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ARTICLE INFO ABSTRACT

Editor: Bernd Nowack MoS, has been increasingly used in place of graphene as a flexible and multifunctional 2D material in many

biomedical applications such as cancer detection and drug delivery, which makes it crucial to evaluate down-

Keywords: stream compatibility in human immune cells. Molybdenum is a component of stainless-steel stent implants and
Im"_“{“e system has previously been implicated in stent hypersensitivity. In view of this, it is important to ascertain the effect of
Toxmt},' . MoS; on allergy-relevant cells. Basophils are a less commonly used immune cell type. Unlike mast cells, basophils
Industrial 2D nanomaterial . . . . .

Molybdenum can be easily derived from primary human blood and can act as a sentinel for allergy. However, merely testing

any one type of MoS; in basophils could result in different biological results. We thus decided to compare 2D
MoS; from the two companies BeDimensional© (BD) and Biograph Solutions (BS), manufactured with two
different but commonly exploited methods (BD, deoxycholate surfactant in a high-pressure liquid exfoliation,
and BS using glycine in ball-milling exfoliation) to elucidate immunological end-points common to both MoS3
and to demonstrate the need for biological verification for end-users who may require a change of supplier. We
report higher histamine production in human basophils with MoS,. No effects on either surface basophil acti-
vation markers CD63 and CD203c or reactive oxygen species (ROS) production and cell viability were observed.
However, different cytokine production patterns were evidenced. IL-6 and IL-1p but not TNF and GM-CSF were
increased for both MoS,. BS-MoS; increased IL-4, while BD-MoS; decreased IL-4 and increased IL-13. Molybdate
ion itself only increased IL-1f and IL-4. Deoxycholate surfactant decreased viability at 18 h and increased ROS
upon basophil activation. Therefore, these results demonstrate the safety of MoS, in human basophils in general
and highlight the importance of considering manufacturer additives and variability when selecting and inves-
tigating 2D materials such as MoSa.

Cell activation

the synthetic MoS; is becoming one of the most investigated forms in
recent years, being the following most commonly researched 2D mate-

1. Introduction

Molybdenum is found in the environment in molybdenite form
(MoS3) and in all plants and animals as an enzyme co-factor. It can also
be released from mining activities (ATSDR, 2017). Molybdenum has
been used in various industries to make alloys, lubricants, chemicals and
electronics due to its high thermal conductivity and low coefficient of
thermal expansion, which enable it to enhance material strength,
weldability and corrosion resistance (IMA, 2008).

Molybdenum exists in different oxidation states, and MoSy (Mo IV)
can be oxidized into water-soluble molybdate species (Mo VI). Although
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rial after graphene (Li and Zhu, 2015; Capasso et al., 2016), its in vitro
effects in specific cells remain unknown. Like most 2D transition metal
dichalcogenides, MoS, has unsaturated edge coordination, a high
surface-volume ratio, and electronic structures that range from metallic,
semi-metallic to semiconducting, depending on their crystal phase
(Najafi et al., 2017; Han et al., 2018). These physical characteristics
make it suitable for various uses. Particularly in biomedicine, MoS; has
been used for miRNA detection (Ge et al., 2020), cancer peroxide
sensing (Hu et al., 2020) and drug delivery (Zhao et al., 2019). Of note,
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MoSs; is less toxic than graphene and its analogues (Teo et al., 2014), and
has no long-term persistence in living systems, (Kurapati et al., 2017a),
making it more biocompatible for physiological applications. However,
molybdenum hypersensitivity via released molybdate ions in stainless
steel stents has been implicated in restenosis in coronary artery stent
patients (Koster et al., 2000) and metal plate implants (Federmann et al.,
1994). Nanomaterial-derived molybdenum has also been reported to
affect physiological molybdenum enzymes by elemental incorporation
(Cao et al., 2021). The molybdenum release makes it essential to vali-
date MoS; safety and propensity for causing allergy, given its high po-
tential to be incorporated into implants or other biomedical devices.

The impact of 2D materials on immune cells has been primarily
investigated in macrophages, the main phagocytic cells (Lin et al.,
2021). However, it is important to ascertain nanotoxicological effects in
other immune cell types as well, such as those that can evoke allergic
reactions due to work or environmental exposure to increasingly ubiqg-
uitous 2D materials. Basophils, which are involved in atopic skin, airway
inflammation, and parasite immunity in the gut and skin (Schwartz
et al., 2016). Basophils can synthesize and secrete inflammatory medi-
ators such as histamine or cytokines upon activation of IgE receptor or
via IgE-independent pathways with chemotactic peptides such as N-
formyl-methionyl-leucyl-phenylalanine (fMLP) (Valent and Bettelheim,
1990). Additionally, basophils are also able to augment inflammation by
recruiting effector cells, like T helper type 2 cells, eosinophils, and in-
flammatory macrophages, which may exacerbate allergy (Schwartz
et al., 2016). Despite being a minor population, blood basophils are
important as readouts of allergy and can therefore be used as a source of
primary human immune cells to investigate the potential impact of
foreign materials.

