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Environmental Significance

Conventional nanotoxicology often overlooks how different cell types and subpopulations 
respond within complex tissues, which may lead to underestimating health risks in realistic 
exposure scenarios. We addressed this by integrating a 3D alveolar tetra-culture model with 
single-cell mass cytometry to study silver nanoparticle (AgNP) effects in a physiologically 
relevant system. Our study suggests that toxicity is not solely determined by nanoparticle 
dose but also shaped by cell-intrinsic pathways and intercellular signals. Using hierarchical 
clustering of single-cell data, this approach provides a systematic framework to identify 
shared and cell-specific stress responses, capturing heterogeneity that bulk assays often 
miss. These insights emphasize the need to consider biological complexity when assessing 
the environmental and human health risks of nanomaterials.
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Single-cell mass cytometry reveals cell type- and cluster-specific 
heterogeneity in silver nanoparticle responses in a 3D alveolar 
tetra-culture model
Eunseo Lee,a Seung-Geun Park,a Seung Min Ha,a Minseop Kim,a Sehee Park,b Aline Chary,c 
Tommaso Serchi c and Tae Hyun Yoon *a,d,e,f,g

Silver nanoparticles (AgNPs) are widely used in medicine, environmental science, and industry. However, their 
heterogeneous interactions with complex biological systems, especially at the single-cell level, are not fully understood yet. 
Conventional toxicity assessment methods are typically conducted on oversimplified in vitro models that fail to replicate 
actual physiological conditions, and measure collective responses across cell populations, obscuring differences among 
individual cells. To overcome these limitations, we utilized single-cell mass cytometry (CyTOF) to investigate individual cell 
responses to AgNP-induced stress, combined with a 3D alveolar tetra-culture model designed to better reflect the 
complexity of biological systems. Single-cell mass cytometry of a 3D alveolar model revealed heterogeneous, cell type–
specific responses to AgNP exposure. Specifically, PMA-differentiated THP-1, A549 and EA.hy926 cells exhibited high AgNP 
association but limited cytotoxicity, indicating activation of stress-mitigation pathways, while THP-1 cells showed early 
inflammatory activation despite minimal AgNP association, suggesting indirect mechanism. Single-cell analysis and FlowSOM 
clustering revealed distinct subpopulations exhibiting diverse intracellular signaling profiles of inflammatory cytokines, anti-
inflammatory mediators, and stress-response proteins, which unveiled common cellular responses and unique cell-type 
specific pathways determining cell fate (survival, transitional states, or apoptosis) upon AgNP exposure. This study 
introduces a novel framework for studying heterogeneous interactions of nanoparticles with complex biological system by 
integrating 3D alveolar tetra-culture model with single-cell mass cytometry analysis, enabling the dissection of nanoparticle-
induced stress responses at an unprecedented level of detail. These insights have broad implications for nanotoxicology and 
nanomedicine, underscoring the need to account for cellular heterogeneity when evaluating nanoparticle-induced toxicity.

Introduction

Nanoparticles (NPs) have been extensively applied in 
biomedical applications, environmental systems, and industrial 
processes, including drug delivery, diagnostic imaging, and 
catalysis.1–3 Among them, silver nanoparticles (AgNPs) are 
widely studied because of their potent antimicrobial properties 
and broad applications in biomedical and consumer products.4–7 
However, their interactions with biological systems are not fully 
understood, particularly in the context of cellular 
heterogeneity.8–10 While AgNPs have been reported to induce 

oxidative stress, inflammatory responses, and apoptosis,11,12 the 
extent to which these pathways vary at the single-cell level is 
often oversimplified. Most toxicity studies rely on bulk-level 
measurements that obscure cell-to-cell variability, failing to 
capture how individual cells respond to nanoparticle-induced 
stress.13,14 Given this inherent heterogeneity, single-cell 
approaches are needed to characterize nanoparticle-induced 
stress responses at the level of individual cells.

Single-cell analysis techniques have emerged as powerful 
tools to address these challenges, enabling high-resolution 
characterization of cellular stress responses. While single-cell 
RNA sequencing (scRNA-seq) has been employed to 
characterize cellular heterogeneity, its ability to quantify 
nanoparticle association at the single-cell level is limited. Flow 
cytometry, another single-cell method, allows for 
multiparametric analysis of intracellular markers but is 
constrained by spectral overlap, which limits the number of 
markers that can be analyzed simultaneously.10,15–17 Whereas 
scRNA-seq profiles more than thousands of transcripts in each 
cell, mass cytometry (CyTOF) focus on proteome—
simultaneously measuring roughly 40–60 metal-tagged surface 
and intracellular proteins, including diverse post-translational 
modifications—as well as the quantification of cellular dose of 
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nanoparticles. Used together, these platforms provide 
complementary insight into how nanoparticle dosing shapes 
cell-type-specific outcomes such as survival or apoptosis.18,19

Despite the molecular-level insights offered by single-cell 
analysis, conventional in vitro models—particularly two-
dimensional (2D) monolayer cultures—fail to capture the 
structural complexity and diffusion dynamics present in vivo.20–

22 2D culture models often assume uniform nanoparticle 
exposure across a homogenous cell population, neglecting the 
influence of cell-type-specific differences on nanoparticle 
interactions with cells. To overcome these limitations, 
researchers have increasingly adopted three-dimensional (3D) 
culture models to better replicate physiological conditions and 
tissue architecture.20–22 However, many existing 3D culture 
studies have analyzed only a subset of cell types without 
employing gating strategies to distinguish and assess individual 
populations. While a few recent studies have begun to apply 
flow-cytometric gating in 3D culture models,23 these 
approaches have not yet, to our knowledge, been extended to 
high-dimensional mass cytometry. Similarly, most analyses 
assume uniform nanoparticle distribution, overlooking the 
heterogeneous exposure patterns present in multicellular 
systems.24

