposed 
to fluorescein isothiocyanate (FITC)-labeled La2O3, 
emitting intense fluorescence at 490  nm. As depicted 
in Fig.  1B, FITC-La2O3 exhibited a time-dependent 

distribution pattern, including association with cytoplas-
mic membranes at 0–4  h, lysosomal internalization at 
6–12 h, and subsequent release into the cytoplasm after 
24 h.

Interactions between MeONPs and biological fluids
According to the trajectory of MeONPs within the lungs, 
the particles engage with two distinct biological flu-
ids within alveoli and lysosomes. An assortment of 50 
MeONPs (Table S1) underwent scrutiny to discern their 
interactions in simulated lung fluid (SLF) and phagolyso-
somal simulated fluid (PSF), encompassing assessments 
of hydrodynamic size, surface charge, and dissolution 
rate (Fig. 2). In SLF, all MeONPs were noted to aggregate 
with a significant increase in size, exhibiting hydrody-
namic sizes ranging from 143 to 2515 nm. Among these 
particles, twenty MeONPs, including TiO2-3, CuO-1, 
CuO-2, Fe2O3-1, Fe2O3-2, MnO2-2, Co3O4-1, Co3O4-
2, Cr2O3, MoO3, SnO2, Sb2O3, Eu2O3-2, Nd2O3, Sm2O3, 
Pr2O3, Tb2O3, Tm2O3, Ho2O3,and Er2O3, exhibited nega-
tive surface charges with Zeta potentials ranging from 
− 1.72 to -29.50 mV, while other MeONPs demonstrated 
positive Zeta potentials ranging from 0.10 to 42.60 mV. 
Moreover, we investigated the dissolution of MeONPs in 
the two biological fluids. In SLF, all MeONPs exhibited 
low dissolution (< 2%), whereas 11 MeONPs (Al2O3-1, 
CuO-1, CuO-2, ZnO-1, ZnO-2, ZnO-3, MoO3, MgO, 
Sb2O3, Eu2O3-1, La2O3) demonstrated elevated dissolu-
tion rates (10-70%) in PSF. In addition, we calculated 
the dosimetry of all MeONPs in two cell culture media 
for THP-1 and BEAS-2B cells in 96-well plates using the 
ISDD model [35] (Table S2).

Impacts of MeONPs on cellular functions
Based on the intracellular trajectory of La2O3, we 
assessed the impacts of MeONPs on lung cells by exam-
ining various cellular parameters, including plasma 
membrane integrity, lysosomal pH changes, mitochon-
dria metabolic activity, oxidative stress generation, and 
cytokine production. These features were normalized by 
comparing them with control (0  µg/ml) cells and pre-
sented in heatmaps (Fig.  3 and Figure S2) or histogram 
(Fig. 4 and S3).

Plasma membrane integrity of THP-1 and BEAS-2B 
cells was determined by detecting lactate dehydroge-
nase (LDH) release into the supernatants. As illustrated 
in Fig.  3, CuO-1, CuO-2, and ZnO-1 induced > 50% 
LDH leakage from THP-1 cells at 200 µg/ml. Seventeen 
MeONPs (TiO2-1, α-MnO2, Co3O4-2, Co3O4-3, etc.) 
caused moderate membrane damage (20–50% LDH 
release), while the remaining 30 MeONPs had limited 
effects on membrane integrity. In contrast, MeONPs 
exhibited different effects on BEAS-2B cell mem-
branes. Overall, BEAS-2B cells were less sensitive to 
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MeONP-induced plasma membrane damage than THP-1 
cells. Only two MeONPs (Nd2O3, MnO2-1) evoked 
72–75% LDH release from BEAS-2B cells, while four 
MeONPs (TiO2-5, MnO2-2, MgO, and Tb2O3) showed 
moderate effects with 21–45% LDH release (Figure S2).

Lysosomal pH changes were assessed using the pH-
sensitive sensor pHLys Red, which accumulates in intact 
lysosomes and emits red fluorescence in acidic condi-
tions. Surprisingly, CeO2-2, CeO2-3, Eu2O3-2, La2O3, 
Tb2O3, and Ho2O3 induced lysosomal acidity, whereas 
most MeONPs, particularly CuO-1 and Fe2O3-3, led to 
lysosomal alkalization (Fig. 3).

Mitochondrial activity was examined by detecting 
nicotinamide adenine dinucleotide hydride (NADH) 
content and ATP levels. Eleven MeONPs, including 
CuO-1, CuO-2, MnO2-1, MnO2-2, ZnO-1, ZnO-2, ZnO-
3, Cr2O3, CeO2-3, Eu2O3-1 and Dy2O3, induced dose-
dependent NADH decrease in both THP-1 and BEAS-2B 
cells (Fig. 3 and Figure S2). Three MeONPs, i.e. Co3O4-1, 
Co3O4-2, and Co3O4-3, caused NADH decrease only in 

THP-1 cells, while 12 MeONPs (TiO2-2, TiO2-5, Fe2O3-
2, Bi2O3, Y2O3, etc.) affected NADH content in BEAS-2B 
cells. The effects on ATP production mirrored those on 
NADH, except for Fe2O3-1, Eu2O3-2, Tb2O3, and Ho2O3, 
which showed negligible effects on NADH in THP-1 cells 
but significantly affected ATP production.

MeONP-induced ROS generation was visualized 
using the fluorogenic probe 2’, 7’-dichlorodihydrofluo-
rescein diacetate (DCFH-DA), with its oxidation form 
(DCF) emitting strong fluorescence at 520  nm. While 
most MeONPs had a negligible effect on biological redox 
homeostasis with limited ROS generation in THP-1 cells 
(Figs.  3), 11 MeONPs (TiO2-1, TiO2-2, TiO2-3, TiO2-4, 
TiO2-5, MnO2-1, MnO2-2, etc.) induced significantly 
higher cellular ROS levels in BEAS-2B cells, at least 2 
times higher than that in the control (Figure S2).

We also measured pro-inflammatory cytokines (TNF-
α, IL-1β, IL-6, MCP-1) in THP-1 cells and the growth fac-
tor (TGF-β1) in BEAS-2B cells (Table S3 and S4). Among 
them, IL-1β was the most affected cytokine (Fig.  4). 

