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2D transition metal dichalcogenide MoS; nanosheets are increasingly attracting interests due
to their promising applications in materials science and biomedicine. However, their
biocompatibility and their biodegradability have not been thoroughly studied yet. Here, we
investigated the biodegradability of exfoliated pristine and covalently functionalized MoS; (f-
MoSy). First, biodegradability of these nanomaterials was evaluated using plant horseradish
peroxidase and human myeloperoxidase. The results revealed that the enzymatic degradability
rate of MoS; and f-MoS; was slower than in the case of the simple treatment with H,O; alone.
In parallel, high biocompatibility of both pristine and f-MoS; nanosheets was found up to 100
pg mL? both in cell lines (HeLa and Raw264.7) and primary immune cells. In addition, no
immune cell activation and minimal pro-inflammatory cytokine release were observed in
RAW?264.7 and human monocyte-derived macrophages, suggesting a negligible cellular
impact of such materials. Furthermore, the effects of degraded MoS; and partially degraded f-
MoS; products on cell viability and activation were studied in cancer and immune cells. A

certain cytotoxicity was measured at the highest concentrations. Finally, to prove that the
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cellular impact was due to cell uptake, we assessed the internalization of both pristine and
functionalized MoS; in cancer and primary immune cells.

1. Introduction

Two dimensional transition metal dichalcogenides (TMDCs) like MoS; are the second most
studied layered materials after graphene.l! TMDCs have unique physicochemical properties,
thus attracting enormous interest for the next generation of electronic and optoelectronic
devices, for catalysis, for sensing, for energy storage, etc.l*?l Related to these applications,
there is a serious concern about the stability or degradability of TMDCs in air and aqueous
media. Indeed, the stability of such nanomaterials can influence their behavior in the different
types of envisaged uses.**1 MoS; is considered relatively chemically inert in ambient
conditions. However, its chemical stability, optical and electrical properties are dependent on
its crystalline phase. The most common crystalline phase of MoS; is the trigonal prismatic
(2H phase). In this phase, MoS; acts as semiconductor, while in the orthogonal phase (1T
phase) MoS; acts as metal.’®] MoS; in 1T phase is more reactive than in 2H phase, the latter
being inert towards most of the chemicals. Indeed, the difference in their electronic states
dictates the chemical reactivity of these two crystalline forms of MoS,. Although metastable,
it has been shown that 1T phase of MoS; can be stabilized by insertion of Li* ions into its
crystal lattice, and recently covalent functionalization can also stabilize this phase.l’! Earlier,
Voiry et al. reported a simple and efficient route for covalent functionalization of MoS;
sheets facilitated by electron transfer between electron rich metallic 1T phase and
organohalides leading to semiconducting MoS..[l Covalent functionalization of MoS; sheets
was also achieved by exploiting the reactivity of surface and edge defects.®! The defects on
the lattice of MoS were modified, for example, by functionalization with thiols leading to
MoS; sheets with tuned electronic properties.l® Alternatively, electron transfer characteristics
of MoS; can be altered by complexation between MoS: layers and optoelectronically active

molecules like phthalocyanines.[



Besides the development for electronics, optoelectronics and catalytic applications, to
mention few of them, biomedical applications of exfoliated TMDCs are increasingly
attracting the attention as promising alternatives to graphene. This is mainly due to their high
biocompatibility compared to other nanomaterials and strong contrast properties because of
the presence of heavy elements like Mo, W, Bi, etc.B! In this context, TMDCs showed high
potential in drug delivery, cancer theranostics, antimicrobials, bioimaging and biosensing.[ -
121 Near-infrared light mediated multimodal cancer theranostics based on TMDCs seems to be
more promising for biomedicine due to higher photothermal conversion ability as well as
stronger contrasting nature over carbon nanomaterials.l®l However, a limited number of data
on toxicity are available, while the enzymatic degradability of TMDCs has not been studied
yet.[1314 A few studies showed that MoS: displays better biocompatibility than graphene or
graphene oxide, but this needs to be confirmed by further works.[*5-11 A recent study
demonstrated that the cytotoxicity of MoS: depends of its aggregation state [*°! and the extent
of exfoliation.[*® Highly dispersed MoS; sheets were not cytotoxic compared to aggregated
sheets, while highly exfoliated sheets induced higher cell mortality compared to moderately
exfoliated sheets.*3 From a clinical point of view, any nanomaterials, either as vehicle to
carry therapeutic molecules or as implanted material in regenerative medicine, should be
excreted from the body or biodegraded.*®!

