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Abstract: Tungsten disulfide (WS;) nanoparticles have emerged in the biomedical field
as potential theranostic agents due to their unique properties, including biocompatibility.
However, their impact on the immune response remains unexplored. This study aimed
to evaluate the effects of inorganic fullerene-like WS, (IF-WS,) nanostructures on human
peripheral blood mononuclear cells (PBMCs) in vitro. The study investigated several
parameters to evaluate the effects of IF-WS; nanoparticles. Cytotoxicity was assessed by
measuring cell viability, apoptosis, and necrosis. Internalization of IF-WS, by PBMCs was
analyzed using morphological and flow cytometric techniques. Proliferation was studied
in CellTrace Far Red-prestained total PBMCs stimulated with phytohemagglutinin (PHA)
and in isolated T cell cultures stimulated with CD3/CD28-coated beads. Additionally, the
production of cytokines and chemokines was measured in culture supernatants of total
PBMCs and T cells. IF-WS; nanoparticles were non-cytotoxic up to a concentration of
200 pg/mL. Concentrations >25 ug/mL inhibited PHA-stimulated PBMC proliferation but
did not affect T cell proliferation. Morphological and flow cytometric analysis demonstrated
dose- and time-dependent internalization of IF-WS, by macrophages. Additionally, IF-
WS, significantly reduced the production of pro-inflammatory cytokines (IL-13, TNF-«,
IL-8, MCP-1, and GRO-«) in PHA-stimulated PBMCs. Thl, Th17, and Th21 cytokines
were downregulated, while Th2, Th9, and T regulatory cytokines were upregulated. In
conclusion, this study demonstrated for the first time that pristine IF-WS, nanoparticles, at
non-cytotoxic concentrations, exhibit notable anti-inflammatory and immunomodulatory
properties on activated PBMCs in vitro.

Keywords: WS, nanoparticles; human mononuclear cells; cytotoxicity; proliferation

1. Introduction

Tungsten disulfide (WS;) belongs to transition metal dichalcogenides [1]. Nanostruc-
tures produced from this dichalcogenide exist in the form of inorganic fullerene-like struc-
tures (IF-WS,) and other two-dimensional (2D) structures, such as nanotubes, nanosheets,
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quantum dots, different composites, or hybrids. IF-WS; has quasispherical hollow poly-
hedral layered nanostructures similar to multiwall carbon fullerenes. They consist of
two-dimensional molecular sheets assembled by van der Waals forces [2]. These basic
structures give WS, nanoparticles unique properties, such as lubricity, mechanical strength,
and potential applications in tribology, electronics, energy storage, and other areas [3].

Due to their chemical and physical stability, WS, nanoparticles are increasingly attract-
ing biomedical research because of their special properties, such as good optical activity
and conductivity. The possibility of easy functionalization or coating with different chemi-
cal and biological compounds is another advantage in enhancing their colloidal stability,
dispersibility, or reactivity [4,5].

The application field of WS; and other metal sulfide nanoparticles is very broad. It
includes different theranostic procedures, such as magnetic resonance imaging, computed
tomography, optical and photoacoustic imaging, photothermal and photodynamic therapy,
and their combinations [6]. The delivery of drugs, biomolecules, or DNA to specific target
tissues, particularly tumors, by 2D WS, and their use as electrochemical and optical biosen-
sors in diagnostics are dominant biomedical fields of application [4,7]. Such applications
are possible and can be fine-tuned due to specific electronic band structures, luminescence,
Raman scattering, and other properties of WS, nanostructures [6].

The absence of toxicity is a general prerequisite for the biomedical application of
nanoparticles, and in this context, WS, nanostructures are considered biocompatible, as
judged by the absence of cytotoxicity and genotoxicity. Such conclusions were drawn from
different experiments, including rat salivary gland cells in culture [8], A549 cells [9], or
human epithelial kidney cells (HEK293f) [10]. However, prolonged exposure of tumor
cell lines to WS, nanostructures induces dose-dependent cytotoxicity [11]. The absence
of genotoxicity and genetic mutagenesis was demonstrated by evaluating the base-pair
mutation in S. typhimurium tester strain TA100 using the Ames Fluctuation test [10].

2D transition metal dichalcogenides (2D TMDCs), in the form of nanosheets, including
WS,, were investigated in the MH-S murine alveolar macrophage cell line culture [12].
WS, nanosheets were internalized in lysosomes and triggered autophagy via the mam-
malian target of rapamycin (mTOR)-dependent activation pathway [12]. However, it
remains to be investigated whether autophagy is a trigger of cytotoxicity or whether TMDC
nanostructures may have some regulatory role in autophagy mechanisms.

The interaction of nanoparticles with the immune system is particularly important
for their in vivo application. The immune system can react to foreign substances, with
different effector mechanisms involved in their elimination [13]. The long persistence of
nanoparticles in vivo and difficulties in their elimination can trigger a chronic immune or
toxic response with many unpredictable consequences [13]. Nanoparticles can be immuno-
toxic or immunomodulatory, and in this context, extensive investigation is needed [13].
This is especially important when using nanoparticles in ongoing immunotherapy pro-
tocols, whose potential application has expanded tremendously due to positive results
obtained in tumor therapy [6,14]. In this context, it is significant to outline that the influence
of nanoparticles on the immune response is highly dependent on their size and other
physicochemical properties.

Therefore, we aimed to study the effect of pristine IF-WS, nanoparticles with well-
defined physicochemical characteristics on peripheral blood mononuclear cells (PBMCs) in
culture (cytotoxicity, nanoparticle internalization, lymphocyte proliferation, and production
of pro- and anti-inflammatory cytokines, including those originating from different T cell
subsets) as a first screening model of the immunomodulatory potential of nanomaterials.
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2. Materials and Methods
2.1. IF-WS;, Nanoparticles

IF-WS; nanoparticles were provided by NanoMaterials, Ltd. (ApNano Materials,
Yavne, Israel). The nanoparticles were synthesized via a solid—-gas reaction of metal oxide
nanoparticles with Hy /H,S gases at elevated temperatures (800-900 °C) using a fluidized
bed reactor. Tungsten oxide powder and H;S gas served as reaction precursors in a reducing
atmosphere of hydrogen. The detailed production process was originally described in [15].

2.2. Nanoparticle Tracking Analysis

To assess the size distribution of IF-WS, nanoparticles, 1 mg of IF-WS, was dispersed
in 1 mL of either 18 m() double-distilled water (ddH,O), phosphate-buffered saline (PBS)
(Sigma-Aldrich, St. Louis, MO, USA), or RPMI 1640 medium (Sigma-Aldrich) supple-
mented with 10% fetal calf serum (FCS) (PAA Laboratories, Vienna, Austria). Samples
were sonicated for 5 min immediately before measurements with Nanoparticle Tracking
Analysis (NTA, ZetaView, Particle Metrix, Inning am Ammersee, Germany).

Different dilutions and excitation lasers were pre-tested to optimize particle detection.
The ideal dilution for IF-WS, in ddH,0O was 1:2000, with measurements taken at 488 nm
excitation (40 mW). Each sample was analyzed by scanning 11 positions with 30 frames per
position. Measurement settings included sensitivity: 85, shutter: 2000, and cell temperature:
24.9 °C. Blank controls consisted of identical solutions without IF-WS,.

The size and zeta potential were analyzed using ZetaView Software (version 8.05.16
SP3) with the following parameters: maximum area: 1000, minimum area: 10, and mini-
mum brightness: 30. Particle concentration was calculated after subtracting blank controls.
Exported Flow Cytometry Standard (FCS) files were analyzed using FCSExpress 7 (DeNovo
Software, Pasadena, CA, USA), and summary graphs were created with GraphPad Prism
(version 8.0).

