
RESEARCH ARTICLE
www.advmat.de

Nanoplastics: Immune Impact, Detection, and
Internalization after Human Blood Exposure by Single-Cell
Mass Cytometry

Laura Fusco, Arianna Gazzi, Linda Giro, Roman B. Schefer, Sènan Mickael D’Almeida,
Roberta Cagliani, Martina Zoccheddu, Recep Uyar, Ömur Besbinar, Doğantan Çelik,
Acelya Yilmazer,* Denise M. Mitrano, Marco Orecchioni,* and Lucia Gemma Delogu*

The increasing exposure to nanoplastics (NPs) raises significant concerns
for human health, primarily due to their potential bioaccumulative properties.
While NPs have recently been detected in human blood, their interactions with
specific immune cell subtypes and their impact on immune regulation remain
unclear. In this proof-of-concept study, model palladium-doped polystyrene
NPs (PS-Pd NPs) are utilized to enable single-cell mass cytometry (CyTOF)
detection. The size-dependent impact of carboxylate polystyrene NPs (50–200
nm) is investigated across 15 primary immune cell subpopulations using
CyTOF. By taking advantage of Pd-doping for detecting PS-Pd NPs, this work
evaluates their impact on human immune-cells at the single-cell level following
blood exposure. This work traces PS-Pd NPs in 37 primary immune-cell
subpopulations from human blood, quantifying the palladium atom
count per cell by CyTOF while simultaneously assessing the impact of PS-Pd
NPs on cell viability, functionality, and uptake. These results demonstrate that
NPs can interact with, interfere with, and translocate into several immune
cell subpopulations after exposure. In vivo distribution experiments in mice
further confirmed their accumulation in immune cells within the liver, blood,
and spleen, particularly in monocytes, macrophages, and dendritic cells. These
findings provide valuable insights into the impact of NPs on human health.
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1. Introduction

The worldwide plastic waste generation
has increased exponentially in the last 50
years,[1–3] resulting in the ubiquitous dis-
tribution of plastic debris through environ-
mental transport and deposition.[4–8] These
plastic items undergo fragmentation, lead-
ing to the unintentional formation of mi-
croplastics and nanoplastics (NPs smaller
than 1 μm in diameter).[9–11] Due to their
persistence, their presence in the environ-
ment is becoming a global problem that
may impact human health in a variety of
ways.[12–14] In the last years, a large amount
of literature has reported the impact of
NPs on various ecosystems,[15–18] as well as
their abundance in drinking water,[19] ur-
ban air,[20,21] and food.[22–24] Recently, NPs
were found in the human bloodstream.[25]

Since the immune system controls the
susceptibility to foreign molecules, under-
standing its perturbations is a fundamental
step for the toxicological evaluation of NPs.
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Considering the variability of the results obtained in animal
models[26] and the lack of the translational impact of in vitro stud-
ies (performed in mouse or human immortalized cell lines),[27–29]

the interaction of NPs with primary human immune cells and
their potential immunotoxicity after blood contamination is still
unknown.[30] In particular, it remains to be elucidated whether
they are carried by specific immune cell types and potentially
affect immune regulation, which could enhance the predispo-
sition to diseases with an immunological base. In addition, so
far, only limited in vitro studies on plastic pollutants inves-
tigating the effect elicited by micro and nano-sized particles
have been carried out, preventing conclusions on size-dependent
effects.[28,29,31] According to a recent publication, PS microplas-
tics with diameters ranging from 10 to 100 μm did not exhibit
significant toxicity to human immune cells at a concentration of
500 μg mL−1.[32]

To evaluate the effects of NPs and the risks to human health,
it is essential to understand their fate in biological systems.[33]

To date, different studies have aimed at assessing the effects
and biodistribution of PS NPs using Raman imaging[34] or incor-
porating isotopes[35,36] and fluorescent tracers in the NPs.[37–42]

However, these techniques do not allow the simultaneous detec-
tion of multiple cell types and parameters along with the NPs. In
addition, fluorescent labeling and imaging suffer different draw-
backs. The background fluorescence that most organisms have
and the quenching of fluorescent signals in harsh conditions
may affect the sensitivity and accuracy of detection.[43] More-
over, recently published studies demonstrated that dye could
leach from NPs and reach biological tissue without plastic, lead-
ing to misinterpretations of the results.[44,45] To overcome this
limitation in NP tracking, model metal-doped NPs containing
palladium (Pd) were reported to allow NP detection via induc-
tively coupled plasma mass spectrometry (ICP-MS) with high
sensitivity and specificity.[43,46–50] However, a strategy to simul-
taneously detect NPs while revealing their impact and interac-
tion with the complexity of human immune cells on 30 differ-
ent subpopulations is still missing.[51] In particular, it has re-
cently been demonstrated that plastic particles are bioavailable
for uptake into the human bloodstream from environmental
exposure[25] by applying chromatography/mass spectrometry to
measure plastic particles ≥700 nm in human whole blood. Fol-
lowing blood exposure, plastic particles exert toxic effects and
interfere with the immune cells present in the bloodstream.
However, understanding the associated hazards of such expo-
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sure is still required to determine the possible public health
risk.

To shed light on this aspect, here, we used carboxylate
polystyrene nanoparticles (PS NPs), with diameters ranging from
50 to 200 nm, to evaluate the size-dependent impact of NPs
on fifteen primary human immune cells. Moreover, we studied
their effects after blood exposure by single-cell mass cytometry
(CyTOF),[52] a crucial and innovative technology to decipher the
biological impact of various agents in depth.[53–58] We introduced
the use of CyTOF to assess the impact of NPs on immune cells
and detect if and to what extent they can be localized in the
different PBMC subpopulations. We exploited model Pd-doped
polystyrene NPs (PS-Pd),[46] which we previously designed for
excellent NP tracking,[46,51] to enable Pd detection by using the
metal as a proxy for the plastic. In this context, we applied our
recently introduced LINKED approach[58] to study the NP’s im-
pact on human health. By taking advantage of single-cell mass
cytometry, we deepened our understanding of the effects of NPs
on 30 different primary immune cell subpopulations from hu-
man whole blood by quantifying the number of Pd atoms per
cell by CyTOF and interrogating several biological parameters.
Our study gives a broad view of NP effects on cell viability, func-
tionality, and cell uptake on whole blood immune subpopulations
by CyTOF (Figure 1).

2. Results and Discussion

2.1. Nanoplastic Characterization

We employed two model NPs, namely PS NPs of different sizes
purchased by Polysciences GmbH and PS-Pd NPs. We synthe-
sized the latter according to our published procedures[46] and
conducted a thorough physicochemical characterization of PS-
Pd NPs. As shown in Figure S1a, Supporting Information, the
particles had an average size of 210 nm ± 26 nm and had a
smooth surface (Figure S1b, Supporting Information). As par-
ticle size is integral to the potential for particle uptake and in-
teraction with cells, both PS NPs and PS-Pd NPs (500 μg mL−1)
were incubated at 37 °C in water or RPMI 1640 culture media
supplemented with 10% fetal bovine serum (FBS) to assess ag-
glomeration over the exposure period. The evaluation was carried
out utilizing Dynamic Light Scattering (DLS), interpreting alter-
ations in hydrodynamic diameter and polydispersity index (PDI)
(Figure S1c, Supporting Information). We observed no signifi-
cant changes in particle diameter and PDI after 24 h incubation
in water and RPMI 1640 media. However, incubation in RPMI
1640 media (at 0 h and 24 h) resulted in an elevated PDI of the PS-
Pd NPs compared to incubation in water. The increased PDI in
RPMI 1640 media suggests a greater size distribution, potentially
indicating agglomeration. However, considering the consistent
hydrodynamic diameter and the relatively low PDI value (PDI of
0.23), we anticipate that the main size fraction of PS-Pd NPs re-
mains unaltered in RPMI 1640 media.