Fig. 1  Visualization of a representative MeONP, La2O3, in mouse lungs
(A) TEM imaging of MeONPs in lung tissues. Mice exposed to La2O3 were sacrificed at 24 h, and lung tissue sections were prepared for TEM observations. 
Arrows, A, V, and L indicate MeONP, alveoli, vessels, and lysosomes, respectively, in TEM images. (B) Confocal imaging of MeONPs in cells. THP-1 cells ex-
posed to 50 µg/mL FITC-labeled MeONPs were fixed and stained with Hoechst 33,342 (blue), WGA conjugated with Alexa Fluor 594 (red), or LysoTracker 
DND-99DAPI (red) for confocal imaging
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Fig. 2  The hydrodynamic size, surface charge, and dissolution rate of MeONPs
MeONPs were dispersed in SLF or PSF at 50 µg/mL. The hydrodynamic diameters and surface charges of MeONP dispersions were determined by dy-
namic light scattering and zeta potential analyzer, respectively. The supernatants of MeONP dispersions were collected after 24 h of incubation to detect 
metal ions by ICP-OES and calculate dissolution rates. Results were calculated from three replicates
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Fig. 3  Heatmap displaying the impacts of MeONPs on THP-1 cells
THP-1 cells were exposed to 0, 12.5, 25, 50, 100, and 200 µg/mL MeONPs for 24 h, followed by LDH measurement in supernatants and lysosomal pH, 
NADH, ATP, ROS detection in cells. The resulting values of LDH were expressed as percentage (%) of total LDH in THP-1 cells (determined for each experi-
ment by measuring the supernatant of sister cultures after 24 h of exposure to 2% Triton X-100), while the NADH and ATP were expressed as percentage 
(%) of the control cells. ROS were expressed by the fold changes (FCs) of measured values in MeONP treatments and control cells
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Fig. 4  The impacts of MeONPs on IL-1β and TGF-β1
THP-1 and BEAS-2B cells were exposed to 12.5 µg/mL MeONPs for 24 h. Then the IL-1β and TGF-β1 levels in the supernatants of THP-1 and BEAS-2B cells, 
respectively, were detected by ELISA (n = 3).*p < 0.05, **p < 0.01 compared to the control by two-tailed Student’s T test
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Fig. 5 (See legend on next page.)
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Thirty MeONPs (Al2O3-1, Al2O3-3, TiO2-1, TiO2-2, TiO2-
4, CuO-1, etc.) induced significant IL-1β release even 
at a low dose of 12.5  µg/ml. Additionally, 10 MeONPs 
induced significant TGF-β1 production in BEAS-2B cells 
at dose of 12.5  µg/ml (Fig.  4), while the levels of other 
cytokines remained relatively low (Figure S3).

In vivo assessment of MeONP-induced fibrosis
To evaluate the in vivo fibrogenic potential of the 50 
MeONPs, we administered them into the lungs of 
C57BL/6 mice once a week for three consecutive weeks 
at a dose of 2  mg/kg, and subsequently assessed lung 
fibrosis after three months (Fig.  5A). Recognizing the 
crucial role of TGF-β1 in promoting fibrosis, we deter-
mined the levels of active TGF-β1 in bronchoalveolar 
lavage fluid (BALF) using ELISA [36]. As depicted in 
Fig.  5B and Table S5, 29 MeONPs, including Al2O3-1, 
Al2O3-2, Al2O3-3, TiO2-1, TiO2-4, TiO2-5, etc., induced a 
high level of TGF-β1 in BALF with fold change (FC) > 2. 
The other MeONPs showed very limited effects on the 
TGF-β1 release in mice lung. To examine the extent of 
pulmonary fibrosis, collagen deposition in tissues was 
visualized through trichrome staining of lung sections. 
As illustrated in Fig.  5C and Figure S4, lung sections 
from vehicle-treated animals exhibited minimal colla-
gen deposits around small blood vessels (BV), bronchi-
ole (Br) and alveolar (Av) areas. In contrast, exposure to 
fibrogenic MeONPs resulted in significant focal collagen 
deposits around some of these three architectures. The 
fibrogenic ranking of lung tissues was evaluated based 
on collagen staining images using the widely employed 
Ashcroft score [37]. Intriguingly, 25 MeONPs induced 
significant collagen deposition in mouse lungs with Ash-
croft scores exceeding 2, consistent with the results of 
TGF-β1 levels (Fig.  5B). However, noteworthy inconsis-
tencies were also observed. For instance, ZnO-3 induced 
significant TGF-β1 release but had negligible effects on 
collagen deposition, whereas Fe2O3-3 induced low TGF-
β1 release but resulted in significant collagen deposition. 
Given these differences, both TGF-β1 and collogen depo-
sition were considered in the assessment of MeONPs’ 
fibrogenic potentials. A fibrogenic tag was assigned to a 
MeONP when FCTGF−β1 ≥ 2 or Ashcroft score ≥ 2, while 
a non-fibrogenic tag was assigned otherwise. As a result, 
among all tested MeONPs, 30 were identified as fibro-
genic, and 20 were classified as non-fibrogenic.