2.3. PBMC Cultures

All experiments on human cells were carried out in accordance with the Declaration of
Helsinki, after approval by the Ethical Committee of the Medical Faculty in Fo¢a, University
of East Sarajevo, BiH. Peripheral blood was collected from the cubital vein of healthy
volunteers in citrated tubes (ThermoFisher Scientific, Waltham, MA, USA) after obtaining
written informed consent. The number of donors was six, comprising both sexes, aged
20-35 years, and of different blood groups. The blood was diluted with RPMI-1640 medium
(Sigma-Aldrich), layered over the Nycoprep density gradient (Nycomed, Oslo, Norway),
and centrifuged. PBMCs were collected from the interphase layer.

After washing with PBS, the cells were counted using an automatic cell counter
(Guava Muse Cell Analyzer, Luminex Corporation, TX, USA) and cultured in 96-well
flat-bottom plates (Sarstedt, Niimbrecht, Germany) at a density of 3 x 10° cells/well
in 200 uL/well. The complete culture medium consisted of RPMI-1640 supplemented
with 10% fetal calf serum (FCS) and antibiotics (Sigma-Aldrich): penicillin (100 U/mL),
streptomycin (0.1 mg/mL), and gentamicin (0.08 mg/mL).

The cells were treated with increasing concentrations of IF-WS, nanoparticles
(12.5-200 pg/mL) and incubated at 37 °C in a humidified incubator with 5% CO, for
24, 48, 72, or 96 h, depending on the assay. Before use, 10x concentrated IF-WS; solu-
tions were sonicated thoroughly for 10 min in an ultrasonic bath (ThermoFisher Scientific).
Cultures without IF-WS; served as controls. All experiments were performed in triplicates.
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2.4. Internalization of IF-WS, Nanoparticles

Cells (5 x 10° /well) were seeded in 24-well plates (Sarstedt) using the complete culture
medium and incubated for 24 or 48 h with varying concentrations of IF-WS, as described
above. After incubation, the cells were collected and washed three times at low-speed
centrifugation (800 rpm, 10 min) to remove unbound nanoparticles.

Following cell counting, cytospins were prepared for each sample using a cytocen-
trifuge (Shandon Cytospin Type 4) (ThermoFisher Scientific), and fixed with methanol
(Sigma-Aldrich). After fixation and drying, cytospins were stained with May-Griinwald
Giemsa (Merck, Kenilworth, NJ, USA), mounted with Canada balsam (Merck), and an-
alyzed under a light microscope (Nikon Eclipse 5i equipped with a Nikon DXM1200C
Camera, Tokyo, Japan).

Internalization of IF-WS; nanoparticles (observed as black intracellular granules) was
evaluated using a semiquantitative phagocytic index (Phl): Phl: 0: No stained granules;
Phl: 1: Low number of small stained granules; Phl: 2: Moderate number of small and large
stained granules; Phl: 3: High number of mostly large stained granules; Phl: 4: Very strong
positivity, cells completely filled with dense granules. Details are provided in Section 3.
The mean Phl was calculated by dividing the total internalization score by the total number
of analyzed cells.

2.5. Viability, Apoptosis, and Necrosis Assays

PBMCs (3 x 10°) were cultured in 96-well plates (in triplicates) for 24 h, either un-
treated (control) or treated with varying concentrations of IF-WS,. After incubation, cells
were harvested by pipetting, followed by additional PBS washing to detach adherent
macrophages. The cells were pelleted by centrifugation, counted using an automatic cell
counter (Guava Muse Cell Analyzer), and stained with 1% trypan blue (Merck) for viability
assessment under a light microscope.

The percentage of non-viable (blue-stained) cells was calculated based on a count
of 500 cells per sample. Relative viability in experimental samples was expressed as a
percentage compared to control cultures (set at 100%).

For apoptosis and necrosis assays, cells were incubated in a calcium-binding buffer
(R&D Systems, Abingdon, UK), and stained with Annexin V-Fluorescein isothiocyanate
(FITC) and propidium iodide (PI) using the Annexin V-FITC/PI staining kit (R&D Sys-
tems), following the manufacturer’s instructions. Fluorescent cells were analyzed by flow
cytometry (LSR II, Becton Dickinson, Franklin Lakes, NJ, USA).

2.6. Proliferation Assay

PBMCs were prestained with CellTrace Far Red dye (Invitrogen, Waltham, MA, USA) fol-
lowing the manufacturer’s instructions. Stained PBMCs were cultured in 96-round bottom
plates at a density of 3 x 10° cells/well in 200 uL of complete RPMI 1640 medium, either
untreated (control) or treated with varying concentrations of IF-WS;. Phytohemagglutinin
(PHA) (Sigma-Aldrich) at a final concentration of 20 pg/mL was used as a mitogen to
stimulate cell proliferation. The cultures were incubated at 37 °C with 5% CO; for 96 h.

After incubation, the cells were collected by vigorous pipetting, washed, and stained
with PI at a concentration of 50 pg/mL (Sigma-Aldrich). Cell proliferation was assessed
using a BD LSR II flow cytometer (BD Biosciences, San Jose, CA, USA) by analyzing the
dilution of CellTrace Far Red dye, excluding doublets and PI* dead cells.

T cells were isolated from PBMCs using a Pan T Cell Isolation Kit (Miltenyi Biotec,
Bergisch Gladbach, Germany) based on negative immunomagnetic selection. The purity of
the T cell population, determined by anti-CD3 antibody staining, exceeded 95%. Isolated T
cells were activated with CD3/CD28-antibody-coated microbeads (Gibco, Thermo Fisher
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Scientific, Dreieich, Germany) and recombinant human IL-2 (10 ng/mL, PeproTech, Thermo
Fisher Scientific). T cells were cultured under the same conditions as PHA-stimulated
PBMCs for 96 h.

Proliferation analysis included calculations of the proliferation index (PI), which repre-
sents the total number of divisions divided by the number of cells that underwent division,
and the division index (DI), which represents the average number of cell divisions per
cell in the original population. The data were analyzed using FCS Express™ 7.20.0023
software, and the percentage of proliferating cells was also calculated. Results are pre-
sented as proliferation indices or relative values, normalized to 100% proliferation in the
control group.

2.7. Cytokine Measurement

The concentrations of TNF-«, IFN-vy, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A,
IL-17F, and IL-22 in the culture supernatants of PHA-stimulated PBMCs or CD3/CD28-
stimulated T cells were simultaneously measured using the Flow Cytomix Microbeads
Assay (BioLegend’s LEGENDplex™, San Diego, CA, USA), according to the manufacturer’s
instructions. Supernatants from PHA-stimulated PBMC cultures and CD3/CD28/IL-2-
stimulated T cell cultures were collected after three and four days, respectively. Cytokine
concentrations were analyzed on the BD LSR II flow cytometer (BD Biosciences). A standard
curve, including both positive and negative controls, was used to determine cytokine
concentrations, with data analyzed using LEGENDplex™ software (2024-06-15).

The LEGEND MAX pre-coated ELISA kits for human IL-1f3, IL-6, IL-8, and MCP-1
were obtained from BioLegend (Basel, Switzerland), and the Quantikine ELISA kit for GRO-
o was purchased from R&D Systems (Minneapolis, MN, USA). Cytokine concentrations
in the culture supernatants were determined following the manufacturer’s instructions
using 5-parameter nonlinear fit curves (GraphPad Prism 8). All cytokine measurements
were performed in duplicates, and the mean values were calculated. Final cytokine con-
centrations were standardized to the same number of cells (3 x 10°). The addition of
WS, nanoparticles to the supernatants of control PHA-stimulated PBMC cultures did not
interfere with cytokine detection.

2.8. Statistics

To analyze differences between control and experimental groups, a repeated-measures
one-way or two-way analysis of variance (RM-ANOVA), followed by Tukey’s multiple
comparison test, was performed using GraphPad Prism 8 (GraphPad Software, La Jolla,
CA, USA). Data are presented as means =+ standard deviation (SD) from the indicated
number of independent experiments, with a 95% confidence interval (p < 0.05) considered
a significant difference between the tested groups. Where indicated, statistical significance
is labeled using Compact Display Letters.