In this study, we used 3D alveolar tetra-culture model,21 to 
more accurately mimic the alveolar microenvironment, 
incorporating multiple cell types with distinct spatial 
distributions. Unlike prior approaches that treat the cellular 
environment as uniform, this model replicates in vivo-like 
exposure scenarios where epithelial, endothelial, and immune 
cells experience different nanoparticle interactions.12,25 By 
integrating nanoparticle diffusion, stress adaptation, 
inflammatory signaling, and apoptosis, this model provides a 
mechanistic framework for dissecting nanoparticle-induced 
cytotoxicity.

We employed mass cytometry combined with hierarchical 
clustering to profile subpopulation-level responses. Previous 
studies have identified immune cell populations that respond to 
nanoparticle exposure,9,26 but they have not systematically 
linked specific cellular subpopulations to distinct stress 
response pathways and fate decisions. This study bridges this 
gap, providing a more detailed, mechanistic view of AgNP-
induced cellular heterogeneity at single-cell resolution. This 
approach enables us to determine how different cell 
subpopulations engage common and unique responses, 
uncovering how intracellular signaling dynamics dictate survival 
or apoptosis upon nanoparticle exposure.

By systematically mapping nanoparticle-induced 
heterogeneity at single-cell resolution, this study not only 
enhances our understanding of AgNP cytotoxicity but also 
introduces a novel framework for evaluating nanoparticle 
safety under physiologically relevant conditions. These findings 
have broad implications for nanotoxicology and nanomedicine, 
where accounting for inter- and intracellular variability is crucial 
for predicting real-world biological responses.

Experimental
Cell culture

Human umbilical vein-derived endothelial EA.hy926 cells (ATCC, 
Cat. No. CRL-2922, USA), human alveolar epithelial A549 cells 
(Korean Cell Line Bank, Cat. No. 10185, Korea), human 
monocytic THP-1 cells (Korea Cell Line Bank, Cat. No. 40202, 
Korea), and phorbol myristate acetate (PMA)-differentiated 
THP-1 cells were cultured to model the alveolar barrier. 
EA.hy926 and A549 cells were maintained in Dulbecco’s 
Modified Eagle Medium (DMEM; Gibco, Cat. No. 61965) 
supplemented with 10% fetal bovine serum (FBS; Gibco, Cat. 
No. 16000-044, USA) and 1% penicillin-streptomycin (Pen-
Strep; Gibco, Cat. No. 15140-122), while THP-1 cells were 
cultured in RPMI-1640 (GenDEPOT, Cat. No. CM058-050, USA) 
supplemented with 10% FBS and 1% Pen-Strep. To include both 
monocytic and macrophage-like THP-1 cells, a portion of the 
THP-1 cells were differentiated into macrophages by treatment 
with 100 nM PMA (Sigma Aldrich, Cat. No. P1585, USA). The 
culture medium was replaced with fresh medium for 2 days, and 
cells were incubated for an additional 4 days.

3D alveolar tetra-culture model setup

The 3D alveolar model was established to mimic the human 
alveolar barrier.21 A 6-well insert (cellQART, SABEU GmbH & Co. 
KG, Germany; Cat. No. 9305012; 5 μm pore size, PET membrane) 
was used to separate the apical and basolateral compartments, 
enabling the precise seeding of distinct cell types. The cells 
positioned in the apical compartment simulated the airway-
facing surface, whereas those in the basolateral compartment, 
which was exposed to culture medium, represented the 
underlying tissue environment. To establish the alveolar barrier, 
EA.hy926 cells were seeded onto inverted inserts at a density of 
1.8 × 10⁵ cells/mL and allowed to attach for 4 hours, ensuring 
their adhesion to the basolateral surface. The inserts were then 
returned to their upright orientation, and A549 cells were 
seeded onto the newly exposed surface at a density of 1.4 × 10⁵ 
cells/mL, corresponding to the apical compartment. Following a 
3-day incubation period to facilitate barrier formation, THP-1 
cells were added to the basolateral compartment at 1 × 10⁶ 
cells/mL, while PMA-differentiated THP-1 cells were seeded 
into the apical compartment at 1.6 × 10⁵ cells/mL to simulate 
the presence of the immune system in the alveolar 
microenvironment. After a 4-hour attachment period, the 
medium in the apical compartment was removed to establish 
air‒liquid interface (ALI) conditions. The final model setup, 
along with the sample preparation and data acquisition 
workflow, is illustrated in Fig. 1.

Silver nanoparticles

The silver nanoparticles (AgNPs) used in this study were 10 nm 
silver nanospheres (nanoComposix, Cat. No. AGCB10-1M, USA), 
stabilized with sodium citrate dihydrate. The stock suspension 
was provided in aqueous solution at a silver mass concentration 
of 1.05 mg/mL. To ensure physiologically relevant 
interpretation of nanoparticle interactions, the AgNPs were 
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comprehensively characterized in line with the GUIDEnano 
quality assessment framework27 and previous studies 
highlighting the importance of high-quality physicochemical 
data.28 Their physicochemical properties are presented in ESI† 
Methods, Fig. S1, S2 and Table S1, S4, S5.