It is known that MoS; can be decomposed in the presence of H202.[%1 Since, hydrogen
peroxide is a ubiquitous molecule, we thought that it could be interesting to evaluate the
decomposition or degradation of MoS; sheets at physiological concentrations of H2O.. On the
other hand, an increased secretion of reactive oxygen species (ROS) including superoxide
(027), hydroxy radicals (HO") and hydrogen peroxide occurs in cancer tissues or in
inflammatory conditions.?%-?2 High amounts of ROS are caused by oncogene stimulation,
malfunction of mitochondria and chronic inflammation.??l ROS affect the proteins which

control the redox balance, leading to high production of H202.12% 22 The concentration of ROS
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in tumor cells is approximately 100 times more than in normal cells.[?®! Since 50 to 100 uM of
H>0. concentration are more biologically relevant concentration, H.O»-responsive anticancer
drug delivery systems have been recently designed. 4281 In this context, we considered
important to study the stability of MoS> sheets under similar oxidative conditions to reveal
their potential as biodegradable nanocarriers for drug delivery applications.

Having in mind the possibility to extend the use of TMDC materials in biomedicine, we have
thus decided to investigate the biocompatibility and biodegradability of MoS». For this
purpose, we have selected two types of highly water dispersible MoS, samples, namely
metastable pristine MoS; and covalently functionalized and highly stable f-MoSo,
respectively.l’l We started to evaluate the biodegradation of MoS; materials by model
peroxidase enzyme horseradish peroxidase (HRP), human myeloperoxidase (MPO), and by
hydrogen peroxide alone. We then studied the cytotoxicity of these materials using two
different cell lines and primary immune cells (hMDMs, human monocyte-derived
macrophages). We used HeLa cells as both epithelial and cancer cell model and RAW 264.7
macrophages as immune and phagocytic model. A(MDMs were obtained from PBMCs from
healthy donors and used to address the overall effect of MoS and f-MoS; towards primary
immune cells. We carried out cell viability and pro-inflammatory activation tests to measure
key cytotoxicity parameters. Then, we studied the cytotoxicity of byproducts obtained during
the process of biodegradation of MoS; and f-MoS; using hydrogen peroxide. Finally, we
analyzed the uptake of these two materials in cultured cells, and characterized the membrane
interaction and the intracellular presence of pristine and f-MoS> using transmission electron
microscopy (TEM). Overall, this report provides a full comprehensive study on cytotoxicity,
biodegradability and impact of degradation byproducts of pristine and functionalized MoS..

2. Results and discussion

Biodegradation of carbon-based materials was demonstrated by treating them with different