3. Results
3.1. Characterization of IF-WS, Nanoparticles

IF-WS; nanoparticles were initially characterized using transmission electron mi-
croscopy (TEM) and scanning electron microscopy (SEM). The results, previously pub-
lished [16], are presented in Supplementary Figure S1. It can be observed that IF-WS,
nanoparticles are relatively symmetrical structures, composed of approximately 40 concen-
tric layers, with diameters ranging between 40 and 70 nm. SEM analysis showed partial
agglomeration, which can be attributed to their relatively high concentration (3 wt%).

Other physicochemical properties, provided by the supplier, including the range
of IF-WS; sizes (40-300 nm), are listed in Supplementary Table S1. NTA measurements
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suggested that the mean size of IF-WS; in ddH,O is approximately 134 nm (Figure 1).
IF-WS, exhibited a similar size in PBS and an increased z-potential. In contrast, the size of
the nanoparticles in RPMI/FCS was 10 nm larger compared to ddH;O, and a reduction in
z-potential was observed, indicating the formation of a corona in the cell culture medium.
Additionally, the concentration of IF-WS; in RPMI/FCS was much higher than in water or
PBS, suggesting increased stability of the IF-WS, dispersion in the cell culture medium.
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Figure 1. NTA measurements of IF-WS, size distribution and Z-potential. (A) Size distribution profiles
from three independent measurements are shown on a normalized Y-axis, with the summarized
graph presented beside. (B) Z-potential, as measured by NTA, is shown as mean mV =+ SD (n = 3).
(C) Concentration distribution according to IF-WS; size is shown, with each point displayed as
mean + SD (n = 3), and the summarized graph beside shows the mean concentration (number/mL)
£ SD. *p <0.05, ** p < 0.01 as indicated (one-way ANOVA).

3.2. Cytotoxicity of IF-WS;

The first part of the research on the biological effects of IF-WS, involved investigating
their impact on PBMC viability in culture. Cells were incubated with five different concen-
trations of IF-WS, (12.5, 25, 50, 100, and 200 pug/mL) for 24 h. Control cells were cultured
without IF-WS, nanoparticles. Since the conventional MTT assay interfered with the color
reaction, this test was not used to assess cytotoxicity. Therefore, cell viability was assessed
based on the number of viable cells in cultures and calculated as a percentage relative to the
control, which was taken as 100%. The results are shown in Figure 2A. It was observed that
only the highest concentration slightly reduced PBMC viability by 13.6 &+ 3.4% (p < 0.05).

The possible cytotoxic effect of IF-WS, on PBMCs was further studied using an apop-
tosis/necrosis assay. The results confirmed the findings of the viability studies and showed
the absence of cytotoxicity up to 100 ug/mL. The highest concentration (200 pug/mL)
showed a slight increase in the percentage of apoptotic cells (13.3 £ 2.8%) compared to
the control (7.3 £ 2.5%) (p < 0.05) (Figure 2B), with no significant effect on cell necrosis
(Figure 2C). Flow cytometric data from one representative experiment (Figure 2D) showed
a predominant increase in early apoptotic (Annexin-V-FITC+/PI-) cells in the presence of
the highest concentration of IF-WS,.



Nanomaterials 2025, 15, 322 7 of 19
A) B) ©)
viability apoptosis necrosis
150 20 * 3
*
15
1004 T 5 T 2- 1 IF-WS20
< © 104 ° 1 IF-WS2 125
=1 IF-WS225
50 1
5 mm IF-WS2 50
=3 IF-WS2 100
0 0 0 mm IF-WS2 200
D) IF-WS2 0 pg/mL IF-WS2 12.5 pg/mL IF-WS2 25 pg/mL
_|o.66% 1.88% lo319% 1.72% 0.65% 2.00%
107 100 10°
10° 10' 10'
= = > Y
w w e "
10° 10 10°
-10° 1 : -10° 5 (i 10" | Yt o
6.42% o 91.25% . 2 [89.629% 7.74%
100 10 10° 10° 110’ -10° 10° 10" 10° 200 10 10° 10°
Annexin V - FITC Annexin V - FITC Annexin V - FITC
IF-WS2 50 pg/mL IF-WS2 100 pg/mL IF-WS2 200 pg/mL
_|o.87% 2.00% . [0-54% 2.24% a1 2.30%
10° 10 107 .
10° - 10' 10°
a = Y
w w w
o e Y
10° 10 10
2107 5 . 107 S ] 10'3 o
o 189:63% 7.50% 90.91% . 6:31% 10’ J§2-'93°)°, 13.61%
2107 1 10" 10° 100 100 10' 10° -10° -100 10° 10' 10°
Annexin V - FITC Annexin V - FITC Annexin V - FITC

Figure 2. The effect of different concentrations of IF-WS, nanoparticles on viability (A), apoptosis
(B,D), and necrosis (C,D) in PBMC cultures. Values are presented as mean percentages (%) £ SD
(n = 6) or as flow cytometric data of one representative experiment (D). * p < 0.05 compared to the
control (one-way ANOVA).

3.3. Internalization of IF-WS, Nanoparticles by PBMCs

PBMCs were cultured with different concentrations of IF-WS,. After incubation, the
cells were collected and prepared for morphological and flow cytometric analysis. Morpho-
logical analysis was performed on cytospins prepared from PBMCs. To study the extent of
internalization depending on the concentrations of IF-WS, and incubation time, a semiquan-
titative analysis was performed, as presented in Figure 3A. Figure 3B shows that internalized
IF-WS, nanoparticles were detected in monocytes/macrophages, but not in lymphocytes.
An increase in internalization was observed after 24 h in the culture at concentrations up to
100 png/mL, with significant differences (p < 0.05) observed when comparing Phl (50 pg/mL)
and Phl (100 ug/mL) to the lowest concentration (12.5 ug/mL). A more pronounced in-
crease in internalization was observed after 48 h, with statistically significant differences
between all concentrations compared to the lowest one (p < 0.05). Additionally, all Phl
values were statistically significantly higher (p < 0.05) compared to the corresponding Phl
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after 24 h, except for the lowest concentration (Figure 3C). Interestingly, at the highest con-
centration of IF-WS, nanoparticles (200 ug/mL), the degree of internalization was slightly
lower than at 100 pg/mL. Flow cytometry data confirmed that monocytes/macrophages
internalize IF-WS,, as indicated by a concentration-dependent increase in scatter, in contrast

to lymphocytes, where such changes were not observed (Figure 4).

125 25 50 100 200 ng/ml

Figure 3. Internalization of IF-WS, nanoparticles in PBMC cultures. (A) Heterogeneity of IF-WS,
uptake by macrophages after 48 h, where phagocytic indexes (Phl) are indicated above the cells.
(B) Internalization of IF-WS; by macrophages, but not lymphocytes, analyzed after 48 h using
cytospins. (C) The dose- and time-dependent effect of IF-WS; internalization by macrophages is
shown. Values are expressed as mean =+ SD of Phl (n = 3), determined by calculating PhI for 500 cells
on each cytospin. * p < 0.05 compared to the lowest concentration (12.5 ug/mL) or as indicated by
bars and determined by two-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 4. Internalization of IF-WS; by PBMCs in culture. PBMCs were cultured with IF-WS,
for 24 h, followed by analysis by flow cytometry. (A) Gating strategy showing the population of
monocytes/macrophages (above) and lymphocytes (below). (B) Mean values of size scatter for each
population (monocytes/macrophages above, lymphocytes below) are presented. Data are shown as
mean + SD (n = 3), with representative histograms included. * p < 0.05; ** p < 0.01 as indicated on the
horizontal bars (one-way ANOVA).
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3.4. The Effect of IF-WS, on PBMC Proliferation

PBMCs prestained with CellTrace Far Red were stimulated with PHA for 96 h. Ex-
perimental cultures were treated with five different concentrations of IF-WS, (12.5, 25, 50,
100, and 200 pg/mL). Afterward, cell proliferation was analyzed using a flow cytometer.
Several parameters, such as PI, DI, and the percentage of proliferating cells, were deter-
mined and expressed as relative values, with 100% representing the parameters in the
control (Figure 5A). It can be observed that IF-WS, concentrations of 25 ng/mL and higher
inhibited cell proliferation. The inhibition ranged from 26.4% to 32.6% at the highest con-
centration, depending on the parameter investigated (p < 0.005). Representative histograms
from one experiment are shown in Figure 5B.