Identification of key descriptors for predicting lung fibrosis
Through a series of experimental analyses of MeONP 
interactions with simulated biofluids and cell models, 
we identified 18 quantitative in chemico and in vitro fea-
tures, as detailed in Table  1. To unveil pivotal descrip-
tors associated with MeONP-induced lung fibrosis, we 
employed a random forest (RF) classification analysis 
[36], integrating the acquired in chemico and in vitro fea-
tures with in vivo fibrogenic indexes. Subsequently, seven 
features, namely IL-1β, NADH levels in THP-1 cells and 
epithelial cells, TGF-β1, dissolution in phagolysosomal 
simulated fluid (PSF), zeta potential, and hydrodynamic 
size of MeONPs, emerged as the top key features (Fig. 6). 
Notably, IL-1β was identified as the most important 
feature, contributing 27.8% to the model’s prediction. 
Mitochondrial activity (specifically NADH levels) in mac-
rophages followed closely with a contribution of 17.6%. 
The other five key features, include TGF-β1 release and 
NADH levels in epithelial cells, dissolution in lysosomal 
simulated fluids, zeta potential, and the hydrodynamic 
size of MeONPs, contributed 54.5% in total. A software 
named “Nano-induced Lung Fibrosis Prediction” (NILFP 
v 1.0.0) was developed based on the identified predictive 
descriptors, which is available at GitHub ​(​​​h​t​​t​p​s​​:​/​/​g​​i​t​​h​u​b​​
.​c​o​​m​/​h​u​​a​n​​g​y​a​​n​g​2​​0​2​3​/​​N​I​​L​F​P​v​1​.​0​.​0​/​r​e​l​e​a​s​e​s​/​d​o​w​n​l​o​a​d​/​
N​I​L​F​P​v​1​.​0​.​0​/​N​I​L​F​P​.​v​1​.​0​.​0​.​z​i​p​​​​​) for fibrogenic risk assess-
ment of untested MeONPs.

Discussion
The escalating volume of epidemiological studies under-
scores the potential of airborne fine particulates to insti-
gate severe respiratory conditions, encompassing acute 
lung inflammation [38], fibrosis [39], and carcinogenesis 
[40, 41]. It is essential to acknowledge that NPs, with 
diverse physicochemical properties, can evoke various 
biological responses [9, 42, 43]. For example, Au NPs 
exhibit relative bio-inertness and safety [44], while ZnO 
NPs often induce cell death through ion release [45, 46]. 
Even NPs with identical chemical compositions may elicit 
distinct biological effects due to variations in proper-
ties like surface functionality, size, and crystallinity. For 
instance, graphene oxide (GO) nanosheets with elevated 
surface oxidation levels can lead to severe cell mem-
brane damage, cell death, and acute lung inflammation, 
whereas reduced GOs demonstrate a comparatively safer 
profile [47].

(See figure on previous page.)
Fig. 5  Assessment of thefibrogenic potential of MeONPs in mouse lungs
(A) Schematic illustration of MeONP exposure in mice.Mice were exposed to 50 µL of PBS (vehicle ctrl) or MeONP suspension (2 mg/kg) by oropharyngeal 
aspiration every week for three times. The animals were sacrificed at the 90th day to collect BALF and lung tissues for further examinations. (B) TGF-β1 
levels of MeONPs in BALF and Ashcroft scores of stained lung sections were determined to assess fibrogenic potential of MeONPs. (C) Representative 
images of Masson’s trichrome staining of lung tissues exposed to MeONPs. BALFs were collected to measure TGF-β1 by ELISA (n = 3 or 4). Lung tissues 
were collected and stained Masson’s Trichrome staining according to a standard protocol. Ashcroft scores were used to estimate the collagen deposition 
levels in lung tissues (n = 3 or 4). Blue arrows show the collagen deposition or pathologic change in Av. *p < 0.05, **p < 0.01 compared to the vehicle ctrl 
by two-tailed Student’s t test. Scale bar represents 50 μm

https://github.com/huangyang2023/NILFPv1.0.0/releases/download/NILFPv1.0.0/NILFP.v1.0.0.zip
https://github.com/huangyang2023/NILFPv1.0.0/releases/download/NILFPv1.0.0/NILFP.v1.0.0.zip
https://github.com/huangyang2023/NILFPv1.0.0/releases/download/NILFPv1.0.0/NILFP.v1.0.0.zip
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In this study, we specifically chose MeONPs, one of 
the most widely used types of NPs, to identify predictive 
descriptors for fibrosis, a manifestation of permanent 
and irreversible lung injury. Given the complex nano-bio 
interactions involved in MeONP-induced lung fibrosis, 
our objective was to thoroughly investigate the pulmo-
nary trajectory of MeONPs through both radio-imaging 
of tissue distributions and confocal microscopy imag-
ing of subcellular distributions, with La2O3 selected as 
a representative MeONP. The 125I-labeled La2O3, CeO2, 
Nd2O3 and ZnO were exclusively detected in mouse 
lungs. CeO2, La2O3, and Nd2O3 shared a similar lung 
retention profile, persisting for up to 10 days, while ZnO 
showed a relatively rapid clearance within 5 days. Clear-
ance of MeONPs from the lungs occurs slowly. While we 
observe a steady reduction in lung signal over time, the 
clearance pathways via the GI tract or bladder remain 
below the detection threshold of SPECT-CT, making it 
difficult to visualize particle transit through these organs. 
This sensitivity limitation likely accounts for the absence 
of visible signals indicating detailed particle clearance in 
other body parts. For an in-depth analysis of nano-bio 
interactions, TEM was employed to trace La2O3, reveal-
ing predominant localizations in alveoli or internaliza-
tion by macrophages/epithelial cells near the air-blood 
barrier. Considering the air-blood barrier is covered by 
a thin layer of lung lining fluid comprising phospholip-
ids and proteins, MeONPs are likely to interact with this 
fluid before establishing contact with epithelial cells. 
Confocal imaging illuminated the intracellular dynamics 

of MeONPs, encompassing interactions with the plasma 
membrane, lysosome, and other cytoplasmic constitu-
ents. This cellular fate aligns with observations in other 
nanoparticles, such as doped graphene nanosheets [48], 
up-conversion nanoparticles [49] and superparamagnetic 
iron oxide nanoparticles [50]. In combination, this tiered 
imaging approach enabled a comprehensive understand-
ing of MeONP trajectories in animal lungs and the inter-
pretation of diverse nano-bio interfaces.