Currently, MoS, and 2D materials in general are produced by both
bottom up (growth onto a substrate) and top down (exfoliation from
bulk counterparts) approaches (Backes et al., 2020; Bonaccorso et al.,
2012; Bonaccorso et al., 2016). However, a key requirement for the
development of any application relies on the advancement of industrial-
scale, inexpensive, reliable production processes, while providing a
balance between ease of fabrication and final material quality. Solution-
processing offers a simple and cost-effective pathway to fabricate
various 2D crystal based photonic devices, presenting huge integration
flexibility compared to conventional methods. In this context, the liquid
phase exfoliation (LPE) approach offers a simple and cost-effective
pathway toward industrialization, due to low cost, quality, and large-
scale production (Kg scale) The LPE process is carried out both in
organic solvents (e.g., N-methyl pyrrolidone or alcohols) or in aqueous
solution with the aid of stabilizers (i.e., surfactants, polymers) (Bonac-
corso et al., 2016). Surfactants, like sodium deoxycholate, are added
during the LPE to provide the steric hindrance, preventing the exfoliated
flakes from re-stacking (Sun et al., 2017). Similarly, more biologically
inert compounds such as glycine can also be used as exfoliating agents
for 2D materials during mechanochemical exfoliation (Gonzalez et al.,
2020).

In this paper, we compare 2D MoS, from two different industrial
sources to test their effects on primary human blood basophils to un-
derstand their potential impact on allergy. In this regard, BeDimensional
(BD) manufactures MoS; using the anionic sodium deoxycholate as an
exfoliating agent under high piston pressure. At the same time, the
second company, Biograph Solutions (BS), produces MoS, using non-
ionic glycine as an exfoliating agent during ball-milling as a form of
mechanochemical preparation. Sodium deoxycholate is already widely
used in the production of MoS, (Howe et al., 2015), and it can act as both
drug dispersing and permeation-modifying agents despite reported
toxicity that manifests in supraphysiological concentrations (Pavlovi¢
et al., 2018). A sodium deoxycholate control was included in our bio-
logical experiments to exclude potential side effects. As glycine is a
natural amino acid and it was present only in traces in the final material,
there was no need to include it as a control. Flow cytometry was
established to measure basophilic surface membrane markers such as
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CD63 and CD203c in allergy diagnosis (Bridts et al., 2014), with cyto-
kine ELISA complementing the data.

2. Materials and methods
2.1. Preparation of materials

For BeDimensional, natural MoS; crystals (size ~1 cm?) from Smart
Elements were used as starting material. The crystals were crushed using
amortar. Crystallites (1 wt%) were then mixed with sterile 0.5 L MilliQ®
water and sodium deoxycholate (Sigma Aldrich) at 0.1 wt%. Exfoliation
was performed using a high-pressure homogeniser, as previously re-
ported (Del Rio Castillo et al., 2018). With a piston pressure of 250 MPa
for exfoliation, five piston passes were performed through a nozzle of
0.1 mm diameter. The obtained dispersion is centrifuged in a Hettich
Rotina 420R at 15000g. The supernatant is collected, obtaining BD MoS;
flakes.

For Biograph Solutions, 2D MoS, was synthesized through a mech-
anochemical method starting with bulk MoS; as precursor material and
glycine as an exfoliating agent (all from Sigma Aldrich) as previously
reported (Gonzalez et al., 2020). Briefly, 75 mg of MoSy in bulkand 2.5 g
of glycine were placed in a 250 mL stainless steel jar containing 15
stainless steel balls (2 cm in diameter each). The materials were treated
using a planetary ball-milling machine (Retsch pm100) for 15 min at
250 rpm, followed by dispersion in 100 mL of water and further dialysis
heating at 70 °C (with five water changes every 90 min, and one over-
night) to remove the excess of glycine. Finally, the dispersions were
lyophilized at —80 °C at a pressure of 0.005 bar to obtain the material in
powder form. 2D MoS; powder was then heated in a furnace under an Ny
atmosphere, using a 10 °C/ min ramp up to 129 °C, followed by a 60 min
isothermal and finally, a cooling ramp (2 °C/ min until 25 °C) as pre-
viously published (Fusco et al., 2020). Sodium deoxycholate (Sigma)
was filter-sterilized and used at a final concentration of 30 pg/mL. So-
dium molybdate dihydrate (Sigma) was filter-sterilized and used at a
final concentration of 75 pg/mL. All materials tested were endotoxin-
free in primary human macrophages compared to LPS controls
(Mukherjee et al., 2016). In order to avoid possible spontaneous trans-
formation of MoS; in solution (Kurapati et al., 2017b; Marks et al.,
2020), the dispersions were stored in the dark and under argon. Regular
controls using XPS were done to follow the eventual oxidation of the
material alongside cellular experiments.”