PHA is a T cell mitogen. To investigate whether IF-WS, directly inhibited T cell
proliferation, purified T cells were stimulated with microbeads coated with CD3/CD28
antibodies and IL-2. The results presented in Supplementary Table S2 show that neither
concentration of IF-WS, inhibited T cell proliferation.
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Figure 5. The effect of IF-WS; nanoparticles on the proliferation of PHA-stimulated PBMCs. (A) Cell
proliferation parameters are presented as relative values (%) £ SD (n = 3), with control cultures used
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as 100%. * p < 0.05; ** p < 0.01; ** p < 0.005 compared to the control (one-way ANOVA). (B) Gating
strategy. (C) Representative histograms from one experiment. The percentages above the bars
represent the proportion of non-dividing cells. PI—proliferating index.

3.5. The Effect of IF-WS, Nanoparticles on the Production of Pro-Inflammatory Cytokines and
Chemokines in PHA-Stimulated PBMC Cultures

The concentrations of three pro-inflammatory cytokines (IL-13, IL-6, and TNF-«) and
three chemokines (IL-8, MCP-1, and GRO-«) were measured in the supernatants of PBMC
cultures stimulated with PHA after 48 and 72 h. Double-increasing concentrations of
IF-WS; nanoparticles, ranging from 12.5 ug/mL to 100 ug/mL, were used. The results are
presented in Figure 6.

No significant changes in the levels of IL-1(3 and IL-6 were observed after 48 h. How-
ever, the levels of TNF-«, IL-8, and MCP-1 were significantly lower at the concentration of
100 ug/mL (p < 0.05) compared to control cultures. Additionally, GRO-« levels were most
significantly decreased at 50 and 100 pg/mL (p < 0.005 and p < 0.01, respectively).

After 72 h, the levels of all cytokines (except for IL-6) changed significantly in the
presence of IF-WS;. All three concentrations of nanoparticles significantly decreased the
levels of IL-13, TNF-«, and IL-8 (p < 0.05, p < 0.01, or p < 0.005). Furthermore, MCP-1 and
GRO-« levels were significantly decreased at 50 and 100 ng/mL of IF-WS; (p < 0.005).
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Figure 6. The effect of IF-WS, nanoparticles on the production of pro-inflammatory cytokines and
chemokines in PHA-stimulated PBMC cultures. Values are presented as mean 4 SD (n = 3). * p < 0.05;
**p <0.01; *** p < 0.005 compared to the control (one-way ANOVA).
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K 125 50 100 pg/ml

3.6. The Effect of IF-WS, Nanoparticles on the Production of Th1, Th2, and Th9 Cytokines in
PHA-Stimulated PBMC Cultures

The level of IL-2 (a common T cell proliferating cytokine) did not significantly change
in the presence of IF-WS, after 48 h of PBMC culture. However, the lowest IF-WS; concen-
tration (12.5 pg/mL) stimulated IL-2 production (p < 0.05), while the other two concentra-
tions (50 and 100 pg/mL) significantly inhibited IL-2 production (p < 0.05 and p < 0.005,
respectively). The results are presented in Figure 7.

The concentrations of IF-WS, (12.5 and 50 ug/mL) significantly decreased the levels
of IFN-y (a key Th1 cytokine) after 72 h (p < 0.05 and p < 0.01, respectively). Interestingly,
the highest concentration of the nanoparticles decreased the production of IFN-y after 48 h
(p < 0.05), but not after 72 h.

The production of three Th2 cytokines (IL-4, IL-5, and IL-13) was measured in the
culture supernatants. The levels of IL-4 (p < 0.05) and IL-5 (p < 0.01) were significantly
higher in the presence of the lowest concentration of IF-WS, after 48 h, whereas an increased
level of IL-13 (p < 0.01) was detected at 50 ug/mL at the same time. After prolonged cell
culture (72 h), the stimulatory effect of IF-WS, was not observed. In contrast, all three
concentrations of nanoparticles inhibited the production of IL-5 and IL-13 (p < 0.01 or
p < 0.005). The production of IL-4 was not significantly modulated.

The lowest concentration of IF-WS, significantly stimulated IL-9 production (a key
Th9 subset cytokine) (p < 0.05) at both 48 and 72 h. After 72 h, the other two concentrations
of IF-WS, significantly inhibited IL-9 production (p < 0.01 and p < 0.05, respectively).
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Figure 7. The effect of IF-WS; nanoparticles on the production of Th1, Th2, and Th9 cytokines in
PHA-stimulated PBMC cultures. Values are given as mean £ SD (n = 3). * p < 0.05; ** p < 0.01;
*** p < 0.005 compared to the control (one-way ANOVA).
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3.7. The Effect of IF-WS, Nanoparticles on the Production of Th17, Th21, and Treg Cytokines in
PHA-Stimulated PBMC Cultures

The following Th17 cell subset cytokines (IL-17A, IL-17F, and IL-22), Th21 cytokine (IL-
21), and Treg cytokine (IL-10) were analyzed in the culture supernatants of PHA-stimulated
PBMC cultures. The results are presented in Figure 8.

Regarding Th17 cytokines, only IL-22 was significantly decreased after 48 h in the
presence of all concentrations of IF-WS, (p < 0.005). However, the levels of all three Th17
cytokines were decreased after 72 h.

All concentrations of IF-WS; inhibited the production of IL-21 after 72 h (p < 0.005,
p <0.01, and p < 0.05, respectively), as did the highest concentration after 48 h (p < 0.05).
The lowest concentration of IF-WS; stimulated the production of IL-10 (p < 0.05) after 48 h,
as did the other two concentrations after 72 h (p < 0.01).
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Figure 8. The effect of IF-WS; nanoparticles on the production of Th17, Th21, and Treg cytokines in
PHA-stimulated PBMC cultures. Values are presented as mean + SD (n = 3). * p < 0.05; ** p < 0.01;
*** p < 0.005 compared to the control (one-way ANOVA).

3.8. The Effect of IF-WS, on the Production of T Helper Cytokines in CD3/CD28-Stimulated
T Cell Cultures

When purified T cells were stimulated with anti-CD3/CD28 microbeads, no significant
changes in the production of any of the investigated T cell cytokines were detected in the
presence of IF-WS, nanoparticles compared to the control. The levels of IL-2 were not

determined, as the cytokine was already present in the culture system (Supplementary
Table S3).
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4. Discussion

This study aimed to investigate the effect of different concentrations of IF-WS; on
human PBMCs in culture, serving as an initial screening for the potential modulatory
effects of these nanoparticles on immune responses. PHA, a well-known mitogen for T
lymphocytes, was used to stimulate the proliferation and activation of PBMCs, for which
the presence of accessory cells in the culture (monocytes and dendritic cells) is necessary
for its effect [17,18].

IF-WS; nanoparticles used in this study have been previously well characterized [8,16].
Since we dispersed them in a culture medium containing serum proteins, it was necessary
to characterize their physicochemical properties under such culture conditions. In this
context, we used NTA as an alternative and complementary method to dynamic light
scattering (DLS) [19], which sizes particles from 30 to 1000 nm. The increase in the size
of IF-WS; in a culture medium supplemented with 10% FCS, along with a reduction of
z-potential and increased stability, suggests that the nanoparticles are surrounded by a
protein corona, most likely composed primarily of albumin [20]. However, neither DLS
or NTA are optimal for detecting larger aggregates [19], which are visible by inverted
microscopic analysis but difficult to quantify accurately.

Before conducting immunological tests, it was necessary to assess the cytotoxicity
of IF-WS,. The most commonly used cytotoxicity screening (MTT test) could not be per-
formed because these nanoparticles interfered with the colorimetric reaction. Therefore, the
potential cytotoxic effect was assessed based on viability and apoptosis/necrosis assays.
The results showed minimal cytotoxicity, observed only at the highest concentration of
IE-WS;, consistent with earlier findings of the biocompatibility of these nanoparticles in
rat salivary gland cells [8], A545 [9], kidney cell lines [10], or human monocyte-derived
macrophages [21]. This contrasts with the study by Teo et al. (2014), which demonstrated
varying cytotoxicity of lithiated WS,, MoS,, and WSe,, which are chemically and electroni-
cally different from their pristine forms [22].