2.2. PS-NPs Exert a Size-Dependent Impact on PBMC Viability
and Functionality

Following human exposure, NPs could affect immune cells
by triggering an inflammatory response, leading to chronic

Adv. Mater. 2024, 2413413 2413413 (2 of 18) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202413413 by A
nkara U

niversity L
ibrary, W

iley O
nline L

ibrary on [27/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadma.202413413&mode=


www.advancedsciencenews.com www.advmat.de

Figure 1. Workflow of the study. Study workflow showing the biological characterization of 50 to 200-nm polystyrene nanoplastics (PS NPs) and metal-
doped polystyrene nanoplastics (PS-Pd NPs shell) on peripheral blood mononuclear cells and whole blood. We assessed NP impact on up to 30 human
blood immune cell types by single-cell mass cytometry (CyTOF) ex vivo. Evaluation of cell viability, cell functionality, and NP uptake by CyTOF was
performed.
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Figure 2. Cell viability and functional characterization of peripheral blood mononuclear cell subpopulations at the single-cell level. a) Cell viability staining
analysis by flow cytometry and CyTOF. PBMCs were treated with 50–200 nm PS NPs (12.5, 25, 50, and 100 μg mL−1) for 24 h or left untreated (Ctrl). EtOH
70% was used as a positive control to induce cell death. PBMCs were stained with Fixable Viability Staining 780. The histogram shows the percentage
of positive live cells. b) The viSNE analysis clusterization reports the single-cell subpopulation identified from PBMCs. Immune cell cluster morphology
plots after treatment with each NPL are reported. c) Heat map of LD mean marker expression ratio for all gated immune subpopulations. d) Histograms
of cisplatin mean marker expression ratio for gated T cell, monocyte, dendritic cell, NK cell, and B cell subpopulations. e-g) Cell activation staining
analysis by flow cytometry. Cells were treated with 50 μg mL−1 PS NPs 50 nm, PS NPs 100 nm, and PS NPs 200 nm for 24 h or left untreated (Ctrl).
LPS (2 μg mL−1) was used as a positive control. PBMCs were stained with CD25-PE and CD69-PE-Cy7, and cell activation was evaluated and expressed
as a percentage of total cell number. e) Representative flow cytometric analysis for CD25-PE and CD69-PE-Cy7 staining in PBMCs. f,g) Cell activation
is evaluated using CD25-PE staining in either T cells or monocytes and expressed as a percentage of the total cell number. Data are presented as the
mean ± standard deviation (SD) of three independent samples. Statistical significance was determined using two-way ANOVA with Tukey’s multiple
comparison test between treated and untreated (Ctrl) groups. The significance levels are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001. Heatmaps were generated on the concatenated files.

inflammation and immune dysregulation.[43] Additionally, NPs
may interfere with immune cell activities such as phagocytosis
and cytokine release,[59] compromising the ability of the immune
system to fight pathogens. It has been demonstrated that NP size
can play an important role in determining their toxic effects.[60,61]

Therefore, we initially evaluated the biocompatibility of PS NPs
with different sizes (50, 100, and 200 nm) on human immune
cells ex vivo. Peripheral blood mononuclear cells (PBMCs) were
treated with different concentrations (12.5–100 μg mL−1) of PS
NPs for 24 h. After incubation, we evaluated total PBMC apopto-
sis and necrosis by flow cytometry. Even at the highest concen-
tration (100 μg mL−1), no significant loss of cell viability was ob-
served compared to the negative control, regardless of the particle
size (Figures 2a and S2, Supporting Information).

To discern the effects of NPs on a wide variety of immune cell
subpopulations, we selected the intermediate concentration of
50 μg mL−1. We evaluated the impacts of PS NPs (50, 100, and
200 nm) by the CyTOF technology after treatment of PBMCs for

24 h. EtOH 70% was used as a positive control. First, we ana-
lyzed eleven clusters of differentiation markers (CDs) present on
cell surfaces (i.e., CD3, CD4, CD8a, CD19, CD14, CD16, CD11c,
CD123, CD45RA, CD27, and HLADR) to dissect fifteen signifi-
cant CD45+ immune cell populations with their relative immune
subsets: T helper cells (Th cells), naive Th, effector Th, memory
Th, activated Th cells, cytotoxic T cells (CT cells), naive CT, ef-
fector CT, memory CT, activated CT cells, classical monocytes
(C monocytes), intermediate monocytes (Int monocytes), non-
classical monocytes (NC monocytes), natural killer cells (NK), B
cells, B naive, B memory, plasma B cells, myeloid and plasmacy-
toid dendritic cells (mDCs and pDCs, respectively) (Figure 2b,c).
Figure S3, Supporting Information shows the gating strategy
used to identify all the 15 different immune cell subpopulations
by CyTOF.

We assessed PBMC viability at the single-cell level using cis-
platin (Cis) staining, which is based on the ability of Cis to enter
late apoptotic and necrotic cells (Figure 2c,d). Overall, the largest
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NPs (i.e., 200-nm PS NPs) exerted higher toxicity on all the im-
mune cell subtypes identified, suggesting a size-dependent effect
on the ability of PS NPs to impair cell viability (Figure 2d). In par-
ticular, 200-nm PS NPs significantly decreased the cell viability
of all monocyte and T cell subpopulations except for activated CT
cells. In addition, a similar impact was observed on mDCs and
NKs (Figure 2d). On the other hand, the effect of PS NPs with
smaller sizes (i.e., 50 and 100 nm) was limited to C. monocytes,
Int. monocytes, and mDCs, inducing a reduction of this subpop-
ulation viability similar to the largest PS NPs. The increased tox-
icity toward monocytes and DCs observed for all the PS NPs, re-
gardless of their size, may be due to the higher phagocytic activity
of these cell types.[62] Intriguingly, no significant decrease in cell
viability was observed in B cell subpopulations.

These findings demonstrate size-dependent NP-induced cyto-
toxicity specific for a broad range of distinct immune cell sub-
populations. A similar correlation between the size and toxicity
of nanoparticles has been documented for immune cells[63] as
well as other types of cells, such as human alveolar basal ep-
ithelial cells (A549),[60] human umbilical vein endothelial cells
(HUVECs),[61] and gastric cells (SNU-1).[59]

Next, we investigated the impact of NPs on the functionality
of PBMCs by monitoring different immune activation parame-
ters (Figure 2e–g) and cytokines (Figures S4 and S5, Supporting
Information). To evaluate PBMC activation, we analyzed CD69
(C-Type lectin protein) and CD25 (𝛼-chain of the IL-2 receptor),
respectively, early and late activation markers. To this end, we in-
cubated PBMCs with 50 μg mL−1 of PS NPs (50, 100, and 200 nm)
for 24 h and analyzed the cells by flow cytometry. We observed no
significant changes in the selected markers induced by PS NPs in
total PBMCs and T cells (Figure 2e–g). On the contrary, the parti-
cles induced a significant size-dependent increase in CD25+ and
CD69+ monocytes (Figure 2f), indicating an immune response
slightly biased toward the activation as previously reported for
other PS-NPs.[64] To contextualize the pro-inflammatory status,
we evaluated the production of cytokines at the single-cell level
by CyTOF after treatment with 50 μg mL−1 of PS NPs (50, 100,
and 200 nm) for 24 h. To minimize protein transport inhibitor-
mediated toxicity, they were added 6 h before the end of the incu-
bation, allowing the profiling of late-stage regulated cytokines at
the single-cell level (Figures S4 and S5, Supporting Information).
In these settings, we observed signs of T cell-mediated inflamma-
tion with a significant increase of IL-4 and TNF-𝛼 in activated CT
cells and HLA-DR in activated Th cells after exposure to 200-nm
PS NPs (**p < 0.01). A slight increase in IL-4 production was ob-
served in activated Th cells also after the exposure to 50-nm PS
NPs as well as GrB and perforin in NC monocytes (*p < 0.1).