2.2. Transmission electron microscopy

Transmission electron microscopy (TEM) was used to verify the
quality of the sheets and to measure the average lateral size. Morpho-
logical analyses on both materials were performed using a transmission
electron microscope (Hitachi 7500, Hitachi High Technologies Corpo-
ration, Tokyo, Japan). MoS, samples were prepared by drop-casting the
dispersion onto ultrathin C-film on Formvar carbon 300 mesh Cu grids
(Electron Microscopy Sciences). The samples were diluted to 15 pg/ mL
in sterile water.

2.3. Atomic force microscopy

The dispersions were diluted at 1:30. One hundreds pL of the di-
lutions were drop-cast onto mica wafers previously cleaved and cleaned,
and dried at 50 °C. Atomic force microscopy images were acquired with
a Bruker Innova® AFM in tapping mode using silicon probes (frequency
= 300 kHz, spring constant = 40 Nm1). Thickness statistics were per-
formed by measuring >40 flakes from the AFM images. Statistical ana-
lyses are fitted with log-normal distributions. Statistical analysis was
performed in WSxM Beta 4.0 software.
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2.4. Raman spectroscopy

BeDimensional dispersions were drop-cast onto a Si wafer (LDB
Technologies Ltd.) covered with 300 nm thermally grown SiO,. Bulk
materials were analyzed as received. Raman measurements were carried
out by a Renishaw inVia microspectrophotometer using a 50 x objective
(numerical aperture 0.75), a laser with a wavelength of 514.5 nm with
an incident power of ~5 mW under ambient conditions. >100 points per
sample were measured to perform the statistical analysis.

For Biograph Solutions, Raman analyses were recorded under
ambient conditions using 30 points in powder samples on an inVia
Renishaw microspectrophotometer using a 50 objective and a 532 nm
point-based laser and a power density below 1 mW/pm?.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analyses were performed on
a Thermo Scientific K-Alpha X-ray photoelectron spectrometer with a
basic chamber pressure of 1078 to 10~° bar with an anode using Al Ko
radiation (hv = 1486.6 eV). The samples were analyzed as powder
pressed onto a scotch tape (3MTM EMI Copper Foil Shielding Tape 118).
A spot size of 400 pm was used. The survey spectra are displayed as an
average of 10 scans with a pass energy of 200.00 eV and a step size of 1
eV. The high-resolution spectra of S 2p and Mo 3d are an average of 20
scans with a pass energy of 50 eV and a step size of 0.1 eV, while the
spectra of Cls are an average of 20 scans. For each sample, the analysis
was repeated three times. A flood gun was turned on during analysis. For
data analysis, the software casaXPS (2.3.18) was used. A Shirley back-
ground subtraction was applied. A line-shape 80% Gaussian/20% Lor-
entzian [GL(20)] was selected for all peaks. Mo 3d spectra were
deconvoluted in Mo 3d (229.35-229.75 eV for 3d 5,2 and
232.55-232.95 eV for 3d 3,2), MoOs3 (232.85-233.25 eV for 3d 5,2 and
235.85-236.45 eV for 3d 3/5) and overlapped S 2 s. The full width at half
maximum was constrained to be the same for all peaks. For Mo-S-
benzoquinone. The S 2p spectra were deconvoluted in S 2p
(163.05-163.35 eV for 2d 1,2 and 161.8-162.2 eV for 2p 3/,5), S—C
(163.8-164.6 eV for 2d 1,2 and 162.6-163.4 eV for 2p 3,5), and S—F
(172.0-172.8 eV).

2.6. Zeta potential

Stock solutions of both materials were diluted in Milli-Q water to 0.1
mg/mL for zeta potential measurements. All tests were performed in
triplicate at 25 °C with 120 s equilibration time using a Malvern Zeta-
sizer Nano ZS (Malvern Instruments).

2.7. Thermogravimetric analysis

BeDimensional MoS, thermogravimetric analysis was performed on
a TGA1 Mettler Toledo apparatus from 30 °C to 900 °C with a ramp of
10 °C/min under an N5 atmosphere with a flow rate of 50 mL/min and
platinum pans.

Biograph Solutions MoS, analysis was made in a TGA Q50 (TA In-
struments) equipment using a ramp of 10 °C/min from 100 °C to 800 °C
under an N atmosphere.