Although non-cytotoxic, IF-WS, inhibited cellular proliferation. As expected, the
inhibitory effect was relatively small and increased with higher concentrations of IF-WS,
(up to a maximum of about 30%), but it was not clearly dose-dependent. Since IF-WS, did
not affect the proliferation of purified T cells stimulated with anti-CD3/CD28 microbeads,
it can be assumed that the effect is indirect and dependent on accessory cells in the culture.
This is supported by the results of nanoparticle internalization analysis, which showed
that IF-WS; were internalized (phagocytosed) by monocytes/macrophages but not by
lymphocytes. Our results differ from those published on salivary gland cells, which
showed unimpaired cell proliferation using IF-WS, of the same company used in this
study [8]. In contrast, another study on tungstate (Na; WO,) showed inhibited proliferation
of PB leukocytes due to a prominent cytotoxic effect [23]. The variability in these results can
be explained by differences in the cell types used and the different forms and compositions
of tungsten materials.

Macrophages are the most potent phagocytic cells and are the first cells that encounter
foreign bodies, including nanoparticles [24]. Metallic nanoparticles are particularly signifi-
cant due to their long persistence and difficulty in elimination once ingested. Given that
the internalization of nanoparticles depends on particle geometry, surface charge, func-
tionalization, serum protein opsonization, and other surface parameters, as well as culture
conditions [24,25], it can be postulated that macrophages internalize IF-WS; via phagocyto-
sis. This is the primary uptake mechanism for large nanoparticles, including those that are
aggregated (reversible process) or agglomerated (irreversible process). Macrophages are dif-
ferentiated from monocytes in PBMC cultures. The nanoparticles ingested via phagocytosis
fuse with lysosomes to form phagosomes, and our microscopic analysis strongly suggests
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that large, dark intracytoplasmic structures are phagolysosomes. Other mechanisms of
nanoparticle uptake, such as macropinocytosis (large-volume uptake of nanoparticles
larger than 500 nm), clathrin-dependent endocytosis (which operates for nanoparticles of
20-500 nm), and caveolin-mediated endocytosis (responsible for the uptake of 20-100-nm
particles) [26,27], could also be relevant. This hypothesis is supported by the findings of
Peng et al. using a similar cell culture model with human monocyte-derived macrophages
treated with MoS; or WS, 2D exfoliated nanosheets, where cytochalasin D partially reduced
nanoparticle uptake [21]. It is known that cytochalasin D inhibits actin-dependent uptake
mechanisms, such as phagocytosis or macropinocytosis [28]. We also used flow cytometry
to demonstrate the uptake of WS; nanoparticles by macrophages. Although this method
could not clearly distinguish between internalized nanoparticles and those attached to
the membrane, it correlates with morphological features associated with internalization.
Furthermore, it provides additional confirmation when analyzing lymphocytes, which
neither bind to nor internalize WS, nanoparticles.

Once internalized by macrophages, nanoparticles may affect their cellular physiol-
ogy in various ways. The most commonly studied function of macrophages relates to
the production of biomolecules associated with the inflammatory response. This is why
we examined the production of pro-inflammatory cytokines (IL-1f3, TNF-«, IL-6) and
chemokines (IL-8, GRO-o, MCP-1). TNF-« and IL-1f are typical examples of cytokines
produced primarily by innate immune cells, especially macrophages. They are important
for both acute and chronic inflammation, acting on different components of the inflamma-
tory cascade. IL-8 and GRO-« have a similar pro-inflammatory role, primarily mobilizing
granulocytes. On the other hand, MCP-1 is mainly involved in recruiting monocytes to
the inflammatory site [29]. We found that IF-WS, exerted significant suppression of all
investigated cytokines/chemokines, except for IL-6, which was not significantly affected.
The effect was more pronounced after prolonged PBMC culture and PHA stimulation,
which is consistent with the increased internalization of IF-WS; over time. The unchanged
production of IL-6 could be due to its dual pro- and anti-inflammatory roles [30].

Our results are comparable to studies on metallic nanoparticles. Aili et al. recently
demonstrated that Au nanoparticles suppress neuroinflammation by inducing macrophage
polarization toward the M2 phenotype in a microglia model, reducing pro-inflammatory
(TNF-oa and IL-13) cytokine expression through inhibition of the NF-kB and MAPK signal-
ing pathways, blocking leukocyte adhesion, and decreasing oxidative stress [31]. A similar
effect was observed with Au-deposited metal oxide nanoparticles, which down-modulated
TNEF-o and IL-13 secretion by a murine macrophage cell line [32]. Peng et al. [21] showed
that 2D MoS; and WS, materials were non-cytotoxic to primary human macrophages and
did not provoke significant pro-inflammatory effects. Tungstate (mainly polyoxotungstate-
1, 3Nap;WO4-9WO3-H,O) up to 100 uM did not stimulate ROS production, cause DNA dam-
age, or influence the production of IL-6, IL-8, and TNF-« in RAW 264.7 macrophages [33].
In contrast, many nanoparticles can stimulate pro-inflammatory responses in macrophages,
manifesting as increased ROS production, secretion of pro-inflammatory cytokines, and
upregulation of activation markers [34].

The most important findings in our study relate to T cell cytokine production. We
showed that IF-WS, significantly modulated Th responses, which depend on antigen-
presenting cells in PHA-stimulated PBMC cultures. The levels of pro-inflammatory Th1
(IFN-y) and Th17 (IL-17A, IL-17F, and IL-22) cytokines, as well as Th21 (IL-21), were
significantly decreased, while the levels of anti-inflammatory Th2 cytokines (IL-4, IL-5, IL-
13), Th9 (IL-9), and the key immunoregulatory cytokine IL-10 were significantly increased.

Although Thl cells generally have a pro-inflammatory role and contribute to cer-
tain autoimmune diseases, they are also responsible for immunity against intracellular
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microorganisms and the stimulation of anti-viral and anti-tumor cytotoxic CD8+ T cell
responses [35]. The role of Th17 cells in immune responses is complex. Th17 cells stimulate
immunity against extracellular bacteria and fungi, support acute inflammation, and are
involved in the pathogenesis of several autoimmune diseases and allergies [36]. Their role
in cancer immunity is controversial. IL-21 is a pleiotropic cytokine primarily produced by
the Th21 subset. It stimulates cytotoxicity in CD8+ T cells and NK cells and participates in
forming immunological memory through interactions between T follicular helper cells and
B cells in germinal centers of lymphoid organs. IL-21 is also implicated in many systemic
autoimmune diseases [37]. According to our results, the inhibited production of Th1, Th17,
and Th21 cytokines represents an additional anti-inflammatory immune response induced
by IF-WS, nanoparticles.

Interestingly, the Th2 response was increased in the early phase of activation (48 h) at
lower concentrations of IF-WS,, while the production of IL-5 and IL-13 decreased after 72 h
at all concentrations used. In contrast, IL-4 production remained unchanged. These results
suggest that while Th2 cells promote anti-helminthic responses, asthma, and other allergies,
as well as some chronic infections and humoral immunity, the production of individual
Th2 cytokines is regulated differently [38]. Th9 cells, through IL-9 production, play a role
in various immune-related diseases, including tumors, inflammatory diseases, parasite
infections, and asthma [39]. The differentiation of Th9 cells is regulated by TGF-f3 and
IL-4, and the upregulated production of IL-9 by IF-WS, follows a similar pattern to the
Th2 response. However, the kinetics of IL-9 and Th2 cytokines differed, as IL-9 production
remained elevated after 72 h.