Silver nanoparticle exposure

To model inhalation exposure, AgNPs were applied directly onto 
the apical compartment, simulating nanoparticle deposition 
onto the alveolar epithelium. The stock suspension was 
sonicated in an ultrasonic bath (SD-300H, Seongdong Ultrasonic 
Co., Korea) for 1 minute, then diluted in culture medium to a 
final concentration of 2 μg/mL. This corresponds to 
approximately 0.44 µg/cm² on the insert surface, which lies 
within the physiologically relevant doses (0.05–5 µg/cm²) 
reported in prior models.29 This dose with an exposure time of 

24 hours have been shown to induce oxidative stress and 
inflammatory gene responses (HMOX-1, NF-κB) without overt 
cytotoxicity.29 The suspension was vortexed to ensure uniform 
dispersion before application. Control wells received particle-
free medium as a negative control. After 24 hours of exposure, 
THP-1 suspension cells were collected from the supernatant. 
Adherent cells (A549, EA.hy926, and PMA-differentiated THP-1) 
were washed 2 times with Dulbecco’s phosphate-buffered 
saline (DPBS; Welgene, Cat. No. LB001-02, Korea) to remove 
residual nanoparticles before being detached with 0.25% 
Trypsin-EDTA (Gibco, Cat. No. 25200056, USA). The cells were 
incubated at 37°C for 5 minutes with Trypsin-EDTA and 
collected by centrifugation at 200 × g for 5 minutes at room 
temperature (RT). The supernatant was discarded, and the 
resulting cell pellet was prepared for downstream analysis.

Fig. 1 Experimental and data analysis workflow for AgNP responses in a 3D alveolar model.
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Sample preparation for mass cytometry

The suspension and adherent cell populations were processed 
independently throughout all the preparation steps including 
fixation, staining, and antibody labeling. The cell pellet was 
resuspended in 2 mL of DPBS and washed twice to remove 
residual media and reagents. The cells were stained with 
cisplatin (Standard BioTools Inc., Cat. No. 201064, USA) to 
assess cell viability. The cells were then incubated with a 
cocktail of metal-tagged antibodies targeting surface markers 
for 30 minutes at RT. After staining, the cells were fixed with 
1.6% paraformaldehyde (Electron Microscopy Sciences, Cat. No. 
15710, USA) in DPBS for 20 minutes at RT. Phosphoprotein and 
cell cycle markers were then applied following the Maxpar 
Phosphoprotein Staining with Fresh Fix Protocol (Standard 
BioTools Inc., USA). The specific markers used, all purchased 
from Standard BioTools Inc., USA, are listed in Table S2†. Finally, 
the cells were stained with Cell-ID Intercalator-Ir (1:1000 in 
DPBS; Standard BioTools Inc., USA) for nuclear DNA labeling and 
stored at 4°C until acquisition.

Mass cytometry data acquisition

Mass cytometry was performed using a HeliosTM mass 
cytometer (Standard BioTools Inc., USA), equipped with a high-
throughput sample introduction system to optimize the data 
acquisition efficiency. Prior to sample acquisition, instrument 
calibration was performed using EQTM calibration beads 
(Standard BioTools Inc., Cat. No. 201078, USA). Each sample was 
rewashed and diluted in cell acquisition solution (Standard 
BioTools Inc., Cat. No. 201240, USA) to a concentration of 
approximately 1 × 106 cells/mL. Immediately before analysis, 
the cells were filtered through strainer-capped tubes to prevent 
clogging. Finally, the samples were introduced to a HeliosTM 
mass cytometer and data were acquired. Three independently 
prepared samples were analyzed to assess reproducibility 
across biological replicates.

Data analysis

As outlined in Fig. 1, the data analysis pipeline consisted of 
preprocessing and downstream analysis to characterize AgNP-
induced cellular responses. The mass cytometry data were 
normalized using CyTOF software (v7.0.5189, Standard BioTools 
Inc., USA) according to the manufacturer’s recommendations. 
Preprocessing included variance-stabilizing transformation via 
the inverse hyperbolic sine (arcsinh) function, ensuring 
consistent marker intensity scaling. To ensure data quality, non-
bead and singlet events were manually gated in FlowJo 
(v10.10.0, FlowJo LLC, USA). Manual gating was also used to 
distinguish four cell populations—PMA-differentiated THP-1, 
A549, EA.hy926, and THP-1 cells (Fig. S3†). Cell type proportions 
were calculated based on cell counts and normalized to 100% 
per sample (Table S3†). To investigate single-cell variability in 
AgNP responses, Uniform Manifold Approximation and 
Projection (UMAP) was applied to visualize subpopulation 
distributions and AgNP association trends across over 100,000 

single-cell events. The quantification of AgNP association was 
performed using calibrated ion standards, with Transport 
Efficiency (TE) calculations ensuring accurate single-cell metal 
quantification. To identify functionally distinct subpopulations, 
Flow Self-Organizing Map (FlowSOM), a clustering algorithm 
that integrates hierarchical relationships, was employed to 
identify cellular subpopulations. While key phenotypic 
parameters such as AgNP association, cell viability, and cell-type 
distribution were evaluated across three independent 
biological replicates (Fig. S4†), the UMAP and FlowSOM 
analyses shown in Fig. 3 were derived from a single 
representative sample, selected based on its high cell yield. To 
compare marker expression patterns between FlowSOM 
clusters, heatmaps were generated in R (v4.4.0, R Core Team, 
Austria) using the ComplexHeatmap package (v2.20.0). These 
analytical methods collectively allow high-resolution profiling of 
shared and unique regulatory pathways governing the 
inflammation response, stress adaptation, and apoptosis across 
different cell types.