types of peroxidases and oxidative enzymes in the presence of low concentration of hydrogen
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peroxide.[?-321 More recently we have shown that even 2D materials like hexagonal boron
nitride (hBN) nanosheets undergo enzymatic degradation.® Unlike graphene and hBN,
layered MoS: is an unstable material in ambient conditions (room temperature and
atmospheric pressure). In fact, it has been shown that MoS: is subjected to environmental
degradation over a period of several months.[ The slow oxidation of MoS; sheets was
observed in the presence of moisture and oxygen.[*! In this direction, we believe that it is very
important to study the biodegradability of such sensitive MoS> sheets under physiological
conditions using different peroxidases and biological concentrations of H.O> to assess
possible issues related to biopersistence of this type of 2D materials. Thus, we investigate the
capacity of different oxidative enzymes to degrade pristine MoS, and MoS; covalently
functionalized with acetamide groups (f-MoS>). Pristine MoS> nanosheets and acetamide f-
MoS:; (Figure S1A and B) were synthesized and characterized according to our previous
work.[l" Pristine MoS; sheets containing a large fraction of electron rich 1T phase crystals
were synthesized by chemical exfoliation and the covalent functionalization of MoS, was
subsequently obtained by treating MoS; with 2-iodoacetamide (see the Supporting
Information for details about the synthesis and characterization of MoS; and f-MoS>
nanosheets, Figure S1C-H).[ The functional groups were covalently bound to the S atoms
[via S-C bond formation, confirmed by X-ray photoelectron spectroscopy (XPS) analyses,
Figure S1] transforming the metallic phase of MoS; sheets into semiconducting state.”]
Pristine and f-MoS> were characterized by additional techniques including STEM, TEM and
Raman (Figure S1 and S2). Both types of MoS., possess excellent colloidal stability in water,
as supported by the values of their zeta potentials, corresponding to -47 mV for MoS; and -
43.6 mV for f-MoS; at pH 7, respectively. Following the synthesis and characterization, we
treated these nanomaterials with horseradish peroxidase, myeloperoxidase, or with only
biological concentrations of hydrogen peroxide.

2.1. Degradation by HRP



To assess the oxidative effect of peroxidases, pristine and f-MoS; at 100 pg mL™* were first
incubated with HRP in phosphate saline buffer (PBS). H>O. was added (to the final
concentration of 40 uM) to both suspensions once per day up to 30 days. The dilution of the
samples into PBS initially transformed the stable colloidal water suspensions into blackish
aggregated suspensions (Figure S3A and S3E). After 20 days these suspensions turned into
pale brownish in the case of pristine MoS> (Figure S3C), while it remained still blackish for
f-MoS:z (Figure S3G). Surprisingly, the color of both MoS: and f-MoS: control samples
treated only with H2O2, became nearly translucent after 20 days (Figure S3D and S3H). We
decided then to employ TEM to get more insights about the degradation process. As shown in
Figure 1B and 1E, both MoS; and f-MoS; sheets were only partially degraded after 20 day
treatment in comparison to the starting materials (Figure 1A and 1D). The control samples
treated only with H2O2 were instead almost completely degraded in the same period leading to
the formation of spherical nanoparticles with size varied from ~20 to 50 nm (Figure 1C and
1F). However, in the case of f-MoS; we could still observe the presence of some partially
degraded nanosheets (Figure 1F, inset). Overall, the treatment with HRP/H20- revealed that
the degradation of both MoS: nanosheets is completely different from carbon nanomaterials,
where nearly full degradation (transparent solutions) was observed using HRP.[2% 343
Interestingly, the treatment with H>Oz resulted in the complete decomposition of MoS; or f-
MoS; nanosheets into nanoparticles, opposite to the results with carbon nanomaterials, where
H202 did not affect their morphology.[?® 3% 24 |n addition, we observed that functionalized
MoS; was degraded more slowly than pristine material, likely due to the stabilization of the
latter by covalent functionalization.!”]

2.2. Degradation by hMPO
In the next step, both MoS; and f-MoS; samples at 100 pg/mL were treated with human MPO,

an enzyme overexpressed in activated immune cells (e.g. neutrophils), in the presence of