In our exploration of MeONP interactions within 
mouse lungs, we aimed to understand nano-lung inter-
actions by investigating the physicochemical changes 
of MeONPs in specific fluids and their impact on cellu-
lar functions. All examinations were conducted through 
either abiotic tests or cell experiments, avoiding ani-
mal use to facilitate high-throughput screenings. The 
observed aggregation and altered surface charges in 
SLF suggest potential changes in MeONP characteris-
tics upon contact with pulmonary fluids. Elevated dis-
solution rates in PSF highlight the influence of acidic 
fluid on the chemical composition of MeONPs. These 
insights are crucial for comprehending the fate and trans-
formations of MeONPs within the complex pulmonary 
microenvironment. Given that both macrophages and 
epithelial cells are primary targets for inhaled nanopar-
ticles, we assessed the impacts of MeONPs on THP-1 
and BEAS-2B cells. THP-1 cells provided insights into 
MeONPs’ effects on pro-inflammatory cytokines, while 
BEAS-2B cells, an immortalized normal cell line, were 
used to gauge their impact on growth factor production. 
Our assessment of MeONP impacts on both cell lines 
revealed multifaceted effects, with variations in plasma 
membrane damage, lysosomal pH change, mitochondrial 
activity, ROS generation and cytokine release between 
THP-1 and BEAS-2B cells.

Interestingly, the in vivo administration of MeONPs 
yielded diverse fibrogenic outcomes. Considering its rel-
evance to realistic exposure conditions and its effective-
ness in distinguishing inter-material differences [51–53], 
a 2 mg/kg dose was administered via oropharyngeal aspi-
ration. While some variability is inherent in this tech-
nique, particularly with less experienced operators, it 
allows for more precise dosing and requires less material 
compared to inhalation exposure, making it a practical 
and efficient choice for our study. The strong correlation 
(Pearson’s coefficient factor at 0.84) between elevated 
TGF-β1 levels and collagen deposition underscores the 
potential role of TGF-β1 in MeONP-induced fibrosis. 
The designation of MeONPs as fibrogenic was based on 
either TGF-β1 upregulation (fold change ≥ 2) or histologi-
cal evidence of collagen deposition (Ashcroft score ≥ 2), 
balancing early molecular signals with definitive tissue 
changes. While we acknowledge that TGF-β1 upregula-
tion alone does not signify irreversible fibrosis, it reflects 

Table 1  Nano-bio interactions related to lung fibrosis
Nano-bio interactions Quantified feature
MeONP 
change

Aggregation Hydrodynamic diameter
Surface 
modification

Zeta potential

Ion release Dissolution in SLF
Dissolution in PSF

Biological 
change

Membrane 
disruption

LDH release in macrophages*
LDH release in epithelial cells*

Lysosome 
dysfunction

Lysosomal pH in macrophages*

Mitochondrial 
dysfunction

NADH level in macrophages*
NADH level in epithelial cells*
ATP level in macrophages*
ATP level in epithelial cells*

Redox homeostasis ROS generation in macrophages*
ROS generation in epithelial cells *

Cytokine release IL-1β release from macrophages*
TNF-α release from macrophages*
IL-6 release from macrophages*
MCP-1 release from macrophages*
TGF-β1 release from epithelial cells*

Note: *Features were quantified at five exposure doses: 12.5, 25, 50, 100 and 
200 µg/ml
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activation of fibrotic signaling pathways that precede his-
tological changes. By including both criteria, we aimed 
to capture MeONPs that exhibit either robust fibro-
genic signaling or established histopathological markers 
within our study timeframe. However, notable exceptions 
among the tested MeONPs highlight the complexity of in 
vivo responses. For instance, ZnO-3 induced high TGF-
β1 release without significant collagen deposition, while 
Fe2O3-3 induced low TGF-β1 release but significant col-
lagen deposition. In addition, we observed that some 
MeONPs induced different levels of TGF-β1 in the BALF 
but exhibited same Ashcroft scores. For example, TiO2-4 
induced higher TGF-β1 levels than Al2O3 despite both 
MeONPs exhibiting the same Ashcroft scores. This dis-
crepancy could be attributed to several factors: (i) the dif-
ferent dynamics of TGF-β1 production induced by Al2O3 
and TiO2-4, making it challenging to capture their peak 
values within the 90-day time frame; (ii) the differential 
impacts of Al2O3 and TiO2-4 on growth factors (e.g., 

TGF, PDGF, EGF and FGF families) [54], with TGF-β1 
potentially being less responsive to Al2O3 exposure.

Using TGF-β1 levels in BALF and Ashcroft scores of 
histology images, our analysis identified 30 fibrogenic 
MeONPs and 20 non-fibrogenic MeONPs. All tested 
MeONPs encompass 30 chemical compositions. Among 
them, the fibrogenic potentials of 8 MeONPs were con-
sistent with literature reports, including 6 fibrogenic ones 
(TiO2, ZnO, In2O3, NiO2, Sb2O3 and Yb2O3) and 2 non-
fibrogenic ones (MnO2, and Co3O4) [22, 31, 55–60]. Sig-
nificantly, our study reports, for the first time, the effects 
of 17 MeONPs on lung fibrosis, including Al2O3, Bi2O3, 
Cr2O3, ZrO2, MoO3, SnO2, MgO, CuO, Eu2O3, Nd2O3, 
Sm2O3, Y2O3, Dy2O3, Pr2O3, Tb2O3, Tm2O3, and Ho2O3. 
Alongside chemical composition, hydrodynamic size, 
zeta potential, and dissolution rate emerged as top pre-
dictive descriptors of MeONP-induced lung fibrosis. This 
finding aligns with literature reports, where these physi-
cochemical properties have been implicated in ENM-
induced lung fibrosis [61–63]. For instance, previous 

Fig. 6  Contributions of descriptors in predicting MeONP-induced lung fibrosis
RF classification analysis was performed to quantify the contributions of eighteen descriptors to MeONP-induced lung fibrosis. Seven descriptors, namely 
IL-1β release in macrophages, NADH levels in macrophages, TGF-β1 release in epithelial cells, dissolution in PSF, zeta potential, hydrodynamic size, and 
NADH levels in epithelial cells, were identified as pivotal features determining MeONP-induced lung fibrosis
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studies have highlighted the correlation between sur-
face charge and fibrogenic potential, indicating higher 
fibrogenic effects with cationic nanotubes compared to 
anionic nanotubes [63]. Additionally, nanoparticle size 
has been linked to fibrosis severity, with larger nanoparti-
cles often triggering more pronounced fibrotic responses 
due to their lower dissolution rates and prolonged biop-
ersistence in the lungs [64].