2.8. Isolation of primary immune cells

Human peripheral blood basophils were isolated from buffy coats
obtained from the French Blood Bank (Etablissement Francais du Sang,
Strasbourg, France, contract no. ALC/PIL/DIR/AJR/FO/606). The blood
samples were from anonymous healthy donors, and they do not require
ethical approval. Basophils were directly isolated from peripheral blood
mononuclear cells (PBMCs) using a commercial kit (Miltenyi,
#130-094-434). Cells were cultured in RPMI (Lonza) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/
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streptomycin. Basophils were characterized as CCR3+, FceRI+ with low
CD203c expression, and visualized with an optical microscope using
acidic toluidine blue (Fig. S1). Tested materials were added at a low dose
(5 pg/mL) and a higher non-toxic dose (50 pg/ mL) in the presence of 10
ng/mL IL-3 (Peprotech) and analyzed 1 or 18 h later in the presence or
absence of activators 500 ng/mL anti-IgE (ThermoFisher, #SA5-10259,)
or 100 nM fMLP (Merck, #F3506). Cells were cultured in RPMI (Lonza)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and
1% penicillin/streptomycin.

2.9. Flow cytometer analyses

Viability and activation of 18 h MoS;-treated cells were assessed
using flow cytometry (Beckman Coulter Gallios). Cells were washed
with 2% FBS in PBS (Flow Cytometry Staining Buffer, FACS Buffer), then
stained with the respective antibody mix at 4 °C for 20 min. The anti-
human antibodies used to characterize basophils or to measure activa-
tion were CCR3-FITC (Biolegend, #310720), FceRI-FITC (Biolegend,
#334608), CD123-PE (BD, #555644), CD203c-PerCP/Cyanine5.5
(Biolegend, #324608), CD63-PE (BD, #353004) and CD69-APC (Mil-
tenyi, #130-112-614). The viability of cells was analyzed by staining
with Fixable Viability Dye (eBioscience FVD-eFluor 780, #65-0865-14).
Reactive oxygen species (ROS) production was analyzed by staining
with CM-H2DCFDA (ThermoFisher Science, #C6827) for 30 min at
37 °C. After staining, cells were washed twice with FACS buffer, then
resuspended in fresh FACS buffer and analyzed on the flow cytometer.

2.10. ELISA tests

Secretion of the cytokines IL-6 (BD Opt-EIA #555220), IL-18 (BD
Opt-EIA #557953), TNF (BD Opt-EIA #555212), IL-13 (Biolegend
#435207), IL-4 (BD #430304), GM-CSF (BD #555126) of cells treated
with different concentrations of MoS; (i.e., 5, 50 pg/mL), were assayed
with ELISA kits according to the manufacturer’s instructions. In short,
polyvinyl microtiter 96-well plates (Falcon) were coated overnight at
4 °C with 50 pL/well of purified capture antibodies diluted in coating
buffer (carbonate/bicarbonate buffer 0.05 M, pH 9.6). After washing
with PBS containing 0.05% Tween (PBS-T), a blocking step was per-
formed by adding 5% FBS in PBS (100 pL/well) for 1 h at room tem-
perature. After washing thrice with PBS-T, 50 pL of culture supernatants
from the treated cells were added to the respective wells for 2 h at room
temperature, along with a respective series of standards as provided in
the kits. The plates were then washed five times with PBS-T. Secondary
antibodies as provided in the kit were added together with horseradish
peroxidase (HRP) reagent and incubated for 1 h at room temperature.
Then, the plates were washed five times with PBS-T, and the presence of
cytokines in the tested supernatants was visualized by adding tetrame-
thylbenzidine in the presence of Hy0,. The resulting absorbance was
measured at 450 nm after stopping the reaction with 2 N HoSO4, after 15
min.

2.11. Statistical analysis

Experiments were conducted at least three times and the data were
processed by GraphPad Prism 7. Results are expressed as mean =+ stan-
dard deviations (SD). One-way ANOVA followed by Bonferroni’s test
was performed to determine the statistical differences among samples
versus control untreated cells (*, p < 0.05; **, p < 0.01, ***, p < 0.001).

3. Results
3.1. Preparation and characterization of 2D MoS, materials
2D MoS; was provided by the commercial companies BeDimensional

and Biograph Solutions. For BD, bulk MoS, was directly exfoliated by
the LPE process in the presence of 50% sodium deoxycholate to obtain a
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Fig. 1. Materials characterization. TEM of (A) BD-MoS, (50000x).  TEM of (B) BS-MoS, (80000x). Lateral size distribution of (C) BD-MoS, calculated from TEM
images by measuring 50 sheets (D) BS-MoS, calculated from TEM or HR-TEM images by measuring 101 sheets.

dispersion of MoS; in water. For BS, MoS, was prepared by ball milling
bulk material in the presence of glycine, extracted and isolated as a solid
(see Experimental section for details). TGA analysis quantifies the
amount of the surfactant used to stabilize both MoS;. The BD-MoS,
contained ~50 wt% of sodium deoxycholate. (Fig. S2A), while BS-MoS;
sample contained <3 wt% of glycine (Fig. S2B).