In Int. monocytes, together with the increase of IL-4 and IL-
5, the 200-nm PS NPs induced a slight but significant change
in the production of pro-inflammatory IL-6, in agreement with
previously reported data.[27,64] In addition, the largest PS NPs in-
creased TNF-𝛼 in Plasma B cells, an effect compatible with a re-
sponse against external agents.[65]

Overall, our data demonstrate that larger PS NPs (200 nm) are
more effective in inducing cytokine production and immune cell
activation, suggesting a role of particle size in their ability to af-
fect immune cell functions, in particular in T cells and mono-
cytes. The larger the NP, the greater the surface area, which may
be conducive to increased cytokine production, suggesting that

size is a critical factor in their immune impact.[66] Similarly, func-
tionalization is known to play a significant role in modulating the
response of immune cells after incubation with PS NPs. We in-
vestigated these factors by assessing cell viability and activation
in established cell lines, Jurkat and THP-1, after 24-h incubation
with PS NPs of different sizes and functionalization (200 nm
COOH, 500 nm COOH, and 500 nm NH) at a concentration of 50
μg mL−1. After 24h of incubation, larger PS NPs (500 nm COOH
and 500 nm NH) at a dose of 50μg mL−1 significantly affected cell
activation, as evidenced by changes in CD69 marker expression
(Figure S6, Supporting Information). Notably, these effects were
not related to the different chemistries of the PS NPs (COOH and
NH), as aminated surface modifications did not show significant
differences in our assays. This lack of impact from chemical mod-
ifications may be due to the formation of a protein corona around
the NPs, which can mask the effects of polymer chemistry.[67]

The significant activation observed in both cell lines, indicated
by increased CD69 expression, demonstrates that the larger PS
NPs trigger a stronger immune response without compromising
cell survival. Our data align with previous studies on other im-
mune cell types showing an impact of NP size on the modulation
of inflammatory mediators. For instance, Prietl et al. observed
that in human macrophage-like cells exposed to 20–1000-nm PS
nanospheres, only larger particles (500- and 1,000-nm size) en-
hanced the secretion of IL-6.[27] Similarly, in Rothen-Rutishauser
et al., 1,000-nm but not 78-nm PS spheres increased TNF con-
centrations in epithelial cells, macrophages, and DCs.[68]

To further explore the observed cytotoxic effects, we compared
the impact of PS-Pd NPs and PS-NPs with similar size (200 nm)
on total PBMC viability (Figure S7a, Supporting Information).
The particle size was selected to ensure compatibility with poten-
tial NP cell uptake, as previously shown,[51] which is critical for
accurately assessing their cytotoxic effects on immune cells.[69–71]

Larger particles might be less efficiently internalized by cells, po-
tentially affecting the reliability and significance of results. We
treated PBMCs with 50 μg mL−1 of NPs for 24 h and analyzed
the samples by flow cytometry. Similar to PS-NPs, PS-Pd NPs in-
duced no significant effects on cell viability in total PBMCs. Even
after gating monocytes and T cells, the NPs did not significantly
impair cell viability (Figure S7b,c, Supporting Information).

To evaluate the potential hemolytic activity of NPs, human red
blood cells were exposed to 50 μg mL−1 of PS NPs or PS-Pd NPs
for 1 and 24 h (Figure S7d, Supporting Information). PS-Pd NPs
induced hemolysis only after 24 h, while we observed no signifi-
cant release of hemoglobin caused by PS NPs. Our data are in
agreement with previous data analyzing 100-nm PS NPs (100
μg mL−1) at the same incubation time,[72] while a concentration-
dependent hemolytic activity for 50-nm PS NPs was reported at
higher concentrations (500–2000 μg mL−1).[73]

Then, we deepened our study by evaluating the uptake by
transmission electron microscopy (TEM). As observed in Figure
S8, Supporting Information, PBMCs were able to internalize
both PS NPs and PS-Pd NPs after incubation with 50 μg mL−1

for 24 h. The particles did not compromise cell integrity, and no
autophagy or cell death was observed in agreement with data ob-
tained with other immune cells.[62 ] Our analysis further indicates
that these NPs are predominantly localized within large vesicles
and do not directly affect cellular organelles. NPs are known
to modulate cellular oxidative stress, activating the immune
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response and leading to immunotoxicity.[74] To evaluate this as-
pect, we treated Jurkat and THP-1 with 50 μg mL−1 of PS NP
for 24 h and measured reactive oxygen species (ROS) using the
CellRox Green Flow Cytometry Assay. Our results showed a sig-
nificant increase in ROS production in treated THP-1 and Jurkat
cells (50% and 60%, respectively) compared to untreated cells, as
indicated by the CellRox Green intensity assay (Figure S9, Sup-
porting Information).

Since monocytes are the cells most affected by PS NPs incuba-
tion, we aimed to characterize the PS NP function at the molec-
ular level. We performed bulk RNA sequencing and proteomic
analysis on a monocytic cell line (THP1) following treatment with
50 μg mL−1 of PS NP for 24 h. After treatment, RNA and pro-
teins were extracted for subsequent RNA sequencing and pro-
teomic profiling. Volcano plots provided a clear visualization of
significant changes in gene expression and protein production
(Figure 3a,b). Specifically, transcriptome analysis revealed that
259 genes were downregulated (Fold Change >-0.25, blue, p-
value <0.05) and 297 genes were upregulated (Fold Change
<0.25, red, p-value <0.05) (Figure 3a), while proteome analy-
sis identified 41 proteins as downregulated and 31 as upregu-
lated (Figure 3b) as reported in Table S1, Supporting Informa-
tion. These molecules represent potential biomarkers that could
elucidate the mechanisms underlying cellular responses to PS
NP treatment. Several genes and proteins associated with oxida-
tive stress were identified in both the transcriptome and pro-
teome datasets. From the transcriptome analysis, genes such
as GSR (Glutathione-Disulfide Reductase), G6PD (Glucose-6-
phosphate dehydrogenase), and PRDX4 (Peroxiredoxin 4) were
significantly upregulated.[75–77] These genes play crucial roles in
mitigating oxidative stress by catalyzing the reduction of glu-
tathione disulfide to glutathione (GSR), a major cellular antiox-
idant, reducing peroxides (PRDX4), and providing substrates to
prevent oxidative damage (G6PD). In the proteome analysis, we
found proteins like ALDH2 (Aldehyde Dehydrogenase 2) and
PRDX1 (Peroxiredoxin 1). These proteins are involved in main-
taining cellular redox balance, reducing oxidative damage, and
detoxifying harmful compounds.[78–80] The upregulation of these
oxidative stress-related genes and proteins suggests an adaptive
response by the cells to counteract increased oxidative stress in-
duced by the PS NP treatment. To this extent, the modulation
of several ribosomal genes and proteins also suggests increased
cell stress and possibly cell death.[81] This aligns with existing lit-
erature where treatments that induce oxidative stress have been
shown to upregulate similar protective genes and proteins.[82]

Intriguingly, among the top upregulated pathways identified by
gene expression analysis, we found the AIM2 inflammasome
pathway (Figure 3c). The AIM2 inflammasome is responsible
for sensing self and non-self DNA in the cytosol. This detec-
tion initiates inflammasome assembly and IL-1𝛽 release, pro-
moting inflammation.[83] Together with the previous ROS data,
this suggests that PS NP may induce damage to the mitochon-
dria, leading to DNA release and inflammasome activation. At
the same time, we found the downregulation of TNFR1-mediated
ceramide production and IL-38 signaling, indicating suppression
of anti-inflammatory mechanisms, potentially leading to an over-
all increase in inflammation and cytokine production.[84,85] The
upregulation of the SMAC-XIAP-regulated apoptotic response
pathway suggests an increase in mediated cell death, as SMAC