Statistical Analysis

All analyses were conducted in R 4.4.0. Reproducibility of 
FlowSOM metacluster profiles across biological replicates was 
assessed by computing pairwise Spearman’s rank correlation 
coefficients of Z-scored marker means in stats package (v4.4.0) 
and visualized with corrplot package (v0.95). Cell-type 
dependence of fate distributions was evaluated by Fisher’s 
exact test to confirm significant differences in fate composition 
across cell types.

Results and discussion

Cell type-specific AgNP association and cytotoxicity in a 3D alveolar 
model

To elucidate the distinct phenotypes of individual cells within 
the 3D alveolar model, UMAP was employed to visualize cellular 
heterogeneity at single-cell resolution. Using the manual-gating 
strategy described in Fig. S3†, four distinct cell types comprising 
the model—PMA-differentiated THP-1, A549, EA.hy926, and 
THP-1—were distinguished and overlaid in UMAP. To capture 
cell type-specific characteristics based on surface markers and 
cell states, we used UMAP with six surface markers, three cell 
cycle markers, and a viability marker (Table S2†). By grouping 
cells with similar characteristics, UMAP facilitates the 
visualization of high-dimensional mass cytometry data. 
Overlaying manually gated cells onto the UMAP plot showed 
four distinct cellular regions, where green, orange, blue, and red 
correspond to the manually gated cell types (A549, EA.hy926, 
THP-1, and PMA-differentiated THP-1, respectively) as shown in 
Fig. 2a. Notably, PMA-differentiated THP-1 and THP-1 cells 
formed spatially proximate clusters, reflecting their phenotypic 
similarity.30

To explore the variability in AgNP association and cytotoxicity 
across distinct cell types within the 3D alveolar model, we 
performed qualitative comparisons between negative control 
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(NC) and AgNP-treated (AgNPs) samples. Cytotoxicity was 
represented by cisplatin intensity. Given that cisplatin 
penetrates cells with compromised membrane integrity, higher 
cisplatin intensity indicates reduced cell viability.31,32 UMAP 
plots overlaid with 107Ag and cisplatin intensity revealed distinct 
patterns of AgNP association and cytotoxicity among different 
cell types as shown in Fig. 2b. High levels of 107Ag (represented 
by red regions) were observed in PMA-differentiated THP-1, 
A549, and EA.hy926 cells, which are in the apical compartment 
of the insert and are thus directly exposed to nanoparticles. In 
contrast, THP-1 cells, located in the basolateral compartment, 
showed relatively low AgNP association (blue regions), likely 
due to limited nanoparticle penetration through the epithelial-
endothelial barrier formed on the insert.

Although THP-1 cells exhibited low AgNP association, they 
showed high cisplatin uptake, suggesting that their cytotoxicity 
may not solely depend on direct association of AgNPs. Instead, 
this increased toxicity could result from indirect inflammatory 
signaling, as THP-1 cells are highly sensitive to stress mediators 
released by neighboring cells,33,34 or from Ag+ ion-mediated 
toxicity. As AgNPs can release Ag+ ions upon dissolution, these 
ions may diffuse across compartments and induce cytotoxic 
effects in THP-1 cells independent of direct nanoparticle 
association. Indeed, previous studies have shown that AgNPs 
release Ag+ in serum-containing media and that silver can be 
detected in basolateral compartments in similar models, 
although the exact chemical form of the translocated species 
remains unsolved.35,36 To address this, it is necessary to conduct 
further investigations that measure Ag⁺ concentrations and 
evaluate their impacts within the apical and basolateral 

compartments. Within the THP-1 population, the 
subpopulations displayed varying degrees of sensitivity to 
AgNP-induced stress, as indicated by differential cisplatin 
uptake intensities. While some THP-1 cells were highly reactive 
and exhibited significant stress responses, others remained 
relatively resistant to AgNP-induced damage. In contrast, A549, 
EA.hy926, and PMA-differentiated THP-1 cells demonstrated a 
greater capacity to maintain viability despite AgNP exposure, 
exhibiting lower cisplatin uptake levels. This observation 
indicates that these cell types may engage in cellular repair or 
survival mechanisms, mitigating the cytotoxic effects of 
AgNPs.37–39

Box plots (shown in Fig. 2c) were generated to quantitatively 
compare AgNP association and cisplatin uptake among different 
cell types in the 3D alveolar model, complementing the 
qualitative data shown in Fig 2b. The analysis revealed distinct 
variations in AgNP association and cytotoxicity among cell types, 
further supporting the observations from UMAP plots. THP-1 
cells exhibited the lowest AgNP association, with a mean value 
of 32.1 femtograms per cell, which aligns with the qualitative 
findings from the UMAP plots. However, the interquartile range 
(25th to 75th percentile) of cisplatin intensities within THP-1 
cells (116.5 to 1647.1) suggests that subpopulations have 
differential sensitivity to nanoparticle-induced stress, 
potentially driven by indirect inflammatory signaling.33,34

In contrast, A549 and EA.hy926 cells showed significantly 
higher AgNP association, with mean values of 421.9 and 392.1 
fg/cell, respectively, approximately 12-fold greater than those 
of THP-1 cells. Despite this high AgNP association, most A549 
and EA.hy926 cells maintained membrane integrity and 