Stocks of MoS; dispersions at 1 mg/mL in sterile water were then
prepared for the cellular experiments. The colloidal stability in water
was verified by measuring the {-potentials corresponding to —45.86
+/— 11.98 and — 31.41 +/— 6.02 mV for BD- and BS-MoS,, respec-
tively, similar to typical values reported in the literature (Forsberg et al.,
2016).

Both materials were further characterized by TEM (Fig. 1A, B). In the
case of BD-MoSy, TEM micrographs showed single and few-layer sheets
with a lateral size mode of 240 nm and a lognormal standard deviation
of 0.53 (Fig. 1C). The lateral size distribution was calculated from TEM
images by measuring >200 flakes, showing values ranging between 100
and 850 nm, with a few sheets reaching a maximum of 800 nm. The
lateral size mode of BS MoS; is 132 nm with a lognormal standard de-
viation of 0.75, with values ranging between 25 and 375 nm. These
values were obtained by measuring >100 flakes. We also measured the
thickness of the flakes by AFM, obtaining the values of 1.2 nm and 3.2
nm for BD- and BS-MoS; samples, respectively (Fig. S3).

To better understand the structural and surface properties of the
materials, Raman and XPS measurements were carried out. Raman
spectrum of BD-MoS, displayed the two characteristic bands at 380 and
406 cm Y, corresponding to the peaks of in-plane Eﬁg and out-of-plane
Ajg vibration modes of the hexagonal MoS, crystal, respectively
(Fig. 2A). In the case of BS-MoS,, the same two characteristic bands

appeared slightly shifted at 379 and 405 cm ™! (Fig. 2B) (Shahzad et al.,
2017).

Finally, the materials were characterized by XPS. From the survey
spectrum (Fig. 2C), Mo, S, C, O and Na were identified in the material
from BD. Since BD-MoS; was obtained by exfoliation with sodium
deoxycholate, the adsorption of surfactant to the surface of the material
led to high intensity of emission for the C and O, hampering a correct
quantification of their amount, as the presence of ubiquitous carbon
contaminations on the sample, occurring during air exposure, compli-
cated the calculation of the amount of sodium deoxycholate based on
carbon and oxygen elements. It was also not possible to rely on the in-
tensity of sodium because sodium can exchange in solution, leading to
the removal of part of Na* during purification steps. Therefore, we
relied on the values obtained by TGA (see above). In the case of BS-
MoS,, only C, O, Mo and S were observed (Fig. 2F). Again, we could not
calculate the quantity of glycine from the survey data. Indeed, as
mentioned above, ubiquitous carbon contamination hinders the actual
contribution of C and O elements. In addition, it was not possible to
identify the N 1 s orbital because it overlaps with the Mo 3p peak. In
parallel, we recorded the high-resolution spectra of Mo and S for both
materials (Fig. 2D-H). The deconvolution of Mo 3d spectra revealed five
different peaks. While the peak at 226.8 eV relates to S 2 s orbital, Mo
3ds,/2 and Mo 3ds3,, at 229.5 and 232.6 eV, respectively, correspond to
the binding energies of Mo** (Fig. 2D, G). A low percentage of oxidized
molybdenum was also observed. Indeed, the peaks of Mo 3ds,2 and Mo
3ds,, at 233.2 and 235.8 eV, respectively, are attributed to Mo®*
(Fig. 2D, G). Based on the relative intensities of the four Mo peaks, the
percentages of Mo*" and Mo®" are 79.5% and 20.5% in BD-MoS,,
respectively, while they are 90.3% and 9.7% in BS-MoS,. In the high-
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Fig. 2. Materials characterization. Raman spectra of (A) BD-MoS, (B) BS-MoS,. XPS spectra of BD-MoS, (C-E) Survey spectra of MoS, (C) high-resolution spectra of
MoS; (D) Mo 3d and S 2p (E). XPS spectra of BS-MoS, (F—H) Survey spectra of MoS, (F) high-resolution spectra of MoS, (G) Mo 3d and S 2p (H).

resolution S 2p spectra, MoS; from both companies displayed one
doublet corresponding to the binding energies of S 2ps,» and S 2p; 2
centered at 161.9 eV and 163.3 eV, respectively, and one doublet for
S—O with the S-O3» centered at 168.6 eV and S-O1 5 located at 170.1 eV
(Fig. 2E, H). The second doublet indicates again that the materials were
slightly oxidized during their preparation, likely due to oxygen from the
air.