(Second Mitochondria-derived Activator of Caspases) promotes
apoptosis by inhibiting XIAP (X-linked Inhibitor of Apoptosis
Protein), thereby facilitating caspase activation which is also
needed for the inflammasome pathway activation.[86] Similarly,
the modulation of the RUNX1 in the differentiation of myeloid
cells pathway is known to promote inflammation and an im-
proper monocyte maturation that may lead to Acute Myeloid
Leukemia (AML).[87] The proteomic analysis confirmed the regu-
lation of similar pathways, including the RUNX1-regulated tran-
scription of genes involved in the interleukin signaling pathway
(Figure 3d). The upregulation of apoptosome activity is a cru-
cial complex in the intrinsic apoptosis pathway.[87] The upregu-
lation of pathways associated with defective HEXA (HEXA gene
mutations leading to Tay-Sachs disease) causing GM2 gangliosi-
dosis also implies increased cellular stress.[88] Conversely, the
downregulation of the Nonsense-Mediated Decay (NMD) path-
way, which usually degrades faulty mRNA transcripts, may result
in the accumulation of defective proteins, contributing to cellu-
lar stress and apoptosis.[89] Finally, the modulation of amine ox-
idation pathways and aldehyde generation, such as monoamine
oxidases, MAOA, and MAOB, further highlights that PS NPs in-
duced apoptosis and ROS formation through enhanced cellular
stress mechanisms (Figure 3d). These data collectively suggest
that PS NPs significantly impact monocytes by inducing mito-
chondrial damage, triggering inflammasome activation, promot-
ing apoptosis, and enhancing cellular stress, leading to a complex
pro-inflammatory response.

2.3. PS-Pd NPs Can be Detected and Quantified by CyTOF at the
Single-Cell Level in 30 Immune Cell Subpopulations

Overcoming the limitation of fluorescently labeled NPs, we ex-
plored the potential trackability of PS-Pd NPs, which are mea-
surable by CyTOF, to study the interactions of NPs with the im-
mune cells. The specific atomic mass of Pd enabled the mass
spectrometry detection of PS-Pd NPs in the relevant channels
(102–110Pd). The mass spectra of PS-Pd NPs and the dynamic
range of 102–110Pd were determined by CyTOF solution mode
(Figure 4a,b). An NP concentration ranging from 0.0076 to 50
μg mL−1) was tested. 102–110Pd peaks were compared to stan-
dard heavy metal mass spectra (Ce, Eu, Ho, and Lu) reported in
Figure 4a as controls. The 108Pd peak was chosen for the follow-
ing measurements as it was the most intense and easily identifi-
able m/z ratio among all the 102–110Pd peaks. The dynamic range
of quantification of PS-Pd NPs was linear up to a particle con-
centration of 50 μg mL−1, and Pd was detectable by mass cytom-
etry across the entire concentration range (0.0076–50 μg mL−1)
(Figure 4b).

We performed a quantitative evaluation of the presence of Pd
at the single-cell level. To this end, we treated PBMCs with 50
μg mL−1 of PS-Pd NPs for 24 h. The intermediated sub-cytotoxic
concentration of 50 μg mL−1 and the 24 h time point were se-
lected based on the results obtained by flow cytometry (Figure
S10a, Supporting Information) and to avoid the saturation of Pd
intensity on the CyTOF platform while still ensuring noticeable
changes in cellular signaling. The same concentration was also
found to modulate monocyte activation, as indicated by CD25
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Figure 3. Transcriptomic and Proteomic Functional Profiling of PS-NP in a Monocytic Cell Line. THP1 cells were seeded in a 24-well plate at a density of
2×106 cells per well and treated with PS-NP (50 μg mL−1) for 24 h. a,b) Volcano plots showing differently expressed (a) genes and (b) proteins, with an
FDR < 0.05 following PS-NP treatment. c,d) Pathway analysis using ReactomePA reporting significantly modulated pathways with a log10 p value < 1.3
for differentially expressed (c) genes and (d) proteins in PS-NP treated cells. Predicted upregulated (red) and downregulated (light-blue) pathways are
reported.
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Figure 4. Palladium quantification determined by CyTOF. a) The mass spectrum of PS-Pd NPs determined by CyTOF solution mode and lanthanide
element calibration beads were applied as controls. b) Dynamic range of 108Pd determined by CyTOF solution mode. c) Radar chart reporting the
number of 108Pd atoms per cell in all PBMC subpopulations. d) Number of 108Pd atoms per cell determined from direct atom analysis in all PBMC
subpopulations after the 24-h treatment of PBMCs (50 μg mL−1 each).
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expression, without affecting cell viability (Figure S10b, Support-
ing Information).

The calibration of the TOF detector (see Section 4.8) using a
calibration curve of Pd standards (0–50 μg mL−1) (Figure 4b) en-
abled the direct enumeration of Pd ions and, thereby, the mean
number of atoms accumulated per cell (Figure 4c,d). PS-Pd NPs
were detectable by mass cytometry in all the 30 immune subpop-
ulations analyzed, already starting from the lowest concentration
used (0.0076 μg mL−1) (Figure 4c,d). In particular, the number of
Pd atoms per cell reported the highest signal in the C monocyte
subpopulation, followed by mDCs, pDCs, memory B cells, and
activated Th.

2.4. PS-Pd NPs are Trackable in Immune Cells after
Contamination of Human Blood, Allowing for the Simultaneous
Immune Screening on 30 Immune Cell Subpopulations by CyTOF

To reveal the potential for plastic particles to exert toxic effects,
interfere, and eventually be internalized from the immune cells
present in the bloodstream after blood contamination, whole hu-
man blood was treated with different concentrations (10–500
μg mL−1) of PS-Pd NPs for 24 h and analyzed using CyTOF.
The selection of Pd as a metal label ensured the compatibility of
PS-Pd NPs with the commercial (metal-tagged) antibody panels
for CyTOF immunophenotyping (Table S2, Supporting Informa-
tion), avoiding the overlap of the

The impact of PS-Pd NPs on cell viability was evaluated at the
single-cell level on 30 immune cell subpopulations. From human
whole blood, 30 distinct immune cell subtypes were identified ac-
cording to the expression profile of several clusters of differenti-
ation (CD) markers on the cell surface (Figure S11, Supporting
Information). The live cell membrane-impermeable dye Cell-ID
Intercalator-103Rh, a cationic nucleic acid intercalator that con-
tains natural-abundance rhodium (103Rh), was used in CyTOF
analysis for discrimination of dead cells from live cells.

As shown in Figure 5a,b, blood exposure to 500 μg mL−1 of
PS-Pd NPs induced a significant decrease in cell viability in C.
Monocytes and Int. Monocytes. All identified major immune sub-
populations in treated and untreated samples are also reported as
percentages of live cells in the high-dimensional Cen-se′ maps, a
high-resolution and highly parallelized variant of the t-SNE algo-
rithm (Figure S12a, Supporting Information), and as gemstone
representation (Figure S12b, Supporting Information). A slight
but non-significant change in the distribution of the subpopu-
lation percentage among live cells was observed mainly at the
highest concentration tested (500 μg mL−1) (Figure S12c,d, Sup-
porting Information).