The integration of in chemico and in vitro features with 
in vivo fibrogenic indexes through random forest clas-
sification unveiled crucial descriptors. IL-1β emerged as 
a key predictor, emphasizing its central role in MeONP-
induced lung fibrosis. The combined importance of 
NADH levels, TGF-β1, dissolution rates, zeta potential, 
and hydrodynamic size further refines our understanding 
of the intricate relationship between MeONP character-
istics and their fibrogenic potential. Accurate fibrogenic 
prediction requires a combination of these seven fea-
tures rather than relying on one or two top indexes. For 
instance, while Eu2O3 and MnO2 induced high levels of 
IL-1β and TGF-β1 in vitro, their contributions to mito-
chondrial activities (specifically NADH levels) in two 
cell lines, dissolution in lysosomal simulated fluids, zeta 
potential, or hydrodynamic size were comparatively 
lower, resulting in a lower fibrogenic potential in ani-
mals. The identified predictors of MeONP-induced lung 
fibrosis are closely aligned with two primary fibrogenic 
mechanisms: biopersistence and cellular damage. Bioper-
sistence, reflecting the prolonged retention and stability 
of MeONPs within lung tissues, correlates with three in 
chemico predictors: zeta potential, hydrodynamic size, 
and dissolution in PSF. Specifically, MeONPs with posi-
tive surface charge, large size, and low dissolution rates 
tend to exhibit extended residence times in animal lungs, 
likely promoting sustained cellular interactions that con-
tribute to chronic inflammation and fibrotic signaling. 
Parallelly, cellular damage is reflected by in vitro predic-
tors such as IL-1β, TGF-β1, and NADH levels in THP-1 
and BEAS-2B cells, which serve as indicators of cellular 
distress. Together, these predictors illustrate how both 
the physical persistence of MeONPs and their potential 
to induce direct cellular damage are crucial to their fibro-
genic potential.

IL-1β, a pro-inflammatory cytokine, emerges as the 
most critical descriptor in predicting MeONP-induced 
lung fibrosis, aligning with previous studies indicat-
ing that certain fibrosis-inducing nanoparticles, such as 
SiO2[65, 66] and rare earth oxide [67], tend to induce 
IL-1β in macrophages. While the precise mechanisms 
underlying the role of IL-1β in nanoparticle-induced 
lung fibrosis remain incompletely understood, IL-1β is 
recognized for its pivotal role in inflammation and tis-
sue remodeling, fostering fibrosis development [68, 69]. 
This cytokine facilitates the recruitment and activation of 

immune cells, including neutrophils and monocytes [70], 
with inflammation often initiating pulmonary pathogenic 
changes in lung fibrosis. Furthermore, IL-1β stimulates 
the production of other pro-inflammatory cytokines, 
chemokines, and fibrotic factors, contributing to lung 
fibrosis [71]. Additionally, IL-1β promotes the production 
of TGF-β1, a key direct regulatory factor in lung fibrosis 
development [68]. Specifically, TGF-β induces fibroblast 
differentiation into myofibroblasts, highly contractile 
cells implicated in tissue remodeling and fibrosis [72]. 
Notably, TGF-β1 is also identified as a contributor in our 
prediction model. Alongside cytokines, the dose-depen-
dent decrease in NADH levels in both macrophages and 
epithelial cells emerges as a significant contributor to 
MeONP-induced lung fibrosis, suggesting the occurrence 
of disrupted cellular metabolism in the processes of lung 
fibrosis.

The physicochemical properties of MeONPs, includ-
ing size, zeta potential, and dissolution, contribute 33.4% 
to the overall feature importance. We propose that these 
three descriptors are closely linked to the bio-persistence 
of MeONPs. The adverse outcomes of MeONPs are often 
influenced by their biological distribution and fate. While 
most intratracheally instilled (IT) MeONPs have pro-
longed retention in the lungs, they can also spread to 
other tissues and organs. Konduru et al. demonstrated 
this with isotopically labeled IT ZnO, finding ZnONPs 
in skeletal muscle, liver, skin, kidneys, cecum, blood, and 
bone [73]. This systemic distribution of ZnO could be 
attributed to either the release of Zn ions from ZnONPs 
or the crossing of ZnONPs through the air-blood bar-
rier. The localized retention of NPs in the lungs can lead 
to interactions with pulmonary cells, particularly epithe-
lial cells and macrophages, potentially triggering acute 
lung inflammation [33] or chronic lung injuries such as 
fibrosis [63, 67] and carcinogenesis [15]. In contrast, sys-
temically distributed MeONPs may lead to toxicities in 
remote organs or tissues, such as cardiovascular disease 
[12], reproductive disorders [13], and neurological disor-
ders [14].

The inhaled MeONPs initially interact with the mucus 
layer in the conducting airway, composed of water, 
mucins, lipids, salts, and cellular debris. In the conduct-
ing airway, large MeONP agglomerates could be effi-
ciently cleared. However, small particles, particularly 
cationic ones, can penetrate the gas-exchange airways, 
notably the alveoli, interacting with a thin layer of pul-
monary surfactant-a complex mixture primarily com-
posed of lipids (such as phospholipids and cholesterol) 
and proteins (surfactant proteins A, B, C, and D). The 
interaction of MeONPs with the mucus layer and pulmo-
nary surfactant can alter their surface charge, aggrega-
tion, and corona formation, influencing their biological 
fate. For instance, Konduru et al. found that the corona 
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constituents of BaSO4, ZnO and CeO2 have significant 
differences [74]. The amounts of albumin, transferrin 
and α-1 antitrypsin in the coronas of BaSO4 and ZnO 
are higher than that of CeO2 NPs, which may affect their 
uptake by macrophages. While assessing the effects of 
relevant fluids on the biological behavior of MeONPs 
could better align with their travel path, this may require 
the sacrifice of animals to collect BALF, which is conflict 
with the principles of the 3Rs (Replacement, Reduction, 
Refinement) in animal testing as well as the primary goal 
of our study: using animal-free tests to predict the fibro-
genic potential of MeONPs.