Fig. 2 Overview of AgNP association and cytotoxicity across different cell types. (a) UMAP plots displaying manually gated cell types, color-coded as follows: A549 (green), EA.hy926 
(orange), THP-1 (blue), and PMA-differentiated THP-1 (red; labeled PMA_THP-1). Distinct cellular phenotypes are identified based on surface marker and cell cycle marker expression. 
(b) Qualitative comparison of AgNP association and cisplatin uptake across different cell types. The UMAP plots show a comparison between the negative control (NC) and AgNP-
treated samples, highlighting differences in nanoparticle association and cisplatin uptake. The color scales represent the intensity levels (low: blue; high: red) of Ag and cisplatin. (c) 
Quantitative analysis of AgNP association and cisplatin uptake supporting qualitative observations. Box plots comparing AgNP association (fg/cell) and cisplatin uptake across 
manually gated cell types, quantified using single-cell dual isotope counts of 107Ag and cisplatin intensity from mass cytometry data. Data were obtained from a single experimental 
run, and each data point represents an individual cell. Boxes represent the interquartile range (25th–75th percentile), with whiskers extending to 1.5 × IQR; outliers were excluded 
from visualization.
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exhibited relatively low cisplatin uptake, suggesting activation 
of stress mitigation pathways, such as ERK-mediated survival 
signaling or antioxidant defense mechanisms.40–42 PMA-
differentiated THP-1 cells, although representing a relatively 
small proportion of the population, displayed the highest AgNP 
association, with a mean value of 901.5 fg/cell. This elevated 
association aligns with their phagocytic nature, which facilitates 
enhanced nanoparticle association, and may also activate 
intracellular processing mechanisms that help regulate 
cytotoxic effects.31

The cells positioned within the apical compartment, which 
were directly exposed to AgNPs, exhibited greater resilience 
and maintained viability. These findings suggest that these cells 
may have developed adaptive mechanisms, such as 
upregulation of stress‒response proteins or efficient 
antioxidant pathways, to mitigate nanoparticle-induced 
cytotoxicity. In contrast, cells in the basolateral compartment, 
where direct exposure to nanoparticles was limited, exhibited 
higher cisplatin uptake, suggesting that indirect signaling 
mechanisms, rather than direct nanoparticle exposure, 
contributed to their cytotoxic responses.

Our findings reveal that cellular heterogeneity plays a critical 
role in understanding stress adaptation and apoptotic pathways 
in response to AgNP exposure. The extent of nanoparticle 
association and the cellular location within the 3D alveolar 
model influence these differential responses. This variability is 
driven by both intrinsic cellular mechanisms—such as activation 
of specific stress response pathways—and external signals from 
neighboring cells. These results underscore the importance of 
single-cell analysis in capturing the complexity of nanoparticle-
induced cytotoxicity.

Subpopulation-specific AgNP association and cytotoxicity in a 3D 
alveolar model

To further investigate the heterogeneity of cellular responses to 
AgNP exposure at the single-cell level, biaxial plots were 
generated to visualize the relationship between AgNP 
association and cytotoxicity. The FlowSOM clustering algorithm 
was applied to the manually gated cell types to distinguish 
cellular subpopulations within each cell type, leveraging distinct 
marker expression profiles to capture nuanced differences in 
stress responses. This analysis incorporated surface markers, 
cell cycle markers, intracellular markers, and a viability marker 
as clustering parameters. FlowSOM, utilizing a minimum-
spanning tree (MST) algorithm, revealed subpopulations of 
each cell type with distinct intracellular characteristics that 
were not distinguishable through manual gating.

The number of metaclusters for each cell type was 
determined through iterative FlowSOM clustering, with the 
optimal number selected based on consensus clustering 
stability,43 as visualized in the delta area plot (Fig. S5†). The 
number of metaclusters for THP-1 cells was set higher than the 
optimal value because of the pronounced heterogeneity 
observed in AgNP association and cisplatin uptake, ensuring a 
more precise representation of subpopulations. The 
hierarchical relationships identified between these FlowSOM 
metaclusters are visualized on the MST (Fig. S6†). Although the 
FlowSOM clustering results were obtained from a single 
representative sample, high pairwise Spearman correlations 
demonstrate consistent cluster profiles across biological 
replicates (Fig. S7†). Each biaxial plot in Fig. 3 displays these 

Fig. 3 FlowSOM clustering of manually gated cell types overlaid on AgNP association and cisplatin uptake plots. FlowSOM analysis was performed to identify distinct subpopulations 
within each cell type, revealing heterogeneity in cellular responses to AgNP exposure. Scatter plots illustrate the relationship between AgNP association (x-axis) and cisplatin intensity 
(y-axis), with each FlowSOM cluster overlaid to highlight distinct subpopulations. (a) PMA-differentiated THP-1 cells, grouped into four FlowSOM clusters (FS#P1 to FS#P4). (b) A549 
cells, grouped into six FlowSOM clusters (FS#A1 to FS#A6). (c) EA.hy926 cells, grouped into four FlowSOM clusters (FS#E1 to FS#E4). (d) THP-1 cells, grouped into eight FlowSOM 
clusters (FS#T1 to FS#T8).
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FlowSOM clusters overlaid on the distribution of AgNP 
association and cisplatin uptake for PMA-differentiated THP-1, 
A549, EA.hy926, and THP-1 cells.

In PMA-differentiated THP-1 cells, four FlowSOM clusters 
(FS#P1 to FS#P4) were identified, each displaying distinct stress 
response patterns. Despite their high AgNP association (Fig. 3a), 
FS#P1 and FS#P2 exhibited low cisplatin uptake, suggesting that 
these subpopulations engage mechanisms to preserve 
membrane integrity despite elevated nanoparticle association. 
These results align with previous reports on macrophage 
resilience to metal nanoparticle-induced oxidative stress.39

Similarly, six FlowSOM clusters (FS#A1 to FS#A6) were 
identified within the A549 population, and four clusters (FS#E1 
to FS#E4) were identified within the EA.hy926 population. 
Notably, FS#A3 and FS#E3 exhibited high cytotoxicity, whereas 
the other clusters displayed low cytotoxicity despite a wide 
range of AgNP association levels. These findings indicate that 
A549 and EA.hy926 subpopulations exhibit varying levels of 
susceptibility to AgNP-induced cytotoxicity, with some cells 
maintaining viability even at high levels of nanoparticle 
association.