In addition, the Pd signal was exploited to evaluate the in-
ternalization of plastic particles in immune cells after blood ex-
posure. The differential uptake of PS-Pd NPs was analyzed by
CyTOF in a wide range of PBMC subtypes after exposure of hu-
man whole blood to different concentrations (10–500 μg mL−1)
of PS-Pd NPs for 24 h. As shown in Figure 5c,d, PS-Pd NPs were
successfully detected at the single-cell level, revealing their inter-
actions with all the immune cell subpopulations identified. In
particular, a statistically significant concentration-dependent up-
take was observed in all the subtypes of monocytes (starting from
50 μg mL−1 in Int. monocytes and NC monocytes, and already

from 10 μg mL−1 in C. monocytes) and B cells (starting from 100
μg mL−1 in naïve and memory B cells, and 50 μg mL−1 in plasma
B cells). Interestingly, at the highest concentration tested (500
μg mL−1), all the immune cell subsets could significantly inter-
nalize PS-Pd NPs from contaminated blood. We also evaluated
the distribution of 108Pd in all the immune subpopulations by
computational Cen-se’ (Figure S13a, Supporting Information) at
different concentrations (10–500 μg mL−1). At 500 μg mL−1, 108Pd
was visibly present in monocytes and mDCs. Similarly, by per-
forming an in-depth gating on Pd+ immune cell subpopulations
(Figure S13b, Supporting Information), C monocytes (72.1%) fol-
lowed by Int monocytes (2.2%) were the central immune subsets
able to internalize PS-Pd NPs (Figure S13b,c, Supporting Infor-
mation). The 50 μg mL−1 concentration was compared with the
500 μg mL−1 concentration in isolated PBMCs (Figure S14, Sup-
porting Information). No differences were found in population
distribution (Figure S14a, Supporting Information) and viability
(Figure S14b, Supporting Information). As expected, the NP up-
take was higher for the 500 μg mL−1 concentration (Figure S14c,
Supporting Information). The signal of PS-Pd NP was higher in
monocyte subpopulations for both concentrations.

Subsequently, we investigated the possible correlation between
NP uptake and impacts on monocyte and eosinophils cell via-
bility, as they represented the main populations affected by the
exposure of human blood to NPs (Figure 5e). As shown in the
bar graph reporting the percentage of live and dead cells and the
relative positivity or negativity to Pd108, the increase in NPs as-
sociation was associated with a decrease in cell viability in all
monocyte subpopulations. Interestingly, only a small percentage
of dead cells did not become associated with NPs, suggesting that
association plays a central role in their toxic effects.

Together with the immunophenotyping, to simultaneously
evaluate the inflammogenic activity of PS-Pd NPs, four ma-
jor inflammatory cytokines (interleukin 4 (IL-4), interferon-
gamma (IFN-𝛾), tumor necrosis factor (TNF-𝛼) and granulocyte-
macrophage colony-stimulating factor (GM-CSF)) were analyzed
across 30 immune cell subpopulations. Based on the percent-
age of positive cells to the cytokines displayed for each im-
mune subpopulation as histograms (Figure 6a,b) and heatmaps
(Figure 6c), PS-Pd NPs induced a pro-inflammatory activity. The
results show the overall immunostimulatory effect of PS-Pd NPs
in all cell subsets (Figure 6a–c). The percentage of positive cells
to TNF-𝛼 and IFN-𝛾 was higher in T helper, B cells, NK, and
DC cells as well as to IL4 and GM-CSF proteins also in all the
T cell populations, mediating together the immune activation
after exposure to pro-inflammatory stimuli in many immune
cell populations.[90,91] Similar behavior was reported in the lit-
erature for PS NPs of larger sizes and higher concentrations in
PBMCs[32] and skin cells,[92] suggesting that the PS NP stimulus
is pro-inflammatory.[93]

2.5. Biodistribution of PS-Pd NPs in Mice: In Vivo Accumulation
in Spleen and Liver with High Internalization by Monocytes and
Dendritic Cells

We then investigated the in vivo biodistribution and impact of
PS-Pd NPs in mice at the tissue and single-cell level by CyTOF.
PS-Pd NPs were injected I.V. into C57BL/6J male mice at a dose
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Figure 5. Impact of PS-Pd NPs on immune cells and correlation between viability and uptake. Human whole blood was treated with 10–500 μg mL−1

of PS-Pd NPs for 24 h or left untreated in 21 distinct immune cell subpopulations (Ctrl). a) Bar graph reporting the different distribution % of live cells
(Rh103-) and b) Heatmap reporting the different distribution of the Median Intensity Rh103 c) Bar graph reporting the different distribution % of cells
(Pd108+) and d) Heatmap reporting the different distribution of the Median Intensity Pd108 e) Bar graph showing the percentage of live and dead cells
and the relative positivity or negativity to Pd108. Data are presented as mean ± ST.D. of three independent samples. *p < 0.05; ** p < 0.01; *** p <

0.001; **** p < 0.0001, by two-way ANOVA Tukey’s multiple comparison test between untreated (Ctrl) and treated samples.
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Figure 6. Single-cell cytokine analysis on 19 blood immune cells subpopulations. a,b) Histograms, and c) Heatmaps showing geometrical mean marker
intensity of IL4, INFy, TNF𝛼, GM-CSF for gated immune cell subpopulations after treatment of PBMCs with 50 μg mL−1 of PS-Pd NPs for 24 h. Upregulated
(violet squares) or downregulated (light-blue squares) proteins are indicated. Data are presented as mean ± ST.D. of three independent samples. *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, by two-way ANOVA Tukey’s multiple comparison test.
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of 10 μg g−1. After 24 h, mice were euthanized, and tissues were
harvested and processed to obtain a single-cell suspension that
was stained with an antibody cocktail and analyzed by CyTOF.
We studied PS-Pd NP effects on cell viability and uptake in major
immune cell subpopulations from the blood, liver, and spleen of
mice (n = 3 per group).

We observed a significant increase in dead cells (195Pt+) in
conventional dendritic cells (cDC) and macrophages in the liver
and cDC in the spleen (Figure 7a). This indicates that PS-Pd NPs
accumulation is toxic in these populations.

Furthermore, analysis of Pd108 median intensity revealed
substantial PS-Pd NP uptake in liver cDCs and macrophages
(Figure 7b). These findings were further supported by pacMAP
visualization[85] (Figure 7c) and bar graph analysis (Figure 7d),
which showed higher accumulation and immune cell uptake in
the liver compared to blood and spleen. Several other immune
cells, including T cells and B cells, showed internalization of PS-
Pd NPs, particularly in the liver, where 20% of CD4+ and CD8+
T cells, B cells, and NK cells, and 30% of monocytes and granu-
locytes were positive for Pd108 signal (Figure 7d).

Several authors have previously reported that nanoparticles’
size, composition, and surface characteristics dictate their biodis-
tribution profile and stability within the body. It has been
well-documented that larger particles tend to accumulate more
in the liver compared to smaller ones.[71,94–96] This is one
of the first reports demonstrating the in vivo accumulation
of PS-NPs and their interaction with the immune system in
the liver, spleen, and blood. This accumulation is largely at-
tributed to monocytes, macrophages, and DCs in these tis-
sues, which are known to capture circulating particulates and
nano/macromolecules.

3. Conclusions

In conclusion, our data underlines the advantage of using high-
dimensional approaches such as CyTOF to study the effect of
plastics on human health. In this direction, CyTOF was able to re-
veal the different size-dependent impacts and biodistribution of a
selection of model NPs on the complexity of the pool of immune
cell subpopulations, which is not appreciable by the canonical
flow cytometry technique. Regarding NPs cytotoxicity evaluation,
these results emphasize the urgency and importance of focusing
on human blood and immune toxicological research using pri-
mary human blood immune cells (e.g., PBMCs), in addition to
immortalized models.