Small particles penetrated the deep lung alveoli can 
also interact with lung cells. Within cell lysosomes, par-
ticle dissolution emerges as a critical factor influenc-
ing their clearance. Nanoparticles with high dissolution 
capabilities, like ZnO, could be rapidly cleared from the 
lungs. Therefore, most small-sized, cationic, and insol-
uble MeONPs are presumed to exhibit prolonged bio-
persistence, illustrated by Al2O3, In2O3, and ZrO2. This 
aligns with studies demonstrating that ultrafine particles 
induce more significant pulmonary inflammation in rat 
models compared to fine particles of the same compo-
sition on an equal mass-dose basis [75]. Moreover, cat-
ionic carbon nanotubes were reported to induce higher 
fibrosis than tubes with anionic and neutral surface 
charges [63]. However, these general principles can-
not be universally applied to all MeONPs. For instance, 
ZnO-1, despite its high dissolution capability, induced 
significant collagen deposition due to its pronounced 
cytotoxicity. Conversely, CeO2-1 and CeO2-1, character-
ized by low dissolution, cationic charge, and small size, 
exhibited low fibrogenic potential as it had limited effects 
on IL-1β and NADH. Beyond the physicochemical prop-
erties of MeONPs, our study emphasizes the critical role 
of a descriptor formula in nanoparticle-induced pulmo-
nary fibrosis. NILFP was developed based on the identi-
fied descriptor formula for fibrogenic risk assessment of 
MeONPs, MeONP-based nanoproducts and beyond.

Conclusion
The study successfully identified key in chemico and in 
vitro descriptors in MeONP-induced lung fibrosis in 
animals, providing valuable insights into the intricate 
behavior of MeONPs. By employing radiological and 
fluorescent labeling on a representative MeONP, La2O3, 
we uncovered its prolonged retention in mouse lungs 
and delineated its intracellular trajectory. The interac-
tions of 50 MeONPs with simulated biofluids exhibited 
diverse behaviors in hydrodynamic size, Zeta potential, 
and dissolution rate. MeONPs induced variable effects 
on cellular functions, affecting plasma membrane integ-
rity, lysosomal pH, mitochondrial activity, oxidative 
stress, and cytokine production, with distinct responses 

observed in different cell lines. In vivo assessments of 
fibrogenic potential revealed diverse outcomes, with 29 
MeONPs inducing high TGF-β1 levels and 25 of which 
causing significant collagen deposition in lung tissues. 
The application of random forest classification analysis to 
in chemico, in vitro and in vivo data enabled the identifi-
cation of seven crucial predictive descriptors determining 
MeONP interactions and outcomes. These descriptors 
include IL-1β, mitochondrial activities in two cell types, 
TGF-β1, dissolution in lysosomal simulated fluids, zeta 
potential, and hydrodynamic size of MeONPs. Notably, 
IL-1β emerged as the most critical descriptor, contribut-
ing 27.8% to the overall feature importance, followed by 
macrophage mitochondrial activity at 17.6%. The iden-
tification of these predictive descriptors derived from 
animal-free tests holds great promise for advancing the 
development of in silico models for nanoparticle-induced 
lung fibrosis.

Materials and methods
Reagents and materials
MTS and ATP colorimetric assay kits were purchased 
from Promega (Madison, WI, USA). Gibco fetal bovine 
serum (FBS), Hoechst 33,342, dichlorodihydrofluores-
cein diacetate (DCFH-DA), LysoTracker Red DND-99 
and WGA-594 were obtained from Thermo Fisher Sci-
entific (Grand Island, NY, USA). IL-1β, IL-6, TNF-α, and 
MCP-1 ELISA Kits were from BD biosciences (San Jose, 
CA, USA). TGF-β1 ELISA Kit was from R&D Systems 
(Minneapolis, MN, USA). RPMI 1640 medium was pur-
chased from Corning Inc. (New York, NY, USA). Bron-
chial epithelial cell medium (BepiCM) was from Sciencell 
(San Diego, CA, USA). Penicillin, streptomycin, and tryp-
sin-EDTA were purchased from HyClone Laboratory 
(South Logan, UT, USA). 125I was from GMS Pharma-
ceutical Corporation (Shanghai, China). All the MeONPs 
(not coated) were in-house synthesized or obtained from 
Aladdin Scientific Corporation (Shanghai, China), as 
detailed in Table S1.

Material characterization
The morphologies and primary sizes of MeONPs were 
measured by a transmission electron microscopy (TEM, 
Tecnai G2 spirit BioTwin, FEI, USA) at a voltage of 
120  kV. TEM samples were prepared by placing a drop 
of MeONP suspensions (50  µg/mL in DI H2O) on 200-
mesh copper grids with carbon-coated formvar support 
films (Ted Pella, Inc.), which was left to air dry at room 
temperature.

Radiological or fluorescent labeling of MeONPs
Radiological 125I labeled nanoparticles were prepared by 
a standard activator oxidation method in a radioactiv-
ity laboratory of the State Key Laboratory of Radiation 
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Medicine and Protection, Suzhou, China. Briefly, 
1,3,4,6-tetrachloro-3 A,6 A- diphenylglycouril in trichlo-
romethane (0.5  mg/mL) was dried under N2 blowing, 
and then incubation with 500 µL nanoparticle suspen-
sions (1.65  mg/mL in DI H2O) and 1 mCi of Na125I at 
37 °C for 30 min. 125I labeled nanoparticles were obtained 
by ultrafiltration with a 10 kDa membrane at 3000  rpm 
for 30 min and then re-suspended in 500 µL DI H2O for 
radiological imaging.

FITC labeled nanoparticles were synthesized by an 
amidation reaction. In brief, EDC (10  mg) and NHS 
(20  mg) were added into 4 mL of nanoparticle suspen-
sions (100 µg/mL) in DI H2O and stirred for 2 h at 25 °C. 
After centrifugation at 20,000 rpm for 10 min, the parti-
cle pellets were collected to react with 1 mL of FITC solu-
tion (0.1 mg/mL) under magnetic stirring for 2 h. Finally, 
FITC labeled nanoparticles were collected by centrifuga-
tion and washed by DI H2O for three times to remove 
non-covalent bound FITC. The resulted nanoparticles 
were re-suspended in 400 µL DI H2O for further use.