In contrast, the THP-1 population demonstrated pronounced 
heterogeneity, with eight distinct clusters (FS#T1 to FS#T8). 
Among these, FS#T2, FS#T3, FS#T7, and FS#T8 exhibited high 
cytotoxicity, with cellular AgNP association ranging from low to 
high levels. This broad distribution suggests that THP-1 cells can 
exhibit significant stress responses even at relatively low 
nanoparticle association. This finding, when considered 
alongside the results from Fig. 2, suggests the possibility that 
THP-1 cells are more susceptible to indirect stress signaling, 
although further investigation is needed to confirm this 
hypothesis.

Interestingly, despite sharing similar cellular characteristics 
and spatial locations within the 3D alveolar model, different 
subpopulations within the same cell type exhibited distinct 
patterns of AgNP association and cisplatin uptake. This 
observation suggests that each subpopulation may follow 
different survival or apoptosis pathways, depending on its 
response to AgNP-induced stress. Notably, the high 
heterogeneity observed in THP-1 cells underscores their diverse 
stress responses, which can be revealed only through single-
cell-level analysis or intracellular signaling, demonstrating the 
importance of this approach in elucidating cellular 
heterogeneity.

Dissecting cluster-specific intracellular signaling pathways 
governing cellular responses to AgNP exposure

Exposure to AgNPs often induces both inflammatory and 
cytotoxic responses, necessitating an integrated analysis of 
stress adaptation, inflammation, and apoptosis mechanisms.12 
FlowSOM clustering was used to categorize cells based on 
intracellular marker expression, allowing for a high-resolution 
analysis of how different clusters respond to AgNP exposure. 
The heterogeneity of the subpopulations within FlowSOM 
metaclusters was visualized through a MST (Fig. S8†) showing 
the expression of stress, inflammatory, and apoptotic markers. 
The hierarchical relationships among these clusters were 
visualized using heatmaps (Fig. 4), which illustrate patterns of 
intracellular signaling and their varying levels of AgNP 
association. Heatmaps display the relative expression of key 
markers, including inflammatory cytokines (IL-6, TNF-α, and 
IFN-γ), an anti-inflammatory regulator (IL-4), an apoptotic 
marker (cleaved caspase-7), and intracellular stress response 
proteins (pERK1/2 and pBad), along with AgNP association 
(107Ag) and cytotoxicity (cisplatin). This analysis aimed to 

Fig. 4 Hierarchical relationship and intracellular marker expression across FlowSOM clusters. Heatmaps display the z-scored mean expression levels of key intracellular 
markers across FlowSOM clusters, including inflammatory cytokines (IL-6, TNF-α, and IFN-γ), an anti-inflammatory marker (IL-4), an apoptotic marker (cleaved caspase-
7), and intracellular signaling regulators (pERK1/2 and pBad). The expression levels were normalized within each cell type to highlight relative differences across 
metaclusters. Heatmaps are shown for PMA-differentiated THP-1 (FS#P1–FS#P4), A549 (FS#A1–FS#A6), EA.hy926 (FS#E1–FS#E4), and THP-1 (FS#T1–FS#T8) cells.
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uncover key intracellular mechanisms that regulate cell fate 
decisions between survival and apoptosis following AgNP 
exposure.

Among PMA-differentiated THP-1 cells, distinct clusters 
demonstrated contrasting responses depending on AgNP 
association and intracellular marker expression, highlighting the 
complex balance between inflammation and anti-inflammation. 
FS#P1 exhibited relatively high AgNP association but low 
expression of IL-6, TNF-α, IFN-γ, and pERK1/2, with elevated IL-
4 levels. These findings suggest that anti-inflammatory signaling 
mitigated excessive cellular stress, enabling cells to maintain 
low cytotoxicity despite nanoparticle exposure. These findings 
align with previous findings that certain AgNP formulations 
selectively suppress TNF-α and IL-6 expression in macrophages. 
12 Additionally, previous studies have suggested that 
nanoparticle association may enhance macrophage survival by 
inhibiting apoptosis through lysosomal signaling, without 
triggering pro-inflammatory effects.12,39 FS#P2 exhibited a 
transitional apoptotic state, characterized by elevated TNF-α, 
IFN-γ, pERK1/2, and pBad expression while maintaining 
relatively low cisplatin uptake. The concurrent activation of 
cleaved caspase-7 suggested that these cells had entered the 
intrinsic apoptosis pathway while preserving membrane 
integrity, positioning them at the boundary between survival 
and apoptosis.44 Conversely, FS#P4 showed a complete 
transition to apoptosis, with high expression of IL-6, TNF-α, IFN-
γ, pERK1/2, and pBad, ultimately driving cell death. These 
findings suggest that the combined activation of inflammatory 
signaling and intracellular stress responses may contribute to 
cell death. Similar to previous reports, AgNP exposure induces 
inflammatory cytokine upregulation and oxidative stress in 
macrophages, potentially leading to apoptosis through NF-κB 
and MAPK pathways.45,46