Moreover, we presented evidence that NPs can interact, inter-
fere, and translocate into the immune cells in the bloodstream
after blood exposure by utilizing Pd-doped NPs, which are read-
ily detectible by CyTOF and compatible with commercial metal-
tagged antibodies. This study demonstrates PS-Pd NP detection
at the single-cell level in human whole blood and primary im-
mune cells. To this end, we used the 102–110Pd channels to de-
tect the PS-Pd NPs and simultaneously evaluated their impact
across 30 primary human blood immune cell subpopulations.
We successfully detected PS-Pd NPs across each cell subset, as-
sessing their effects through high-dimensional immune profil-
ing by CyTOF combined with other techniques, including TEM
and flow cytometry. The assessment of the immune impact of PS-
Pd NPs in terms of immune activation and cytokine production

was possible with the CyTOF functional profiling. PS-Pd NPs in-
creased the production of pro-inflammatory cytokines (IL-4, IFN-
𝛾 , TNF-𝛼, and GM-CSF) in all the major populations analyzed.

The possibility of detecting and quantifying PS-Pd NPs by
CyTOF at the single-cell levels and in multiple immune cell sub-
populations while exploring their biological impact and tracking
is expected to advance the toxicological assessment of NPs. By
avoiding the limits of conventional labeling techniques, this work
provides valuable insights into the potential health impact of NPs
and serves as a proof of concept for studying the overall environ-
mental and health implications of plastic pollution.

4. Experimental Section
Characterization of PS NPs and PS-Pd NPs: Monodisperse carboxy-

late polystyrene microspheres (PS NPs) (2.5% solids in water) of differ-
ent sizes 50, 100, and 200 nm were purchased from Polysciences Europe
Gmbh. PS-Pd NPs were synthesized in-house as previously published[46]

and characterized in terms of size, surface charge, and plastic content in
solution. The size and zeta potential of the PS-Pd NPs were measured by
DLS and zeta potential, respectively, with the Zetasizer Nano ZS (Malvern)
(Figure S1a, Supporting Information). All initial characterization measure-
ments were performed in dd-H2O at room temperature.

To prepare PS-Pd NPs for Scanning Electron Microscopy (SEM) image
analysis (Figure S1b, Supporting Information), an aqueous suspension of
particles was deposited on a carbon stick and allowed to dry overnight in a
clean environment coated with a Pd/Pt 4 nm layer prior to analysis. Images
were acquired using a Hitachi SU5000 operating at 5.0kV at a working
distance of 3.7 mm and with an SE detector.

The aggregation of PS-Pd NPs and PS NPs was measured at timepoints
of 0 h and 24 h incubations by DLS with the Zetasizer Nano ZS (Malvern)
(Figure S1c, Supporting Information). For this, PS-Pd NPs and PS NPs
were incubated at 37° C in water and RPMI 1640 culture media supple-
mented with 10% fetal bovine serum (FBS). Samples were made in trip-
licates for underneath combinations in 6-well plates at a particle concen-
tration of 500 μg mL−1.

Peripheral Blood Mononuclear Cells Isolation and Culture: PBMCs were
harvested from ethylenediamine tetraacetic acid (EDTA)-venous blood
from informed, healthy donors (both females and males 25–50 years old)
using a Ficoll-Paque (GE Healthcare, CA, USA) standard separation proto-
col. Informed signed consent was obtained from all the donors. Cell sepa-
ration and experiments were performed immediately after the blood draw.
PBMCs were cultured in 24-well plates in RPMI 1640 medium (Invitrogen,
CA, USA), supplemented with 10% heat-inactivated FBS (Invitrogen, CA,
USA) and 1% P/S (Life Technologies). At least 2× 105 cells/sample in each
experiment were used.

Cytotoxicity by Flow Cytometry: To evaluate the cytotoxicity of NPs,
PBMCs were incubated with 50 μg mL−1 of NPs for 24 h. Ethanol at 70%
was used as a positive control, while samples incubated with medium
alone were used as negative controls. Cell viability of PBMCs was eval-
uated by staining with both Annexin V FITC (BD Biosciences) to detect
apoptotic cells and Fixable Viability Stain 780 (BD Biosciences). Staining
was performed in the dark for 20 min. Cells were processed by flow cy-
tometry (FACS LRS Fortessa, BD Bioscience), and data were analyzed by
FlowJo Software.

Cell Activation by Flow Cytometry: PBMC, THP1 (Cat# TIB-202, ATCC),
and Jurkat (Cat# TIB-152, ATCC) activation were analyzed after treatment
with diverse NPs (50 μg mL−1) for 24 h. Cells were stained to identify im-
mune activation markers. CD25 and CD69 (PE-conjugated anti-CD25, M-
A251 clone; PE-Cy7-conjugated anti-CD69, FN50 clone; BD Bioscience,
CA, USA) were used as activation markers. Staining was performed in
the dark for 20 min. LPS (2 μg mL−1, Sigma) was used as a positive
control. Cells were processed by flow cytometry (FACS Canto II, BD Bio-
science, CA, USA), and data were analyzed by FlowJo Software as previ-
ously reported.[97–99]
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Figure 7. Biodistribution Study of 50 μg mL−1 PS-Pd Nanoparticles (NPs) in Major Immune Populations a) Impact on viability, comparison of cell viability
between treated (50 μg mL−1 PS-Pd NPs) and untreated (Ctrl) samples in liver, blood, and spleen (N = 3). b) Detection of nanoparticle uptake in liver,
blood, and spleen samples, showing the median intensity levels of PS-Pd NPs in Pd108+ channel. c) pacMAP visualization where red dots represent
cells positive for PS-Pd NPs within major immune populations, demonstrating the distribution pattern. d) Quantification of PS-Pd NP-positive cells
across major immune populations in liver, blood, and spleen samples. Data are presented as mean ± ST.D. of three independent samples. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001, by one-way ANOVA Tukey’s multiple comparison test.
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ROS Detection Assay: To assess reactive oxygen species (ROS) levels
in cultured cells, we employed the CellRox Green Flow Cytometry Assay Kit
(Thermo Fisher Scientific). Cells were seeded in 6-well plates at a density
of 1×106 cells per well and allowed to adhere overnight. The following day,
cells were treated with various concentrations of the test compound for 24
h. After treatment, the medium was removed, and cells were washed twice
with phosphate-buffered saline (PBS). Subsequently, cells were incubated
with 500 μL of CellRox Green Reagent diluted in serum-free medium to a
final concentration of 5 μM for 30 min at 37 °C in the dark. Following incu-
bation, cells were trypsinized, collected, and washed twice with PBS. The
cells were then resuspended in 500 μL of PBS for flow cytometric analysis.
Fluorescence intensity was measured using a flow cytometer with excita-
tion and emission wavelengths of 488 and 520 nm, respectively. Data were
analyzed using flow cytometry software, and ROS levels were quantified as
the mean fluorescence intensity of the cell population.

RNA Isolation and Sequencing: To perform the bulk RNA sequencing,
2×106 THP1 were treated or untreated with 50 μg mL−1 of PS-NPs for 24
h. After incubation, cells were lysed in 1 ml of TRIzol; following lysis, the
aqueous phase was collected for RNA isolation after adding 200 μl of chlo-
roform per ml of TRIzol. RNA isolation was performed using the QIACube
instrument (Qiagen) with the Qiagen RNeasy Plus Micro Kit (cat# 74034).
RNA quality was assessed using the Bioanalyzer 2100 (Agilent Technolo-
gies, Inc.), and all samples had an RNA Integrity Number (RIN) above
8. Library preparation was performed using the SMARTer Stranded Total
RNA Sample Prep Kit (Takara Bio USA, Inc., cat# 634878). The library con-
struction utilized total RNA with both RiboGone and SMART (Switching
Mechanism At 5’ end of RNA Template) technologies, along with PCR am-
plification, to generate Illumina-compatible libraries without the need for
adapter ligations. RiboGone technology effectively depletes rRNA from to-
tal RNA samples prior to library generation. Library quality was assessed
using the TapeStation 2000 instrument (Agilent Technologies), and the
concentration was measured using Qubit (Thermo Fisher Scientific Inc.)
before sequencing. Dual-indexed i5 and i7 paired-end libraries were se-
quenced on the NovaSeq 6000 system (Illumina, Inc.) with an average of
40 million reads per sample.