3.2. Basophil viability and activation

Basophils were isolated from healthy human donor peripheral blood
mononuclear cells using a commercial kit and characterized as detailed
in the Methods section (Fig. S1). Both MoS, materials at doses of 5 and
50 pg/mL, as similarly used in our previous work comparing the impact

of various 2D materials in dendritic cells (Lin et al., 2022) did not show
detrimental effects on viability at 1 or 18 h (Fig. 3A, B), even in the
presence of basophil activators anti-IgE or fMLP, although deoxycholate,
showed a significant decrease of viable cells. These non-toxic doses were
also within the range of published data from other labs (Chen et al.,
2018a; Nouzil et al., 2022). The absence of detrimental effects is in line
with previously published data from our group, showing that MoS; is
minimally toxic in human macrophages with slight alterations in cell
stress and inflammatory responses (Lin et al., 2020).

In terms of surface activation markers, the expression of CD63 and
CD203c increased by adding anti-IgE or fMLP, as expected, for all
treatment conditions (Fig. 3C-3F). A decrease in fMLP-stimulated with
50 pg/mL BD MoS; was observed at 18 h, although this effect is not
significant (Fig. 3D). Higher CD63 levels were observed for fMLP in
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Fig. 3. Materials did not have a detrimental impact on basophil viability and surface markers. Viability following the treatment of basophils with 5, 50 pg/mL BD- or
BS-MoS; for (A) 1 h (B) 18 h. CD63 expression of basophils treated with 5, 50 pg/mL BD- or BS-MoS, for (C) 1 h (D) 18 h. CD203c expression of basophils treated with
5, 50 pg/mL BD- or BS-MoS; for (E) 1 h (F) 18 h. All experiments were conducted thrice in triplicate and shown as mean + SD. *P < 0.05; **P < 0.01, ***P < 0.001

by one-way ANOVA with Bonferroni post-tests.

general for all materials at 18 h compared to anti-IgE, but these were not
significant too (Fig. 3D). No apparent differences were noted between
treatment conditions for CD203c at 1 or 18 h (Fig. 3E, F). No changes
were observed in the expression of the long-term activation marker
CD69 between all treatment conditions at 18 h, despite a slight expected
increase of each treatment with anti-IgE or fMLP stimulation (Fig. S4).

3.3. Basophil histamine release and reactive oxygen species production

Basophils are the primary source of inflammatory mediators, such as
histamine, in the blood. Secretion of histamine and other products of
degranulation can be triggered by anti-IgE or fMLP. Indeed, an increase
in histamine was observed upon adding anti-IgE or fMLP (Fig. 4A). The
untreated control and low dose 5 pg/mL BD-MoS; had inferior baseline
histamine release compared to the other treatments. In short, high dose
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(50 pg/mL) BD MoS; and both doses of BS-MoS, had slightly higher
histamine release compared to untreated control with or without anti-
IgE or fMLP. Interestingly, there was a minor increase in anti-IgE and
fMLP-triggered histamine amounts for deoxycholate and molybdate
than the other combinations. These effects were, however, not
significant.

ROS production has been a hallmark of oxidative stress in many cell
types. At 18 h, no change in ROS production was seen in all materials
with or without anti-IgE or fMLP stimulation, except for fMLP-
stimulated deoxycholate. ROS production of 5 pg/mL and 50 pg/mL
BS-MoS; was notably but non-significantly lower than the other treat-
ment conditions (Fig. 4B).

3.4. Basophil cytokine production

Basophil production of the pro-inflammatory cytokines TNF, IL-1p
and IL-6 were investigated after 18 h treatment with both MoS; samples.
No apparent change in TNF production was observed with all treatment
conditions, even in the presence of basophil stimulators anti-IgE and
fMLP (Fig. 4C). An increase in IL-1p was seen instead with molybdate in
unstimulated basophils compared to untreated, unstimulated basophils,
with a decrease seen in contrast upon stimulation with fMLP for
molybdate-treated basophils (Fig. 4D). High dose 50 pg/mL BD- and BS-
MoS; also showed an increase in IL-1p in unstimulated and anti-IgE-
stimulated basophils compared to the untreated basophils, although
this effect was not significant unlike that with molybdate (Fig. 4D).

Production of the pro-inflammatory cytokine IL-6 was only observed
with both BD- and BS-MoS; at 50 pg/mL, with the latter producing a
more pronounced increase. For both types of MoS, the increase in IL-6
was augmented upon stimulation with anti-IgE. There was no effect with
fMLP stimulation for 50 pg/mL BS-MoSy, while a non-significant in-
crease of IL-6 was seen with 50 pg/mL BD-MoS, (Fig. 4E). GM-CSF is a
cytokine product of activated cells as a result of pathologic or inflam-
matory conditions (Ushach and Zlotnik, 2016). No effect on GM-CSF was
observed with all treatment conditions with or without anti-IgE or fMLP
(Fig. 4F).