A549 cells, despite their epithelial barrier nature, exhibited 
varying responses to AgNP exposure. FS#A2 and FS#A6 
maintained low expression of all the markers, including 
pERK1/2, despite high AgNP association, resulting in low 
cytotoxicity. These findings suggest that reduced ERK pathway 
activation may have allowed these cells to tolerate 
nanoparticle-induced stress without progressing to apoptosis, 
potentially reflecting their epithelial barrier function.12 FS#A3, 
however, displayed moderate pBad expression and increased 
cytotoxicity, suggesting that while pBad typically supports 
survival, excessive stress can override its protective function, 
leading to membrane damage.47 This observation suggests that 
cytotoxicity may have been driven by alternative, dominant cell-
death pathways such as endoplasmic reticulum (ER) stress. For 
example, ER stress can induce transcriptional changes via the 
CHOP pathway that shift the balance of Bcl-2 family proteins 
toward apoptosis.48,49 These mechanisms offer an explanation 
for the observed membrane damage despite moderate pBad 
expression. FS#A5, which exhibited high IFN-γ and IL-4 
expression, maintained low cytotoxicity, suggesting that the 
anti-inflammatory effect of IL-4 counterbalanced IFN-γ-induced 
inflammation. However, cleaved caspase-7 expression 
indicated that these cells had begun transitioning toward 
apoptosis. Notably, FS#A1 and FS#A4 showed similar marker 

profiles to FS#P2 (THP-1), all of which exhibited high cleaved 
caspase-7 expression while maintaining low cisplatin uptake. 
These findings suggest that although A549 and PMA-
differentiated THP-1 cells differ in their biological functions, 
they can activate comparable apoptotic signaling pathways 
under specific AgNP exposure conditions.

Compared with other cell types, EA.hy926 cells showed 
unique inflammatory responses. FS#E3 displayed high IL-6 and 
TNF-α expression, leading to elevated cytotoxicity. Unlike A549 
and THP-1 cells, where apoptotic pathways are influenced by 
intracellular stress responses, endothelial cells are more 
susceptible to inflammation-induced cell death. These findings 
align with previous findings showing that TNF-α-mediated 
endothelial activation leads to increased vascular permeability 
and programmed cell death under oxidative stress conditions.50 
FS#E1 represented a mixed response characterized by the 
activation of both inflammatory and intracellular signaling 
pathways. The presence of high cleaved caspase-7 and low 
cytotoxicity indicate a transitional phase similar to that 
observed in other cell types.

THP-1 cells also exhibited distinct responses to AgNP 
exposure, ranging from stress adaptation and survival to 
progressive stages of cellular damage and death. FS#T6 
displayed pBad activation with suppressed inflammatory 
responses, enabling cells to endure high AgNP association 
without entering apoptosis. This cluster may represent a stress-
adapted phenotype capable of resisting nanoparticle-induced 
cytotoxicity. Notably, FS#T1 exhibited selective TNF-α 
expression with low expression of other markers and low 
cisplatin uptake, suggesting an early-stage inflammatory 
response unique to THP-1 cells. These findings suggest that 
monocyte-mediated immune activation precedes apoptosis,26 
potentially triggering a paracrine signaling that modulates the 
response of neighboring cells. FS#T2 and FS#T3 represented the 
advanced stages of cell death, with high cisplatin uptake but low 
expression of stress adaptation markers, indicating that 
accumulated damage had surpassed the repair capacity of the 
cells. Moreover, FS#T8 displayed high IL-4 expression alongside 
increased cisplatin uptake, suggesting that while IL-4 initially 
helped suppress inflammation, prolonged stress ultimately led 
to membrane damage and cell death.

Unraveling common and distinct intracellular signaling pathways in 
AgNP-mediated cell fate decisions

To systematically understand how AgNP exposure affects cell 
fate, we analyzed common and unique intracellular signaling 
patterns across all FlowSOM clusters. A general decision-making 
flow chart was constructed based on pathways that were 
shared by at least two different cell types, illustrating common 
responses rather than cell type-specific pathways, leading to 
survival, transitional states, or apoptosis (Fig. 5). In this context, 
we defined transitional states as cell clusters exhibiting 
apoptotic signals—such as caspase-7 activation or, under 
certain stress conditions, ERK pathway activation—while 
retaining membrane integrity, indicating that the cells remained 
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in a reversible, pre-apoptotic state without being fully 

committed to apoptosis.
The framework highlights key decision points, such as early 

inflammatory signaling and stress adaptation, which are 
associated with apoptotic or survival outcomes, although 
additional factors may influence final fate decisions. In addition 
to these common pathways, clusters that did not align with any 

commonly observed patterns were classified as undefined, 

indicating responses that appeared unique to a specific cell type. 
The presence of these undefined clusters suggests that 
additional regulatory factors, such as cell cycle state or 
alternative stress response pathways, could play a role in 
influencing cell fate.51,52 These undefined clusters, along with 
other clusters associated with cell survival, anti-inflammatory 

Fig. 5 Common flow chart illustrating AgNP-induced cellular fate decisions in the 3D alveolar model. This flow chart integrates observed patterns across all clusters, mapping the 
sequential pathways that determine cellular outcomes following AgNP exposure. Upon AgNP association, cells exhibit either a minimal response or TNF-α and IFN-γ-driven 
inflammatory signaling. Those capable of suppressing inflammation via IL-4 maintain homeostasis, while sustained inflammatory activation leads to cytotoxicity and apoptosis. When 
inflammation is not the primary driver, intracellular stress responses dictate cell fate, with ERK pathway activation or survival signaling leading to either a transitional state or 
apoptosis. If neither ERK pathway activation nor survival signaling predominates, stress adaptation occurs, resulting in cell survival.