Proteomics Analysis: In this study, the effects of nanoplastics on THP-
1 were investigated using a detailed proteomic analysis. Initially, proteins
were extracted from the treated cells using appropriate lysis buffers. These
proteins were then digested into peptides using trypsin. The peptides were
separated and analyzed by high-resolution liquid chromatography-tandem
mass spectrometry (LC-MS/MS), which involved the separation of pep-
tides based on hydrophobicity, followed by their ionization and fragmen-
tation to identify and quantify the proteins.

The mass spectrometry data were processed using advanced bioin-
formatics tools, allowing for the identification and quantification of pro-
teins by matching the spectra against protein databases.[100] Quantita-
tive analysis compared the protein abundances in nanoplastic-treated cells
with control cells, highlighting molecular changes and specific biochemi-
cal pathways influenced by nanoplastic exposure.[101]

Transcriptomics and Proteomic Bioinformatic Analysis: The bioinformat-
ics analysis started with transcriptome data, which underwent quality con-
trol using FastQC to check the raw sequencing reads. Next, we used Trim-
momatic to trim off low-quality bases and adapters.[102] The cleaned reads
were then aligned to the reference genome with HISAT2, known for its ef-
ficiency and sensitivity.[103] After that, HTSeq-count helped quantify gene
expression by counting the reads mapped to each gene.[104] To identify
differentially expressed genes, we used DESeq2, which offers robust sta-
tistical methods.[105] In parallel, both transcriptome and proteome data
were processed to generate count files. These count files, alongside the
transcriptome count files, were used for Gene Set Enrichment Analysis
(GSEA) with the ReactomePA package.[106] This step was crucial for iden-
tifying significantly enriched biological pathways and processes.

To bring everything together and visualize the results, we switched
to Python. We used Pandas for data manipulation, Seaborn and
Matplotlib for advanced data visualization,[107,108] and Biopython
for processing biological data.[109] This combination allowed for
comprehensive analyses and clear visual representations of our
data. This approach helped us effectively process and analyze the

datasets, making the most of both R and Python’s capabilities in
bioinformatics.

Single-Cell Mass Cytometry Analysis of PS NP Impact: Single-cell mass
cytometry analysis was performed on isolated PBMCs, collected as de-
scribed above and seeded at a concentration of 4× 106 cells well−1 in 6-
well plates. PBMCs were incubated with 50 μg mL−1 NPs for 24 h. LPS
at 0.5 μg mL−1 (Sigma – Aldrich, Missouri, USA), EtOH 70%, and non-
treated cells were selected, respectively, as positive and negative controls.
6 h prior to the treatment ending, cells were co-incubated with 10 μg
mL−1 Brefeldin A (Invitrogen, CA, USA). After the incubation, PBMCs were
washed with PBS supplemented with 0.5 M EDTA and 5% Fetal Bovine
Serum (FBS).

Cells were then barcoded using Cell-ID 20-Plex Pd Barcoding Kit (Flu-
idigm, CA, USA). The barcoded samples were stained with Cell-ID Cis-
platin (1:1000, Fluidigm, CA, USA), Maxpar Human Peripheral Blood Phe-
notyping, and Human Intracellular Cytokine I Panel Kits (Fluidigm, CA,
USA) following the manufacturer instructions. To begin with, cells were
fixed and permeabilized with 1X Fix I Buffer and 1X Barcode Perm Buffer,
obtaining a uniform cell labeling with the palladium barcode. Thanks to
the barcoding process, samples were pooled together and resuspended
into a 5 ml polystyrene round-bottom tube using the Maxpar Cell Staining
Buffer.

The surface marker antibody mix (1:100 dilutions for each antibody,
final volume 800 μl) was added to the sample. Cells were then carefully
mixed and incubated for 30 min at room temperature. At the end of the
incubation, samples were washed twice with Maxpar Cell Staining Buffer
and fixed by incubation with 1.6% paraformaldehyde for 10 min. After this,
cells were washed twice with Maxpar Perm-S Buffer, centrifuged for 10 min
at 1000×g, resuspended in 400 μl of Maxpar Perm-S Buffer, and incubated
with cytoplasmic/secreted antibody mix for 30 min (1:100 dilutions for
each antibody, final volume 800 μl). Following the incubation, cells were
washed twice with Maxpar Cell Staining Buffer and stained overnight us-
ing 0.125 μM Cell-ID Intercalator-Ir solution. The day after, samples were
washed twice with Maxpar Cell Staining Buffer, resuspended with 2 ml of
Maxpar water, and filtered before data acquisition using a 0.22 μm cell
strainer cap to remove possible cell clusters or aggregates. Data were an-
alyzed using the mass cytometry platform CyTOF2 (Fluidigm Corporation,
CA, USA).

In Vivo Biodistribution: For the in vivo biodistribution experiments, 3
male C57BL/6J (cat. #000664) mice per group were used. Mice were in-
jected I.V. retro-orbitally with a 100 μL PS-NP (10 μg g−1 each in sterile
PBS) or only sterile PBS. After 24 h, mice were euthanized by CO2 inhala-
tion followed by blood withdrawal via cardiac puncture before further or-
gan and tissue dissection. All experiments followed the guidelines of the
Augusta University Animal Care and Use Committee. Approval for the use
of rodents was obtained from Augusta University according to criteria out-
lined in the Guide for the Care and Use of Laboratory Animals from the Na-
tional Institutes of Health. Blood, spleen, and livers were harvested, and
single-cell suspension was isolated by established procedure.[58] The cell
suspension for each organ was collected, washed with PBS, and kept on
ice in PBS with 2% FBS until further staining and CyTOF analysis as de-
scribed above. The antibody cocktail used is listed in Table S3, Supporting
Information.

Gating strategy: CyTOF data analysis was performed as described be-
fore. Briefly, FCS files were normalized and analyzed by Cytobank. Dou-
blets, cell debris, and dead cells were excluded through the gating strategy
using Cell-ID Intercalator-Ir and LD. PBMC subsets and specific subpop-
ulations were determined, as portrayed in Figure S3, Supporting Informa-
tion. Specifically: T cells (CD45+ CD19- CD3+), Naïve Th. Cells (CD3+
CD4+ CD45RA+ CD27+ CD38− HLADR−), Effector Th. cells (CD3+
CD4+ CD45RA+ CD27− CD38− HLADR−), Activated Th. cells (CD3+
CD4+ CD38+ HLADR+), Naïve CT cells (CD3+ CD8+ CD45RA+ CD27+
CD38− HLADR−), Effector CT cells (CD3+ CD8+ CD45RA+ CD27−
CD38− HLADR−), Activated CT cells (CD3+ CD8+ CD38+ HLADR+),
Classical monocytes (CD45+ CD3− CD19− CD20− HLADR+ CD14+), In-
termediate monocytes (CD45+ CD3− CD19− CD20− HLADR+ CD14dim
CD16+), Non-classical monocytes (CD45+ CD3− CD19− CD20− CD11c-
CD14- CD16+), mDCs (CD45+ CD3− CD19− CD20− CD14− HLA−
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DR+ CD11c+ CD123−), pDCs) (CD45+ CD3− CD19− CD20− CD14−
CD11c− HLADR+ CD123+), NK cells (CD45+ CD3− CD19− CD20−
CD14− CD11c- CD38+ CD16+), B cells (CD3- CD20+ CD19+), Naïve B
cells (CD27−), Plasma B cells (HLADR- CD38+). The heat map visualiza-
tion created with Cytobank allowed the comparison between the marker
fluorescence of the treated populations with mean fluorescent intensity
toward the untreated control. Moreover, viSNE, a Cytobank tool imple-
mented for cytometry analysis, was employed. The t-stochastic neighbor
embedding (t-SNE) shows single cells in a 2- or 3D plot based on their re-
lationships. To characterize the viSNE map, ten cell surface markers were
used (i.e., CD3, CD4, CD8a, CD11c, CD14, CD16, CD19, CD20, CD123,
and HLA-DR).