The increased production of IL-10 aligns with the enhanced anti-inflammatory and
immunoregulatory response in IF-WS;-treated PBMCs. IL-10 is produced by various cell
types, including macrophages and Treg cells. In addition to its inhibitory effect on pro-
inflammatory cytokine production by innate immune cells, IL-10 also suppresses Thl,
Th17, and Th9 responses [40], all of which were observed in our study. Th2 cytokines and
IL-10 may also promote the differentiation of M2 macrophages, which are more effective
in engulfing nanoparticles than M1 macrophages [33]. These M2 macrophages, through
increased uptake of IF-WS,, may further enhance the anti-inflammatory microenvironment
in our culture system.

A key question in explaining our results is the mechanism by which IF-WS, strongly
modulates the T cell response via accessory cells (primarily macrophages), as no effect
was observed when purified T cells were used. Several possibilities exist. First, upon
engulfing IF-WS,, macrophages could transform into the M2 phenotype, as suggested by
studies using co-culture systems of A549 and THP-1 cells [41] or microglial cells exposed to
Au nanoparticles [32]. Activated M2 macrophages express immunoregulatory molecules
such as PD-1L and B7-H4 and produce several immunosuppressive factors, including
arginase, indoleamine-2,3-dioxygenase (IDO), IL-10, TGF-f3, and various small non-coding
RNAs [42]. These functions of M2 macrophages closely resemble those of tumor-infiltrating
macrophages. IL-4 secreted by M2 macrophages stimulates the maturation of naive T cells
into Th2 cells, which, in turn, secrete IL-4 and IL-13 [42]. As previously mentioned, IL-10
inhibits CD8+ T cell-dependent immune responses [30] and promotes the accumulation
of Tregs [42]. Furthermore, cytokines like IL-25 (IL-17E) and IL-33 (alarmins) produced
by activated macrophages can stimulate Th2 immune responses while inhibiting Th1
and Th17 responses through suppression of IL-23 and IL-12, respectively [39]. Cytokines
produced by Th2 cells and M2 macrophages may inhibit NF-kB activity and, consequently,
be responsible for suppressing the pro-inflammatory response in the presence of WS,
nanoparticles. Nevertheless, this hypothesis requires further investigation.
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The macrophage/T cell interaction could be driven by the so-called bystander ef-
fect of nanoparticles, which has been demonstrated in co-cultures of lung cells and
macrophages exposed to WS,. In these models, WS, nanosheets induce M2 polariza-
tion in macrophages [41]. In our culture system, this phenomenon might translate into a
macrophage-induced bystander effect on T cells.

Another potential mechanism involves exosomes containing WS; nanoparticles re-
leased from macrophages. A recent study [43] showed that Au nanoparticles, after entering
a keratinocyte cell line and trafficking to multivesicular bodies and lysosomes, exited the
cell primarily through unconventional exocytosis. These exosomes, measuring up to 100 nm
and expressing CD81, could deliver their cargo intracellularly, thereby influencing immune
responses. According to known exosome-mediated cell-cell communication mechanisms,
IF-WS;-containing exosomes may be taken up by T cells [44], potentially modulating the
immune response. A recent study also demonstrated that exosomes released from M2
macrophages could promote the differentiation of naive T cells into Treg cells [45].

The results presented here offer valuable starting points for future experiments, despite
the limitations outlined in the discussion. These findings inspire new lines of inquiry,
particularly regarding the specific ways in which T cells respond within a microenvironment
that contains free IF-WS, and macrophages with ingested IF-WS,. Key questions remain,
such as how cytokine profiles evolve over cultivation time and what the final outcome of
these processes might be. One approach to further understanding could involve analyzing
exosomes released from IF-WS;-ingested macrophages. This is why we characterized the
physicochemical properties of IF-WS, and their changes in culture medium using NTA, a
method commonly employed for exosome analysis.

5. Conclusions

This study demonstrates that pristine IF-WS, nanoparticles are cytocompatible and
exhibit significant anti-proliferative, anti-inflammatory, and immunomodulatory effects
in a human PBMC culture model, an observation not previously published. The anti-
inflammatory response of activated immune cells to IF-WS,, coupled with the downregu-
lation of Th1, Th17, and Th21 responses, positions this dichalcogenide nanostructures as
a promising biomaterial for the treatment of autoimmune diseases and transplantation-
related reactions. However, these effects may not be desirable for applications in anti-tumor
immunity and allergy. Nevertheless, by functionalizing IF-WS; with appropriate im-
munostimulants, along with leveraging their excellent photothermal properties, these
nanoparticles could become an attractive candidate for tumor immunotherapy. However,
before their therapeutic application in vivo, extensive preclinical studies using experimen-
tal animals are required to validate the observed in vitro phenomena and establish their
correlation with pharmacokinetic data.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /nano15050322 /s1, Figure S1: Characterization of IF-WS,
nanoparticles by TEM (a) and SEM (b). Taken from: Simi¢ et al. Composites Part B 176 (2019)
107222, with the permission of Elsevier.; Table S1: Properties of the inorganic fullerene-like tungsten
disulfide nanoparticles (IF-WS;); Table S2: Effect of different concentrations of IF-WS, nanoparticles
on proliferation of purified T cells stimulated with CD3/CD28 beads and IL-2; Table S3: Effect
of different concentrations of IF-WS, on the production of cytokines by T cells stimulated with
anti-CD3/CD28 microbeads.


https://www.mdpi.com/article/10.3390/nano15050322/s1

Nanomaterials 2025, 15, 322 17 of 19

Author Contributions: Conceptualization, M.C.,S.Z., D.P. and D.B;; methodology, S.Z., D.P, S.T,,
S.R. and M.B,; software, S.T. and M.K_; validation, S.Z., D.P,, S.T. and M.C; formal analysis, S.Z.,
D.P,S.T., M.C., D.S. and PU,; investigation, S.Z., D.P,, S.T., SR., M.B.,, M.M. and M.K,; resources,
M.C. and D.B; data curation, S.T., M.B. and S.Z.; writing—original draft preparation, S.Z. and D.P;
writing—review and editing, M.C.; visualization, S.Z., M.K. and D.S.; supervision, M.C. and D.N;
project administration, M.C.; funding acquisition, D.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Ministry of Scientific and Technological Development,
Higher Education and Information Society of the Government of the Republic of Srpska, and the
University of East Sarajevo, Medical Faculty Fo¢a, Fo¢a, Bosnia and Herzegovina (UIS/MFF: I11.1.22-
24); the Ministry of Education, Science, and Technological Development of the Republic of Serbia
under Contract No. 451-03-65/2024-03/200135; the Science Fund of the Republic of Serbia, PROMIS,
#6062673, Nano-MDSC-Thera; and the Serbian Academy of Sciences and Arts (project F115).

Data Availability Statement: The data are contained within the article.

Acknowledgments: The authors would like to thank all the colleagues from the Center for Biomedical
Research, Medical Faculty Fo¢a, BiH, (especially Vanja Malis, Ljiljana Kozi¢ and Marija Drakul) for
their assistance during the experiments.

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

References

1. Lv, R.; Robinson, J.A.; Schaak, R.E.; Sun, D.; Sun, Y.; Mallouk, T.E.; Terrones, M. Transition metal dichalcogenides and beyond:
Synthesis, properties, and applications of single-and few-layer nanosheets. Acc. Chem. Res. 2015, 1, 48-56.

2. Ghoreishi, S.M.; Meshkat, S.S.; Dadkhah, A.A. IF-WS2 nanoparticles size design and synthesis via chemical reduction. Mater. Res.
Bull. 2010, 31, 584. [CrossRef]

3. Ding, J.; Feng, A.; Li, X.; Ding, S.; Liu, L.; Ren, W. Properties, preparation, and application of tungsten disulfide: A review. J. Phys.
D Appl. Phys. 2021, 54, 173002. [CrossRef]

4. Liu, N; Fan, F; Xu, W.,; Zhang, H.; Zhou, Q.; Li, X. Synthesis of functional hollow WS2 particles with large surface area for
Near-Infrared (NIR) triggered drug delivery. J. Alloys Compd. 2021, 875, 160034. [CrossRef]

5. Zifar, M.; Panahi, H.A.; Asli, M.D.; Eftekhari-Sis, B.; Rafiee, A. Surface modification of tungsten disulfide nanosheets by
pH/temperature sensitive polymers for NIR-triggered drug delivery. . Drug Deliv. Sci. Technol. 2023, 90, 105124. [CrossRef]

6.  Shetty, A.; Lang, H.; Chandra, S. Metal Sulfide Nanoparticles for Imaging and Phototherapeutic Applications. Molecules 2023, 28,
2553. [CrossRef]

7. Niknam, S.; Dehdast, S.A.; Pourdakan, O.; Shabani, M.; Koohi, M.K. Tungsten disulfide nanomaterials (WS2 NM) application in
biosensors and nanomedicine: A review. Nanomed. Res. |. 2022, 7, 214.