NaCl and H20.. In this case, H>O> was added to a final concentration of 200 uM every hour
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up to 24 h. The color of pristine MoS> suspension changed to nearly translucent after treating
with the enzyme for 24 h (Figure S4, left vials). However, the decomposition of MoS;
occurred already after 15 h treatment with only H20,. f-MoS: suspension also changed to
nearly clear solution after treatment with MPO/H.0O2/NaCl for 24 h (Figure S4, right vials).
Again a quick decomposition of f-MoS; leading to an almost clear solution occurred by
treating with only H20O; after 15 h. TEM analyses was performed to obtain more details about
the morphology of MoS> and f-MoS; remaining materials after the treatment with MPO.
Pristine MoS; sheets were completely decomposed into tiny fragments after 24 h (Figure 2B).
In addition, the layered-like morphology of MoS; was entirely lost after treating with only
H20, for 15 h (Figure 2C). Similarly, most of the f-MoS; sheets were also broken down into
small fragments and partially degraded sheets (Figure 2E) after treatment with the enzyme.
Mostly nanoparticles were instead resulted from the treatment with H2O. for 20 h (Figure 2F).
Overall, TEM results revealed that the degradation of both MoS2 samples was slowed down in
the case of MPO/NaCl/H202 compared to the treatment with H2.O> alone. This is in agreement
with the results obtained with HRP. In addition, covalently functionalized nanosheets
displayed a higher stability compared to pristine MoS2 sheets in both enzymatic process using
HRP and MPO (Figure 1 and 2).

2.3. Degradation by hydrogen peroxide

After proving a direct impact of hydrogen peroxide on the degradation process of MoS; and f-
MoS: (Figure 1 and 2), we have decided to investigate the stability of both materials in the
presence of various concentrations of H20>. Earlier studies revealed that MoS: is very
sensitive to H20». Thus, we treated MoS; and f-MoS; sheets with H>O> (added only once at
day 0 and incubated for 30 days at 37 °C, see Supporting Information for details) varying the
concentration from 10 puM to 2 mM. These concentrations correspond to the amount found in
normal or physiological altered cells and tissues. Indeed, metabolic activity of cancer cells

and activated immune cells produce high amounts of ROS, especially H20,.[24 2. 361 Qur
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results revealed a concentration- and time-dependent decomposition of pristine MoS> (Figure
S5), since the black color of MoS; suspensions gradually disappeared by increasing the
concentration of H>O> as well as the time. As displayed in Figure S5, MoS; suspension
almost turned into colorless by 14 day treatment even with low concentration of H202 (10
HMM). Surprisingly, MoS; sheets slowly decomposed also in PBS. In line with this finding,
very recently a study has revealed that MoS, materials are unstable and undergoes oxidative
dissolutions in simply air-saturated solutions.7-3 On other hand, f-MoS, showed greater
stability in H2O> compared to the pristine MoS; (Figure S6). Also in this case there was a
concentration- and time-dependent decomposition. However, this was much slower compared
to pristine MoS,. Even after 30 days, f-MoS: suspension did not change completely the color.
In addition, the stability of f-MoS; in PBS was much higher. As most of the metastatic cancer
cells contains H20- at concentrations between 50 and 100 pM,?* 261 we decided to analyzed
both pristine and functionalized MoS> samples at 50 uM of H20> of up to 30 days (Figure
S7). TEM analyses indicated that pristine MoS; sheets decomposed nearly completely by 14
day incubation (Figure 3A and 3B), where mostly nanoparticles were observed (Figure 3B)
along with some partially degraded sheets (Figure 3A). In contrast, f-MoS; sheets were
degraded only partially even after 30 days in contrast to pristine MoS: (Figure 3C and 3D).
The original black color of the solution was not significantly lost supporting the partial
degradation and revealing higher stability to oxidation of functionalized MoS: sheets (Figure
S7). Additional TEM images confirming the clear changes in the morphology of the two
MoS; nanomaterials from 0 to 30 days are shown in Figure S8.