SPECT/CT imaging of mice
Eight-week-old female C57BL/6 mice were purchased 
from Nanjing Peng Sheng Biological Technology (Nan-
jing, China). Animals were housed under standard labo-
ratory conditions (25  °C; 60% relative humidity; 12  h 
light, 12 h dark cycle) and hygiene status (autoclaved food 
and acidified water) according to Soochow University 
guidelines for the care and treatment of laboratory ani-
mals. Animals were anesthetized by intraperitoneal injec-
tion of sodium pentobarbital (200 mg/kg) and exposed to 
125I labeled nanoparticles (300 µCi) by an oropharyngeal 
aspiration method. SPECT/CT imaging of the animals 
were performed on day  0, day 1, day 5, day 10, day 14 
and day 18 by a U-SPECT + system (MILabs, Utrecht, the 
Netherlands) with an extra ultra-high sensitivity collima-
tor (54 pinholes, reconstructed resolution 1.0 mm, sensi-
tivity ≫12,500 cps/MBq).

TEM imaging of lung tissues
Female C57BL/6 mice were exposed to La2O3 nanopar-
ticles at a dose of 2 mg/kg by oropharyngeal aspiration. 
After 24  h of exposure, the mice sacrificed by overdose 
of sodium pentobarbital (400 mg/kg). A piece of lung tis-
sue was cut from the middle lobe of lungs and fixed in 
2% glutaraldehyde in PBS for 4  h, following by postfix-
ation in 1% osmium tetroxide in PBS for 1 h. Tissues were 
dehydrated through graded series of ethanol and propyl-
ene oxide, and then embedded in Epon. Lung sections 
were cut with an ultramicrotome and placed onto copper 
grids. The sections were stained with uranyl acetate and 
lead nitrate before examining on a JEOL transmission 
electron microscope at 80 kV, as previously reported.

Confocal imaging
THP-1 cells were primed by phorbol 12-myristate 
13-acetate (PMA, 1 µg/mL) for 16 h and incubated with 
FITC-labeled La2O3 nanoparticles (50 µg/mL) for 0, 4, 6, 
12 and 24 h. Then cells were collected and washed with 
phosphate-buffered saline for three times. To visualize 
the nuclei, membrane and lysosomes, the cells were fixed 
and stained with Hoechst 33,342 (100 ng/mL), WGA-
594 and LysoTracker DND-99. All the cell samples were 
observed by a UltraViewVoX confocal microscope (Perki-
nElmer, USA).

Characterization of the biotransformation of MeONPs in 
biological fluid
The hydrodynamic diameters and surface charges of 
MeONP dispersions were determined by dynamic light 
scattering and zeta potential analysis on a Zetasizer Nano 
ZS90 (Malvern Instruments Corp., UK) instrument. To 
assess the dissolution capabilities of MeONPs in pha-
golysosomal simulated fluid (PSF) and simulated lung 
fluid (SLF), MeONPs were dissolved in 10 mL PSF or SLF 
buffer at concentration of 50  µg/mL, followed by probe 
sonication at 32 W for 10 s. PSF was prepared by dissolv-
ing 142 mg/L Na2HPO4, 6.65 g/L NaCl, 62 mg/L Na2SO4, 
29  mg/L CaCl2·H2O, 250  mg/L glycine, 8.09  g/L potas-
sium phthalate in DI H2O (pH 4.5). SLF was a solution of 
95 mg/L MgCl2, 6.019 g/L NaCl, 298 mg/L KCl, 126 mg/L 
Na2HPO4, 63  mg/L Na2SO4, 368  mg/L CaCl2·2H2O, 
574 mg/L CH3COONa and 2.604 g/L NaHCO3, 97 mg/L 
sodium citrate dihydrate (pH 7.4 ). The stability of all 
MeONP suspensions was assessed by measuring their 
specific absorbance values across the 300–700 nm range. 
All suspensions reached a stable phase after 12 h. Follow-
ing a 24-hour incubation at 25 °C, the supernatants of the 
MeONP suspensions were collected by centrifugation at 
15,000  rpm for 10  min. For comparison, vehicle blanks 
containing only PSF or SLF were included and subjected 
to the same treatments. The concentrations of metal 
ions in supernatants were measured using an inductively 
coupled plasma-atomic emission spectrometry (ICP-
OES, ICPE-9000, Shimadzu Corp.). The percentages of 
MeONP dissolution were calculated using the following 
equation:

Dissolution = C
50∗R × 100%

where C (µg/mL) is the concentration of metal ions in 
supernatants; R is the mass ratio of metal elements in 
each MeONPs.

Assessment of impacts of MeONP on cells
To minimize variability across experimental batches 
and to focus on the relative cellular responses induced 
by each MeONP, all 50 MeONPs were tested simulta-
neously using the same batch of cell samples. THP-1 
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and BEAS-2B cells were seeded at a density of 3 × 104 
cells/well and 8 × 103 cells/well, respectively, in 96-well 
plates. THP-1 cells were cultured in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (Gemini, 
Woodland, USA), while BEAS-2B cells were cultured 
in BEpicM (Sciencell, San Diego, USA). After overnight 
incubation, the cell culture media in the 96-well plates 
were replaced with 100 µL aliquots of MeONP suspen-
sions at concentrations of 0, 12.5, 25, 50, 100, and 200 µg/
mL. A single control was consistently used for each plate 
across all experiments for the 50 MeONPs. Following a 
24-hour incubation at 37  °C, the cells and supernatants 
were collected to evaluate the effects of MeONP on cel-
lular contents. For THP-1 cells, the supernatants were 
collected to detect the release of lactate dehydrogenase 
(LDH) and cytokines, including TNF-α, IL-1β, IL-6, and 
MCP-1. The supernatants of BEAS-2B cells were used to 
measure LDH and TGF-β1 release. The limit of detection 
(LOD) for cytokine measurements is as follows: 3.9 pg/
mL for IL-1β, 7.8 pg/mL for TNF-α, 4.7 pg/mL for IL-6, 
31.2 pg/mL for TGF-β1, and 15.6 pg/mL for MCP-1. 
The MTS assay for detection of NADH in cells was per-
formed by incubating the remaining cells with 120 µL 
of MTS working solution (5 mg/mL) in phenol red-free 
media for 2  h at 37  °C. The absorbance at 490  nm was 
then recorded using a microplate reader (BioTek, Syn-
ergy neo, USA). For the DCF assay, the cells were incu-
bated with 15 µg/mL H2DCF-DA in the dark for 30 min 
at 37 °C. The fluorescence of DCF was examined using an 
excitation wavelength of 488 nm on a microplate reader. 
After removing the DCF solution, the remaining cells 
were collected and lysed for ATP assay. For detection of 
lysosomal pH, cells were incubated with 100 µL Lysosen-
sor Yellow/Blue DND-160 at 37 °C for 3 min. After wash-
ing by PBS for twice, the fluorescence of DND-160 was 
examined using an excitation wavelength of 540 nm on a 
microplate reader.