8. Goldman, E.B.; Zak, A.; Tenne, R.; Kartvelishvily, E.; Levin-Zaidman, S.; Neumann, Y.; Stiubea-Cohen, R.; Palmon, A.; Hovay,
A.-H.; Aframian, D.]. Biocompatibility of tungsten disulfide inorganic nanotubes and fullerene-like nanoparticles with salivary
gland cells. Tissue Eng. Part A 2015, 21, 1013. [CrossRef]

9.  Domi, B.; Bhorkar, K.; Rumbo, C.; Sygellou, L.; Martin, S.M.; Quesada, R.; Yannopoulos, S.N.; Tamayo-Ramos, ].A. Toxicological
assessment of commercial monolayer tungsten disulfide nanomaterials aqueous suspensions using human A549 cells and the
model fungus Saccharomyces cerevisiae. Chemosphere 2021, 272, 129603. [CrossRef]

10. Appel, ].H,; Li, D.O.; Podlevsky, ].D.; Debnath, A.; Green, A.A.; Wang, Q.H.; Chae, J. Low cytotoxicity and genotoxicity of
two-dimensional MoS2 and WS2. ACS Biomater. Sci. Eng. 2016, 2, 361. [CrossRef]

11.  Kolesnik, D.; Pyaskovskaya, O.; Gnatyuk, O.; Cherepanov, V.; Karakhim, S.; Polovii, I.; Konoshchuk, N.V,; Strelchuk, V.V,;
Nikolenko, A.S.; Dovbeshko, G.I. The effect of 2D tungsten disulfide nanoparticles on Lewis lung carcinoma cells in vitro. RSC
Adv. 2021, 11, 16142. [CrossRef] [PubMed]

12.  Zhou, X;; Jin, W.; Zhang, R.; Mao, X.; Jia, J.; Zhou, H. Perturbation of autophagy pathways in murine alveolar macrophage by 2D
TMDCs is chalcogen-dependent. J. Environ. Sci. 2024, 135, 97. [CrossRef] [PubMed]

13. Aljabali, A.A.; Obeid, M.A.; Bashatwah, R.M.; Serrano-Aroca, A.; Mishra, V.; Mishra, Y.; El-Tanani, M.; Hromi¢-Jahjefendi¢, A.;
Kapoor, D.N.; Goyal, R.; et al. Nanomaterials and their impact on the immune system. Int. . Mol. Sci. 2023, 24, 2008. [CrossRef]
[PubMed]

14. Lim, S.; Park, J.; Shim, M.K.; Um, W.; Yoon, H.Y;; Ryu, ].H.; Lim, D.-K,; Kim, K. Recent advances and challenges of repurposing

nanoparticle-based drug delivery systems to enhance cancer immunotherapy. Theranostics 2019, 9, 7906. [CrossRef]


https://doi.org/10.1016/j.materresbull.2010.01.020
https://doi.org/10.1088/1361-6463/abd9e8
https://doi.org/10.1016/j.jallcom.2021.160034
https://doi.org/10.1016/j.jddst.2023.105124
https://doi.org/10.3390/molecules28062553
https://doi.org/10.1089/ten.tea.2014.0163
https://doi.org/10.1016/j.chemosphere.2021.129603
https://doi.org/10.1021/acsbiomaterials.5b00467
https://doi.org/10.1039/D1RA01469B
https://www.ncbi.nlm.nih.gov/pubmed/35479162
https://doi.org/10.1016/j.jes.2022.12.029
https://www.ncbi.nlm.nih.gov/pubmed/37778845
https://doi.org/10.3390/ijms24032008
https://www.ncbi.nlm.nih.gov/pubmed/36768330
https://doi.org/10.7150/thno.38425

Nanomaterials 2025, 15, 322 18 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.
36.
37.

38.
39.

40.
41.

Frey, G.; Homyonfer, M.; Lyakhovitskaya, V.; Margulis, L.; Cohen, H.; Hodes, G.; Hutchison, J.L.; Tenne, R. Bulk synthesis of
inorganic fullerene-like MS2 (M = Mo, W) from the respective trioxides and the reaction mechanism. J. Am. Chem. Soc. 1996, 118,
5362.

Simi¢, D.M.; Stojanovi¢, D.B.; Dimi¢, M.; Miskovi¢, K.; Marjanovi¢, M.; Burzi¢, Z.; Uskokovi¢, PS.; Zak, A.; Tenne, R. Impact
resistant hybrid composites reinforced with inorganic nanoparticles and nanotubes of WS2. Compos. Part B Eng. 2019, 176, 107222.
[CrossRef]

Alsalamah, M.; Vong, L.; Cimpean, L.; Dadi, H. Establishing reference ranges for lymphocyte proliferation responses to
phytohemagglutinin in patients with T cell dysfunction. LymphoSign J. 2019, 6, 26. [CrossRef]

Coli¢, M.; Beki¢, M.; Tomié, S.; Poki¢, J.; Radojevi¢, D.; Savikin, K.; Miljus, N.; Markovié, M,; Skrbié, R. Immunomodulatory
properties of pomegranate peel extract in a model of human peripheral blood mononuclear cell culture. Pharmaceutics 2022, 14,
1140. [CrossRef]

Filipe, V.; Hawe, A; Jiskoot, W. Critical evaluation of Nanoparticle Tracking Analysis (NTA) by NanoSight for the measurement
of nanoparticles and protein aggregates. Pharm. Res. 2010, 27, 796. [CrossRef]

Hansen, U.; Thiinemann, A.F. Characterization of silver nanoparticles in cell culture medium containing fetal bovine serum.
Langmuir 2015, 31, 6842. [CrossRef]

Peng, G.; Keshavan, S.; Delogu, L.; Shin, Y.; Casiraghi, C.; Fadeel, B. Two-Dimensional Transition Metal Dichalcogenides Trigger
Trained Immunity in Human Macrophages through Epigenetic and Metabolic Pathways. Small 2022, 18, €2107816. [CrossRef]
[PubMed]

Teo, W.Z.; Chng, E.L.K,; Sofer, Z.; Pumera, M. Cytotoxicity of exfoliated transition-metal dichalcogenides (M0S2, WS2, and WSe2)
is lower than that of graphene and its analogues. Chemistry 2014, 20, 9627. [CrossRef] [PubMed]

Osterburg, A.R.; Robinson, C.T.; Schwemberger, S.; Mokashi, V.; Stockelman, M.; Babcock, G.F. Sodium tungstate (Na2WO4)
exposure increases apoptosis in human peripheral blood lymphocytes. . Immunotoxicol. 2010, 7, 174. [CrossRef] [PubMed]
Gustafson, H.H.; Holt-Casper, D.; Grainger, D.W.; Ghandehari, H. Nanoparticle uptake: The phagocyte problem. Nano Today
2015, 10, 487. [CrossRef]

Ge, C.; Tian, J.; Zhao, Y.; Chen, C.; Zhou, R.; Chai, Z. Towards understanding of nanoparticle-protein corona. Arch. Toxicol. 2015,
89, 519. [CrossRef]

Mayor, S.; Parton, R.G.; Donaldson, J.G. Clathrin-independent pathways of endocytosis. Cold Spring Harb. Perspect. Biol. 2014, 6,
a016758. [CrossRef]

Pelkmans, L.; Biirli, T.; Zerial, M.; Helenius, A. Caveolin-stabilized membrane domains as multifunctional transport and sorting
devices in endocytic membrane traffic. Cell 2004, 118, 767. [CrossRef]