To extend the TEM analysis, we carried out high resolution TEM (HRTEM) and selected area
electron diffraction (SAED) studies to get more information about the morphological changes
and crystallinity of both types of MoS; after treating with H>O> for 30 and 60 days,
respectively. HRTEM analyses revealed that 30 day-treatment resulted into the transformation

of pristine MoS: sheets into spherical nanoparticles of size between 5 and 30 nm (Figure S9A
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and 9B). In addition, those nanoparticles are in polycrystalline state as measured by SAED
analysis (Figure S9C and S9D). Contrarily, degradation of f-MoS> sheets did not generate
nanoparticles after 30 days (Figure S10A), while a few fragments in the nanoscale range were
observed after 60 days treatment (Figure S10B), along with partially degraded and
unmodified sheets (Figure S10C). In addition, SAED pattern revealed that the remaining
nanosheets (Figure S10C) were single crystalline (Figure S10D) and the resulted fragments
were in amorphous state (Figure S10F). Overall, TEM and HRTEM studies indicate that
pristine MoS; sheets are highly sensitive to H202, while functionalized MoS; are more
resistant. We have then checked the cytotoxic effects of the degraded products of MoS; and
partially degraded f-MoS: after treating with 50 uM of H.O> for 14 days and 30 days,
respectively (vide infra).

2.4. Raman analysis

To complement the electron microscopy results, we used Raman spectroscopy to understand
the changes in the structure of MoS; and f-MoS> before and after the treatments with HRP,
MPO and hydrogen peroxide. TMDCs have two main Raman modes, corresponding to in-
plane (E'zgat 386 cm™) and out-of-plane (Axgat ~ 406 cm™) vibrations.*™ In addition, Ji, J2
and Js relative to the vibrations from S atoms are also present. J1, J2 and Jz are identified at
~147, 223 and 328 cm, respectively, as displayed in Figure 4A (HRP 0 day).[" % The
covalent functionalization clearly affected the Raman modes of MoS, since J1 was split into
two signals with a new peak at 167 cm™, and Jz and Js strongly raised in relative intensity
(Figure 4B, HRP 0 day). These changes are due to the covalent functionalization, where
acetamide functional groups are bound to S atoms.[" Significant changes were observed for
pristine sample treated with HRP/H20. for 30 days, where J> peak became negligible and the
intensity of J; and Jz was reduced. Importantly, the intensities of both fundamental vibrations
of MoS; (Elzg and Aig) also diminished. These fundamental peaks were both missing after

treatment with only H20O> for 30 days (Figure 4A). In addition, J, and J3 were completely
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absent, and a very broad signal was observed at 250-300 cm?, attributed to Mo-O-Mo
deformation in MoO3.1%%%1 The absence of the fundamental peaks revealed that the lattice of
MoS: crystals was strongly affected. Only a reduction of the intensities of these peaks was
instead observed for f-MoS: treated with only H>O after 30 days (Figure 4B). f-MoS: sheets
showed a moderate reduction in the intensities of Raman signals in the presence of the
enzyme compared to 0 day, confirming the higher stability of functionalized MoS; towards
HRP/H,0, treatment. As J1, J» and Js signals were related to the vibrations from S atoms, ]
the absence of these peaks after treating with H2O, particularly for pristine material, could be
due to the formation of MoQg as reported earlier for MoO3 nanoparticles. [**!

In the case of the treatment of MoS; and f-MoS, with MPO/H,0O,, the intensities of E',g and
Aqg gradually decreased (Figure 5). The Raman signatures for both MoS, samples are very
week after 24 h, (see baseline corrected Raman spectra in Figure S11 and S12), confirming
that degradation by hMPO was nearly completed. In the case of H2O, alone treatment, the
peroxide caused a higher damage to MoS> and f-MoS> compared to the control sample for
HRP. Indeed, 200 uM concentration of H202 was added every hour for 24 h in the control
sample of MPO, while only 40 uM of H>O, was added every day for 30 days in the control
sample of HRP. We would like to underline that the vibrations relative to S atoms are absent,
likely confirming the formation of oxygenated species. 4

In the third case corresponding to degradation using increasing concentrations of H20-, we
observed the changes in the Raman spectra after the treatment for 30 days (Figure 6A and
6B). In the case of pristine MoS, the intensities of fundamental vibrations (E'2g and Asg) are
reduced gradually by increasing the concentrations of H20.. Again, a broad peak around 250-
300 cm! corresponding to Mo-O-Mo deformation appeared.l%-4%1 At the same time, also
vibrations relative to S atoms gradually diminished. At the highest concentrations, these peaks
were completely absent, confirming the complete oxidation of MoS,. The disappearance of Ji,