IL-13 is a cytokine implicated in asthma, fibrosis and allergic
inflammation (Rael and Lockey, 2011). A non-significant increase in IL-
13 upon stimulation with anti-IgE or fMLP was noted, with a greater
magnitude of increase with fMLP. Although non-significant, changes
were more significant for both doses of non-stimulated BD-MoS; than
that of BS-MoS;. No change with anti-IgE or fMLP was seen for
molybdate-treated basophils (Fig. 4G).

Deoxycholate-treated fMLP-stimulated basophils produced markedly
less of the immunoregulatory cytokine IL-4 than the unstimulated and
anti-IgE-stimulated deoxycholate-treated basophils. Molybdate-treated
and 50 pg/mL BS-MoS; had higher IL-4 than the other treatment con-
ditions in unstimulated and anti-IgE-stimulated basophils. Low dose BD-
MoS; and deoxycholate-treated basophils had non-significantly lower
fMLP-stimulated IL-4 production than the other treatment conditions
(Fig. 4H).

4. Discussion

MoS; has been recognised as a viable graphene substitute due to its
strength and electrical properties, facile synthesis and rich abundance of
natural source material molybdenite. The comparison between the ef-
fects of MoSy and graphene were previously reviewed by Chondakar
et al. (Chodankar et al., 2020). MoS, has a band gap, unlike graphene,
which makes it suitable for electronic components such as transistors
and logic circuits. MoS, will thus have great potential to make inroads in
a future with many nanobioelectronic applications.

In this study, we have selected two types of MoS, samples, prepared
by two companies. Despite the different chemical stabilizers and pro-
duction methods, the size distribution and thickness of both materials
are similar, as demonstrated by TEM and AFM. Additionally, Raman
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spectra for both MoSy; were similar, confirming the quality of 2D
nanosheets (Chen et al., 2018b).

Basophils generally do not take up nanomaterials (Frohlich, 2015),
unlike macrophages and dendritic cells. Therefore, MoS; is expected to
exert its effect by cellular association. The non-toxicity on basophils
(even at 18 h) in the presence or absence of anti-IgE or fMLP demon-
strated the safe use of exfoliated MoS,. Sodium deoxycholate, however,
led to decreased viability at 18 h, which meant its use in biological
applications should be avoided. Given its character as a cell stress
inducer, the viability decrease is expected, influencing multiple cellular
pathways such as DNA damage, apoptosis, oxidative and endoplasmic
reticulum stress (Crowley et al., 2000). The relatively high amount of
deoxycholate used in BD-MoS; represents a typical industrially pro-
duced material that relies on chemical surfactants to reduce agglomer-
ation. This excess deoxycholate could therefore contribute to toxicity.
The results of our study may hopefully motivate the community to use
non-toxic alternatives.Apart from a predictable increase of activation
markers CD63, CD69 and CD203c compared to untreated unstimulated
control, no difference was observed for all treatment conditions.
Although commonly used as a basophil activation marker, CD63 has
been reported to be more highly variable among individuals than
CD203c (Chirumbolo et al., 2009). However, using high dilutions of
histamine up to 1 x 10732 mol/L, the authors showed the inhibition of
the CD203c upregulation in human basophils (Chirumbolo et al., 2009).
As such, the presence of even a low amount of histamine could have
contributed to the no increase of CD203c that we observed for the two
MoS,, which by themselves increased histamine production in basophils
as we will discuss below.

The effects of histamine, produced mainly by mast cells and baso-
phils in allergy, are pro-inflammatory and indirectly alter the Th1/Th2
balance. Higher histamine levels were seen with the highest dose (50 pg/
mL) of BD- and BS-MoS; than with untreated control. The higher levels
of histamine seen with BD-MoS; were in line with the increase of the
basophil activation marker CD63, further hinting at a possible effect of
high dose BD-MoS; in allergic diseases, although it must be considered
that increased ROS production or increased CD203c levels were not
present. Previous reports describe contradictory histamine responses in
rat basophils with different doses of ZnCl, and decreased histamine
release with ZnO (Feltis et al., 2015). Histamine signaling is mediated by
four subsets of histamine receptors, which exert differential effects and
may have donor-to-donor variation (Branco et al., 2018). No correlation
was found between basophil sensitivity and maximum histamine release
(MacGlashan Jr., 1993), which thus makes redundant the need to
consider the extent of basophil activation concerning observed hista-
mine levels.

No change in ROS production was observed except for an increase
with fMLP-stimulated deoxycholate treated basophils. fMLP had been
previously shown to be involved in ROS-signaling pathways in neutro-
phils (Zhu and He, 2006) and monocytes (Faour et al., 2018). However,
no fMLP-mediated effect on ROS production was observed in this study
with the other treatment conditions, implying either fMLP had minimal
effect on ROS in basophils in the experimental system presented or that
molybdate (the common component in all non-deoxycholate or un-
treated conditions) was able to mediate the increase triggered by fMLP.
In support of this, a non-significant decrease in ROS was seen with BS-
MoS,, which does not contain deoxycholate. However, more work needs
to be done to establish a definite decreasing effect of ROS by molybdate
ions.