Rennick, ].J.; Johnston, A.P,; Parton, R.G. Key principles and methods for studying the endocytosis of biological and nanoparticle
therapeutics. Nat. Nanotechnol. 2021, 16, 266. [CrossRef]

Soliman, A.M.; Barreda, D.R. Acute inflammation in tissue healing. Int. ]. Mol. Sci. 2022, 24, 641. [CrossRef]

Xing, Z.; Gauldie, J.; Cox, G.; Baumann, H.; Jordana, M.; Lei, X.-F.; Achong, M.K. IL-6 is an antiinflammatory cytokine required
for controlling local or systemic acute inflammatory responses. J. Clin. Investig. 1998, 101, 11. [CrossRef]

Aili, M.; Zhou, K,; Zhan, J.; Zheng, H.; Luo, F. Anti-inflammatory role of gold nanoparticles in the prevention and treatment of
Alzheimer’s disease. |. Mater. Chem. B 2023, 11, 8605. [CrossRef] [PubMed]

Fuyjita, T.; Zysman, M.; Elgrabli, D.; Murayama, T.; Haruta, M.; Lanone, S.; Ishida, T.; Boczkowski, J. Anti-inflammatory effect of
gold nanoparticles supported on metal oxides. Sci. Rep. 2021, 11, 23129. [CrossRef] [PubMed]

Dunnick, K.M.; Badding, M.A.; Schwegler-Berry, D.; Patete, ].M.; Koenigsmann, C.; Wong, S.S.; Leonard, S.S. The effect of
tungstate nanoparticles on reactive oxygen species and cytotoxicity in raw 264.7 mouse monocyte macrophage cells. J. Toxicol.
Environ. Health A 2014, 77, 1251. [CrossRef] [PubMed]

Lin, H.; Song, Z.; Bianco, A. How macrophages respond to two-dimensional materials: A critical overview focusing on toxicity. J.
Environ. Sci. Health B 2021, 56, 333. [CrossRef]

Butcher, M.].; Zhu, J. Recent advances in understanding the Th1/Th2 effector choice. Fac. Rev. 2021, 10, 30. [CrossRef]

Korn, T.; Bettelli, E.; Oukka, M.; Kuchroo, V.K. IL-17 and Th17 Cells. Annu. Rev. Immunol. 2009, 27, 485. [CrossRef]

Abhiraman, G.C.; Bruun, T.U.; Caveney, N.A.; Su, L.L.; Saxton, R.A.; Yin, Q.; Tang, S.; Davis, M.M.; Jude, KM.; Garcia, K.C. A
structural blueprint for interleukin-21 signal modulation. Cell Rep. 2023, 42, 112657. [CrossRef]

Walker, J.A.; McKenzie, A.N. TH2 cell development and function. Nat. Rev. Immunol. 2018, 18, 121. [CrossRef]

Chen, J.; Guan, L.; Tang, L.; Liu, S.; Zhou, Y.; Chen, C.; He, Z.; Xu, L. T helper 9 cells: A new player in immune-related diseases.
DNA Cell Biol. 2019, 38, 1040. [CrossRef]

Saraiva, M.; Vieira, P.; O’garra, A. Biology and therapeutic potential of interleukin-10. J. Exp. Med. 2019, 217, e20190418. [CrossRef]
Yuan, P; Hu, X.; Zhou, Q. The nanomaterial-induced bystander effects reprogrammed macrophage immune function and
metabolic profile. Nanotoxicology 2020, 14, 1137. [CrossRef] [PubMed]


https://doi.org/10.1016/j.compositesb.2019.107222
https://doi.org/10.14785/lymphosign-2019-0002
https://doi.org/10.3390/pharmaceutics14061140
https://doi.org/10.1007/s11095-010-0073-2
https://doi.org/10.1021/acs.langmuir.5b00687
https://doi.org/10.1002/smll.202107816
https://www.ncbi.nlm.nih.gov/pubmed/35434920
https://doi.org/10.1002/chem.201402680
https://www.ncbi.nlm.nih.gov/pubmed/24976159
https://doi.org/10.3109/15476911003631617
https://www.ncbi.nlm.nih.gov/pubmed/20178456
https://doi.org/10.1016/j.nantod.2015.06.006
https://doi.org/10.1007/s00204-015-1458-0
https://doi.org/10.1101/cshperspect.a016758
https://doi.org/10.1016/j.cell.2004.09.003
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.3390/ijms24010641
https://doi.org/10.1172/JCI1368
https://doi.org/10.1039/D3TB01023F
https://www.ncbi.nlm.nih.gov/pubmed/37615596
https://doi.org/10.1038/s41598-021-02419-4
https://www.ncbi.nlm.nih.gov/pubmed/34848769
https://doi.org/10.1080/15287394.2014.897490
https://www.ncbi.nlm.nih.gov/pubmed/25208664
https://doi.org/10.1080/03601234.2021.1885262
https://doi.org/10.12703/r/10-30
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1016/j.celrep.2023.112657
https://doi.org/10.1038/nri.2017.118
https://doi.org/10.1089/dna.2019.4729
https://doi.org/10.1084/jem.20190418
https://doi.org/10.1080/17435390.2020.1817598
https://www.ncbi.nlm.nih.gov/pubmed/32916084

Nanomaterials 2025, 15, 322 19 of 19

42.

43.

44.
45.

Ahmad, A. Epigenetic regulation of immunosuppressive tumor-associated macrophages through dysregulated microRNAs.
Semin. Cell Dev. Biol. 2022, 124, 26. [CrossRef] [PubMed]

Ho, LW.C,; Chan, CK.W,; Han, R.; Lau, Y.EY;; Li, H.; Ho, Y.-P; Zhuang, X.; Choi, C.H. Mammalian cells exocytose alkylated gold
nanoparticles via extracellular vesicles. ACS Nano 2022, 16, 2032. [CrossRef] [PubMed]

Meldolesi, J. Exosomes and ectosomes in intercellular communication. Curr. Biol. 2018, 28, R435. [CrossRef] [PubMed]

Shao, M.-M.; Pei, X.-B.; Chen, Q.-Y.; Wang, F; Wang, Z.; Zhai, K. Macrophage-derived exosome promotes regulatory T cell
differentiation in malignant pleural effusion. Front. Immunol. 2023, 14, 1161375. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.semcdb.2021.09.001
https://www.ncbi.nlm.nih.gov/pubmed/34556420
https://doi.org/10.1021/acsnano.1c07418
https://www.ncbi.nlm.nih.gov/pubmed/35137580
https://doi.org/10.1016/j.cub.2018.01.059
https://www.ncbi.nlm.nih.gov/pubmed/29689228
https://doi.org/10.3389/fimmu.2023.1161375
https://www.ncbi.nlm.nih.gov/pubmed/37143656

	Introduction 
	Materials and Methods 
	IF-WS2 Nanoparticles 
	Nanoparticle Tracking Analysis 
	PBMC Cultures 
	Internalization of IF-WS2 Nanoparticles 
	Viability, Apoptosis, and Necrosis Assays 
	Proliferation Assay 
	Cytokine Measurement 
	Statistics 

	Results 
	Characterization of IF-WS2 Nanoparticles 
	Cytotoxicity of IF-WS2 
	Internalization of IF-WS2 Nanoparticles by PBMCs 
	The Effect of IF-WS2 on PBMC Proliferation 
	The Effect of IF-WS2 Nanoparticles on the Production of Pro-Inflammatory Cytokines and Chemokines in PHA-Stimulated PBMC Cultures 
	The Effect of IF-WS2 Nanoparticles on the Production of Th1, Th2, and Th9 Cytokines in PHA-Stimulated PBMC Cultures 
	The Effect of IF-WS2 Nanoparticles on the Production of Th17, Th21, and Treg Cytokines in PHA-Stimulated PBMC Cultures 
	The Effect of IF-WS2 on the Production of T Helper Cytokines in CD3/CD28-Stimulated T Cell Cultures 

	Discussion 
	Conclusions 
	References