J2 and Js were not seen for f-MoS, while a general gradual reduction in the intensities of the
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bands was observed (Figure 6B). These results strongly confirmed the higher stability of
functionalized MoSy, as already observed by TEM (Figure 3).
2.5 X-ray photoelectron spectroscopy analysis

To get more details about the degree of oxidation of molybdenum during the degradation
process, XPS analyses were conducted after treating the samples with HRP (30 d), hMPO (24
h) and H2>O: alone (14 for MoS> and 30 d for f-MoS>, respectively) (Figure 7 and S13). In all
conditions, a complete oxidation of Mo(1V) in the pristine MoS; into Mo(V1) was confirmed
by the presence of MoV 3ds2 (~236.5 eV) and MoV' 3ds;, (~233 eV) in the Mo 3d high
resolution spectra (Figure 7A, 7C and 7E). In the case of f-MoS, the presence of mixture of
MoV! 3dand Mo' 3d revealed instead an incomplete oxidation of f-MoS; sheets (Figure 7B,
7D and 7F). We would like to underline that in the starting MoS; and f-MoS,, Mo"' 3d peaks
are absent (Figure S1). The XPS results support also a higher resistance to oxidation of
covalently functionalized MoS, compared to pristine sheets, in good agreement with Raman
and TEM data. In addition, oxidation of S* into SO4> was confirmed by XPS (Figure S13).
The peak at ~168.5 eV corresponds to S 2p of SO42 ions, and the two peaks at ~161 and ~162
are attributed to the binding energies of S 2p (S* 2p12 and S* 2psy, respectively) of MoS,.[*%)
Sulfur atoms of pristine MoS; were oxidized to SO4> ions, whereas in the cases of f-MoS,,
the mixture of S? and SO4% were observed, as expected due to the incomplete oxidation of f-
MoS: sheets.

2.6. Mechanism of degradation

The degradation trends of MoSz and f-MoS; by HRP, hMPO and H2O> revealed that pristine

MoS:; is the most unstable in the aqueous solution. MoS; was even degraded in the PBS
within 3 week incubation (see Figure S5). The degradation of pristine MoS; was faster in the
presence of H2O2 compared to the treatment with HRP or hMPO, due to a quick oxidation of
Mo(IV) into Mo(VI), most likely in the form of MoO3z or MoO4? ions.[** 46471 The broad peak
that we observed around 250-300 cm™ (centred at ~270 cm™) in the Raman spectra of pristine
MoS; treated with HPR and H20O> alone (Figure 4 and 6) corresponds to MoOs as described in
the literature.l**-* Indeed, it is well known that MoS; is oxidized to MoOs when treated with
hydrogen peroxide.[*! However, in the case of hMPO, which involve different oxidative

intermediates (i.e. HOCI), the degradation process likely forms soluble MoO4? ions.[38 471
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Raman (Figure 4-6) and XPS analyses (Figure 7) confirmed that the degradation of MoS;
lead the oxidation of molybdenum either into MoOgs or soluble MoO4? ions along with
formation of SO42 (see the corresponding equations in Supporting Information).[*6: 48] Data in
the literature further indicate that 1T phase of MoS; is metastable due to the richness in
electrons, and it can be easily oxidized in the presence of salts, H20,, oxygen and moisture.[*
19,38,49] |n addition, a more recent study also suggested that MoS; nanosheets can be
transformed into soluble MoQ4? species in a mice model. This study is of particular interest
in the context of biomedical applications of TDCMs. Indeed, the authors have demonstrated
that the degradation of MoS; functionalized with polyethylene glycol (PEG) leads to an
enhanced elimination rate in vivo. The degradation was confirmed by the generation of
MoO4? that was excreted within 30 days.”*”1 In view of the fast oxidation process found in our
conditions, it will be also warrant to study in vivo degradation of our MoS, material. Raman
analyses of MoS> nanosheets confirmed the presence of Mo-O bonds and the disappearance of
the fundamental MoS; vibrations (E'zg and Asg) after treating with H,O, and MPO. In the case
of MPO treatment, there is generation of HOCI along with MPO reactive intermediates, which
are highly oxidants compared to reactive intermediates of HRP.[?7-%] The chemical
functionalization stabilized 1T phase of MoS: by converting the metallic character into the
semiconductor state.[] The degradation results of f-MoS, with HRP, MPO and H»O; revealed
that the degradation was much slower when compared with pristine MoS., as confirmed by
XPS analyses.