Fig. 6 Bar graph showing the distribution of FlowSOM clusters by cell fate outcome. Fates include inflammation suppression, survival, transitional state, apoptosis, and undefined 
states. The proportion of clusters in an undefined state provides further insight into cell type-specific variability in fate decisions, reflecting the complexity of nanoparticle-induced 
stress responses.
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cell survival, transitional states, and apoptosis, are represented 
in the distribution of cell fate outcomes (Fig. 6).

A key observation from our analysis is that inflammatory 
signaling may play an important role in determining early cell 
fate following AgNP exposure. Clusters such as FS#A2, FS#A6, 
and FS#E4 exhibited minimal expression of pro-inflammatory 
markers (e.g., TNF-α and IFN-γ) despite relatively high AgNP 
association and maintained membrane integrity. Although 
further functional assays are needed to confirm whether 
reduced inflammation directly contributes to decreased 
cytotoxicity, this observation suggests that these 
subpopulations may resist nanoparticle-induced stress through 
intracellular adaptation mechanisms. In contrast, other clusters 
(e.g., FS#P2, FS#A4, FS#E1, and FS#T5) showed sustained 
inflammatory responses, which coincided with elevated levels 
of cleaved caspase-7. These results align with previous studies 
linking chronic inflammation and oxidative stress to activation 
of the intrinsic apoptotic pathway.36 Additionally, IL-4 
expression was observed in clusters such as FS#P1 and FS#A5, 
where low cisplatin uptake was also noted, suggesting that anti-
inflammatory signaling contributes to limiting inflammatory 
damage and promoting cell survival.

In other clusters, inflammation did not appear to be the 
dominant driver of cytotoxic outcomes. Instead, intracellular 
stress response pathways, particularly those involving pERK1/2 
and pBad, have been implicated in regulating cellular fate.41 For 
example, FS#P2 displayed activation of both pERK1/2 and pBad 
alongside low levels of cisplatin uptake, suggesting a 
transitional state characterized by early apoptotic signaling 
without full loss of membrane integrity. In contrast, FS#P4 and 
FS#T7 exhibited elevated expression of these stress markers 
together with increased cisplatin uptake, indicative of 
progression toward late-stage apoptosis involving membrane 
disruption. Taken together, these findings highlight the 
multifaceted nature of AgNP-induced stress responses, in which 
both inflammatory signaling and intracellular stress adaptation 
collectively shape divergent cell fate trajectories. 

We quantified the distribution of cell fate outcomes by 
classifying each FlowSOM cluster into inflammation 
suppression, survival, transitional, apoptosis, or undefined 
states. The resulting proportions are illustrated in the bar graph 
(Fig. 6). The results indicate statistically significant cell-type-
specific differences in fate outcomes (Fisher's exact test, p = 
0.0005). A549 and EA.hy926 cells exhibited a high proportion of 
transitional states, suggesting that these cells may enter a 
transient and reversible phase of stress signaling prior to 
committing to survival or apoptosis. This observation is 
consistent with previous findings showing that epithelial and 
endothelial cells exposed to nanoparticles often activate 
temporary survival mechanisms, such as ERK-mediated stress 
responses, before undergoing apoptosis.42 In contrast, THP-1 
cells displayed a high proportion of undefined states, which may 
reflect greater variability in stress responses or enhanced 
sensitivity to intercellular signaling cues. Supporting this 
interpretation, cell cycle analysis (Fig. S9†) revealed that most 
undefined clusters remained in the G0/G1/S phase. This finding 
highlights the need for further investigations incorporating cell 

cycle-specific markers (e.g., Ki-67 and cyclins) and stress 
regulators (e.g., p53, p21, and autophagy markers) to improve 
the classification of these unresolved states.

Conclusions
By employing a physiologically relevant 3D alveolar tetra-
culture model alongside multi-parametric single-cell mass 
cytometry, we revealed diverse cellular responses triggered by 
AgNPs. Our results indicate that nanoparticle-induced 
cytotoxicity is governed not only by the amount of cell 
associated nanoparticles but significantly by cell type and 
subpopulation dependent intracellular signaling pathways and 
intercellular communication. Notably, THP-1 cells exhibited 
inflammatory responses despite minimal direct nanoparticle 
uptake, suggesting that indirect or paracrine pathways play 
critical roles. Conversely, PMA-differentiated THP-1, A549 and 
EA.hy926 cells, despite higher nanoparticle association, showed 
notable resilience against AgNP-induced stress.

Hierarchical clustering analysis enabled us to further identify 
distinct cellular subpopulations with unique expression 
patterns of stress-related, inflammatory, and apoptotic 
markers. This comprehensive single-cell analysis captured a 
spectrum of responses from survival and intermediate states to 
apoptosis, highlighting substantial heterogeneity often 
overlooked by conventional bulk methods. By enabling the 
identification of sensitive cell phenotypes and early molecular 
stress responses, single-cell profiling provides mechanistic 
insights essential for hazard characterization. These high-
resolution data can support the development of adverse 
outcome pathways (AOPs), identification of cell-type-specific 
biomarkers. Such mechanistic profiling may facilitate grouping 
of nanomaterials by biological response similarity, thereby 
supporting their integration into regulatory frameworks—such 
as OECD read-across—by supplying direct evidence of cell-type-
specific vulnerabilities. 

However, further research is needed to validate these 
findings through longitudinal studies, including expanded 
antibody panels targeting a broader array of biological markers. 
Additionally, evaluating a wider variety of nanomaterials and 
standardizing data processing protocols will significantly 
enhance the practical applicability and adoption of this single-
cell analytical approach in nanotoxicology and safety 
assessment. 
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