Assessment of lung fibrosis in mice
A total of 200 animals (C57Bl/6 female mice at 8 weeks) 
were used to determine chronic lung fibrosis induced by 
50 different MeONPs, with four in parallel in each group. 
Additionally, we included 8 control mice, divided into 
two separate control groups: 4 mice received PBS, and 4 
mice were administered quartz as a positive control for 
fibrosis induction. Animals were housed under standard 
laboratory conditions. The treatment protocols were 
approved as following Soochow University Laboratory 
Animal Center protocols. All animal experiments were 
approved by the Ethics Committee of Soochow Univer-
sity (202108A0134). Animals were exposed to MeONPs 
by an oropharyngeal aspiration method. Briefly, MeONPs 
were suspended in PBS at 1  mg/mL by a probe sonica-
tion (32  W) for 10  s in an ice-water bath. The stability 

of the MeONP suspensions was assessed by measuring 
absorbance changes across 300–700  nm. Probe sonica-
tion maintained suspension stability with less than a 2% 
decline over 10  min, allowing each MeONP suspension 
to be promptly instilled into the animal lungs within 
10  min post-sonication. The animals were anesthetized 
by intraperitoneal injection of sodium pentobarbital 
(200 mg/kg) in a total volume of 100 uL. The anesthetized 
animals were held in a vertical position, with their noses 
blocked to enforce breathing through the mouth. The 
MeONP suspensions (administered at a dose of 2 mg/kg) 
were applied to the back of the tongue using a standard 
oropharyngeal aspiration technique [76]. Animals in the 
vehicle and positive control groups received 50 uL of PBS 
and 2 mg/kg quartz, respectively. To estimate the aspira-
tion dose of MeONPs in mice, we employed two formu-
las based on occupational exposure scenarios [52, 77, 78]:

	
SMD = OEC × MV × T × DF

SA
� (1)

	
AD = SMD × SA

W
� (2)

Where, SMD: Surface mass density (mg/m2). OEC: 
Occupational Exposure Concentration (mg/m³), assumed 
as 5  mg/m³ based on the threshold limit for welding 
fumes by NIOSH [79]. MV: minute ventilation, assumed 
as 0.02  m³/min for a human adult [77, 78]. T: Dura-
tion of exposure (480  min/day). DF: deposition frac-
tion, assumed as 30% for nanoparticles. SA: lung surface 
area, assumed as 102  m² for humans and 0.05  m2 for 
mice [77]. W: mouse body weight, assumed as 0.025 kg. 
Using these parameters, human exposure over a month 
(20 working days) would yield an SMD of 2.82 mg/m2 
and an AD of 5.64 mg/kg. In our study, the animals were 
exposed to a total of 6 mg/kg MeONPs (2 mg/kg per dose 
administered three times). This dose is comparable to 
the calculated human-equivalent dose and aligns with 
occupational exposure levels under high-end scenarios, 
such as in industries with poorly controlled nanoparticle 
emissions.

Mice underwent exposures once a week over three 
weeks and were euthanized on day 90 with a sodium pen-
tobarbital overdose (400 mg/kg). Bronchoalveolar lavage 
fluids (BALFs) and lung tissues were collected following 
established protocols [42], the trachea was cannulated, 
and the lungs were gently lavaged three times with 1 mL 
of sterile PBS to collect BALF. A 50 µL aliquot of each 
BALF sample was used to determine TGF-β1 concen-
trations via ELISA kits (BDLISA, China). Lung tissues 
were collected and stained Masson’s Trichrome stain-
ing according to a standard protocol. Ashcroft scores 
were used to estimate the collagen deposition levels 
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according to the method reported by Ashcroft et al. [37]. 
In detail, the whole lung sections were examined under a 
microscope at 10x magnification. Each field of view was 
assessed for interstitial fibrosis severity, scored from 0 
to 8 using a predetermined scale. The predominant level 
of fibrosis occupying more than half of the field area 
was recorded. Normal tissue received a score of 0, while 
fibrotic tissue was categorized into odd-numbered sever-
ity levels. The criteria for scoring fibrosis were: 0-normal 
lung; 1-minimal thickening of walls of alveolar or bron-
chiole; 2 and 3-moderate thickening without damage; 4 
and 5-increased fibrosis with structural damage; 6 and 
7-severe distortion or large fibrous areas; 8-total fibrous 
obliteration. The mean score of all fields examined was 
taken as the Ashcroft score for the section.

Statistical analysis
All of the results were shown by mean ± SD. Statisti-
cal significance between each MeONP treatment group 
and the control group was evaluated using two-tailed 
Student’s T test. Unless otherwise noted, at least three 
independent experiments were performed for abiotic and 
cell experiments, and statistical significances were set at 
p < 0.05. Random forest (RF) classification analysis was 
performed on Weka software (Ver 3.8.5). The 30 fibro-
genic MeONPs and 20 non-fibrogenic MeONPs were 
randomly split into training and test set, with 40 in the 
training set and the rest in test set. For each MeONP, all 
its in vitro and in vivo data points were included in either 
the training set or the test set. Classification model was 
built using the training set. To assess the prediction accu-
racy of the models and avoid overfitting, 10-fold cross-
validation was performed in the training set. External 
validation was performed in the test set.
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