Regarding cytokines, no changes were seen with TNF or GM-CSF.
Human blood basophils release the pro-inflammatory cytokine TNF in
response to IgE activation (Falkencrone et al., 2013), but both MoS, did
not cause any increase, thereby implying minimal IgE-mediated effects.
Basophil-derived TNF has also been shown to enhance the immune
response in sepsis (Piliponsky et al., 2019) and could potentially be
beneficial if increased, but MoS, did not demonstrate this. GM-CSF is a
circulating inflammatory cytokine relevant in macrophage maturation
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and possibly lymphoid and myeloid communication that can be pro-
duced upon activation in many cell types (Hamilton, 2020). Both MoS,
did not trigger the production of TNF and GM-CSF, thus demonstrating
low inflammatory risk.

Th17 cells have been implicated in allergic sensitization and asthma
(Zhao et al., 2013) while Th1 cells negatively regulate pro-allergy Th2
cells (Romagnani, 2000). Human basophils have interestingly been
postulated to augment not only Th17 but also Thl responses and have
been seen to accumulate in certain Th17-related conditions (Wakahara
et al., 2012). IL-6 from bone marrow-derived basophils have been
implicated in Th17 response (Yuk et al., 2017). High-dose (50 pg/mL) of
BD- and BS-MoS; increased IL-6 and IL-1f, while molybdate alone
increased IL-1f, an inflammasome-related cytokine. Increased IL-1f
production has previously been associated with molybdenum in dental
materials (Ozen et al., 2005). MoS; has also been reported to increase IL-
6 and IL-1f in human bronchial cells (Zapor et al., 2022) and to increase
IL-6 in primary human macrophages (Lin et al., 2020), and our data are
in agreement with this behavior.

Activated basophils display heterogeneous phenotypes and have
distinct subsets expressing IL-4, IL-13 or activation markers (Pellefigues
et al., 2021). BD-MoS; increased IL-13, but this was not observed using
deoxycholate or molybdate in the control conditions. It has been shown
that IL-13 is produced in human blood basophils in response to both IgE-
mediated and IgE-independent activation, although higher levels are
produced during the IgE-independent activation. Interestingly, IL-4,
which is located on the same gene cluster as IL-13, has been preferen-
tially expressed over IL-13 in response to IgE-cross-linking (Ochens-
berger et al., 1996).

High dose (50 pg/mL) of BS-MoS; and molybdate increased IL-4 for
unstimulated and anti-IgE-stimulated basophils. In contrast, BD-MoSy
and deoxycholate-treated fMLP-stimulated basophils decreased this
cytokine. The pro-inflammatory response of Th2 has been associated
with high levels of IL-4 and IL-13 and basophils have been known to be a
major source of IL-4, thus their strong link with Th2 polarization (Min
et al., 2004). Basophil-derived IL-4 has been shown to contribute to
inflammation in a subset of innate lymphoid cells in the asthmatic lung
(Motomura et al., 2014). This alludes to the inflammatory potential of
BS-MoS; and molybdate even in the absence of IgE stimulation.

5. Conclusions

In this study, we have selected two types of MoS2 samples, prepared
by two companies. Despite the different chemical stabilizers and pro-
duction methods, the size distribution and thickness of both materials
are similar, as demonstrated by TEM and AFM. Additionally, Raman
spectra for both MoS; were comparable, confirming the quality of 2D
nanosheets (Chen et al., 2018b). We have reported higher histamine
production in two commercially available MoS; with no impact on
surface basophil activation markers, ROS production or cell viability,
but having different cytokine production patterns. In summary, IL-6 and
IL-1B, but not TNF and GM-CSF, were increased for both MoS,. IL-6
alone, which had the most prominent increase compared to untreated
control, demonstrated the possibility that much higher doses of MoS;
cause inflammation regardless of production method. BS-MoS;
increased IL-4 while BD-MoSy decreased IL-4 and increased IL-13.
Molybdate ions alone had minimal effects, only increasing IL-1p and
IL-4. Deoxycholate on its own decreased long-term viability and
increased ROS upon basophil activation. These results ascertain the
safety of MoSy in human basophils, alluding to low inflammatory
potential.

The comparison of two different industrially produced MoS; samples
in primary human blood basophils has demonstrated different effects.
This experimental comparison will hopefully guide downstream user’s
dependent on product reliability with a better understanding of how
different components such as surfactants or exfoliating agents used in
the production of industrial 2D materials such as MoS; can result in
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different biological effects. Therefore, it is imperative to investigate
experimentally similar 2D materials obtained from different production
methods.
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