Cytokine data were analyzed using the viSNE tool and displayed as plots
of the expression intensity of the studied cytokines (i.e., IL-6, IL-2, IL-17a,
IFN-𝛾 , Mip1b, GrB, HLA-DR, and Perforin), and heat maps of mean marker
expression ratio for cytokines that displayed modulations upon treatment
with NPs.

Detection of NP Cell Uptake by TEM: For TEM analysis, samples were
fixed with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer pH 7.4
ON at 4 °C. The samples were postfixed with 1% osmium tetroxide plus
potassium ferrocyanide 1% in 0.1 M sodium cacodylate buffer for 1 h
at 4 °C. After three water washes, samples were dehydrated in a graded
ethanol series and embedded in an epoxy resin (Sigma-Aldrich). Ultrathin
sections (60–70 nm) were obtained with an Ultrotome V (LKB) ultrami-
crotome, counterstained with uranyl acetate and lead citrate, and viewed
with a Tecnai G2 (FEI) transmission electron microscope operating at 100
kV. Images were captured with a Veleta (Olympus Soft Imaging System)
digital camera.

PS-Pd NP Quantification Determined by CyTOF Solution Mode: The dy-
namic range of 102–110Pd was determined by CyTOF solution mode. The
dynamic range of Pd was evaluated by mass cytometry CyTOF Helios sys-
tem at Fluidigm Canada, solution mode). PS-Pd NPs 200nm (50 μg/mL−1)
solutions were diluted 1:3 to create a calibration curve (0.00, 0.0076, 0.023,
0.068, 0.2, 0.61, 1.85, 5.55, 16.6, and 50 μg mL−1).

Number of NPs per Cell Calculation: The mean 108Pd ion intensity
within a specific cell population measured by mass cytometry is addressed
as the ‘mean dual counts.’ This value is proportional to the number of
108Pd atoms per cell, and it is the product of the integral over time of de-
tector intensity multiplied by the dual count coefficient of 108Pd.

The conversion of dual counts to the number of palladium atoms per
cell was determined using the calculations reported by Yang et al., Nat
com, 2017 as follows:

Numberof 108Pdatomspercell=108Pd∕193Irtransmissionfactor (1)

Since the transmission coefficient for 108Pd cannot be directly assessed
in the cytometer but can be measured for 193Ir, characterized by a de-
gree of ionization similar to the one of PS-Pd NPs (Iridium and Palla-
dium have ionization energies of 8.9670 (193Ir), 8.3369 (108Pd) eV, respec-
tively). The 193Ir transmission coefficient was calculated by dividing the
dual counts of 193Ir detected for the instrument tuning solution by the
number of 193Ir atoms introduced in the 0.25 p.p.b. Ir tuning solution (Flu-
idigm CAT#201072) as reported below:

193Ir transmission factor =
193 Ir dual counts

(Ir atoms introduced)∗( 193 Ir natural abundance)
=

193 Ir dual counts
193 Ir atoms introduced

= (Ir concentration)(flow rate)(integration time)(natural abundance)(Avogadros number)

Isotope mass

Using the variables tuning solution Ir concentration (2.5 ×
10−13 g μL−1), flow rate (0.75 μL s−1 for CyTOF2 or 0.5 μL s−1 for He-
lios), the integration time (CyTOF2: 2.666 s; Helios: 4 s), the natural
abundance of 193Ir (0.627), Avogadro’s number 6.02 × 1023, and isotope
mass (193 g mol−1). Finally, the number of associated NPs per cell was
calculated by the number of atoms per cell divided by the number of
atoms per NP.

Hemolysis Assay: 100 μL of fresh human whole blood (1×106 cells)
was harvested from informed, healthy donors (25–50 years old) using
a Ficoll-Paque (GE Healthcare, CA, USA) standard separation protocol.

Informed signed consent was obtained from all the donors. The Ethics
Committee of the University of Padua reviewed and approved all the pro-
tocols performed. Blood was stabilized with ethylenediamine tetraacetic
acid (EDTA). Serum was removed from blood samples by centrifugation
at 200 g for 5 min. RBCs were washed three times and then diluted with
sterile isotonic PBS. To determine the hemolytic activity, NPs (50 μg mL−1)
were added to RBCs suspension in a final volume of 1mL PBS. After vortex-
ing, the mixtures were left at 37 °C in a Thermo mixer at 500/600g for 1 and
24h. At the end of the incubation times, RBCs were removed by centrifuga-
tion. A microplate reader (Sunrise TECAN Infinite M200PRO) measured
the absorbance of the hemoglobin in the supernatant at 570 nm, with the
absorbance at 620 nm as a reference.

High-Dimensional Immune Profiling of Human Whole Blood: Whole
blood was collected from healthy donors (25–50 years old). 500 μl of whole
blood was incubated with 50 μg mL−1 of PS-Pd NPs for 24 h at 37 °C, 5 vol.
% CO2. Post-incubation Maxpar Direct Immune Profiling Assay (MDIPA)
was performed by aliquoting 270 μl of whole blood into a tube contain-
ing ready-to-use dry-format 30-antibody staining, as reported in Table S4,
Supporting Information. Samples were stained for 30 min at room temper-
ature in the dark. After the antibody staining, red blood cells (RBCs) were
lysed with Cal-lyse buffer for 10 min in the dark (Thermo Fisher Scientific,
Waltham, MA) and then washed with Cell Staining Buffer (Fluidigm, San
Francisco, CA, USA). After this, cells were fixed with Maxpar Fix I buffer,
washed twice with Maxpar Perm-S Buffer, centrifuged for 10 min at 1000
×g, resuspended in 400 μl of Maxpar Perm-S Buffer, and incubated with
the following antibodies: anti-human IL4-142Nd, anti-human INFy-165Ho,
anti-human TNF𝛼-175Lu, anti-human GM-CSF-159Tb (Fluidigm, San Fran-
cisco, CA, USA) for 30 min (1:100 dilutions for each antibody, final volume
800 μl). Samples were fixed with 1.6% formaldehyde, incubated for 10 min,
washed with Cell Staining Buffer (Fluidigm, San Francisco, CA, USA), and
stained overnight with Cell-ID Intercalator-Ir (Fluidigm, San Francisco, CA,
USA) diluted in Fix Perm Buffer (Fluidigm, San Francisco, CA, USA) for a
final concentration of 125nM. Each sample was washed twice with Max-
par Cell Staining Buffer and suspended with 2 ml of ultra-pure water. Be-
fore the data acquisition, each sample was filtered into 5 ml round bot-
tom polystyrene tubes with a 30 μm cell strainer cap to remove possible
cell clusters or aggregates. Data were analyzed using the mass cytometry
platform CyTOF2 (Fluidigm Corporation, CA, USA). All experiments were
performed in biological and technical triplicate. Phenotyping and Cytokine
data were analyzed using the Pathsetter program and following the gating
strategy reported in Figure S11, Supporting Information. The studied cy-
tokines (i.e.) IL-4, IFN𝛾 , TNF𝛼, and GMCSF heat maps of mean marker
expression ratio displayed modulations upon NPs treatment.

Statistical Analysis: All values are expressed as mean ± ST.D. Compari-
son between groups was performed by either two-way or one-way ANOVA,
followed by Tukey’s post hoc multiple comparison, where data were nor-
mally distributed. Kruskall-Wallis ANOVA statistically analyzed data that
did not follow the normal distribution. ROS detection was statistically ana-
lyzed by Mann-Whitney U-test. Comparisons between the two groups were
performed using a two-tailed Student’s t-test. At least three independent
samples were analyzed. A value of p < 0.05 was considered significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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