TMDCs are compounds different from carbon nanomaterials, and the degradation profile of
MoS; nanosheets results different.[?® 34 5% Carbon nanomaterials are completely oxidized by
reactive intermediates of HRP or MPO whereas MoS, materials were more resistant. In
contrast, MoS> samples are quickly degraded by H20.. We expect that these materials could
have different behavior during their interaction with body fluids or peroxidase enzymes and

ROS under inflammation conditions. These materials may also have different fate compared
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to carbon materials, since they showed to be degraded even in the presence of moisture, salts
and ROS. In the next sections, we assess the impact of both pristine and f-MoS> on various
cell lines, primary immune cells, their interaction with cell membranes and uptake, and the
cytotoxic effects of biodegradation products.

2.7. Cytotoxic effects of MoS2 and f-MoS:

We have initially discussed the unprecedented advantages and superior performances of MoS>
in the biomedical field [¥I. Nevertheless, recent rapid advances in the use of new 2D
nanomaterials for such purpose have raised important questions about their safety, similarly to
the earlier case of carbon nanotubes and graphene. 1% In order to identify new research
directions, a critical evaluation of the possible toxicity of MoS; and its functionalized
derivatives is needed. In vitro testing is the first crucial step in the road towards the approval
of any new drugs or (bio)materials in the medical field.[*8 7]

For these reasons we tried to unravel the possible cytotoxicity of MoS; and f-MoS; using two
different cell lines and primary immune cells. We used HelLa cells as both non-phagocytic
epithelial and cancer cell model and RAW 264.7 macrophages as immune and phagocytic
model. Concerning primary immune cells, hMDMs were obtained by differentiating
monocytes from healthy donors. These types of primary cells were used to address the effects
of MoS; and f-MoS: towards human immune cells. We carried out cell viability tests and
evaluated primary cell activation and cytokine release as key cytotoxicity parameters.

The different cell types were exposed to increasing concentrations of MoS; or f-MoS; for 24 h.
At the end of the incubation, the cell viability was determined by flow cytometry. Our data
revealed that the viability of HeLa cells was not affected by both MoS> samples, even at the
highest concentration used, corresponding to 100 pg mL* (Figure 8A). Concerning RAW
264.7 macrophages, the viability was reduced of about 20 % respect to the control, but only at
high concentrations and only in the case of f-MoS> (Figure 8B). Viability was not affected

when the same cells were exposed to the pristine material. A similar behavior was observed
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for hMDMs as their healthy state was preserved within the entire concentration range of the
two MoS; samples even when prolonging the exposure to MoS: and f-MoS> up to seven days
(Figure S14).

Then we evaluated the impact of the two nanomaterials on the activation state of the immune
cells. For this purpose, RAW 264.7 cells and hMDMs were exposed again to MoS; or f-MoS>
for 24 h. After the incubation, the levels of expression of CD86, an important surface
activation marker of antigen-presenting cells, were determined. Overall, the outcome of cell
activation experiments on immune cells was consistent with cell viability results as no
variation of CD86 levels in both RAW 264.7 cells and hMDMs was registered (Figure 9A
and 9B). To further investigate a potential pro-inflammatory effect of our two MoS> samples,
the secretion of two key pro-inflammatory cytokines (i.c. TNFa and IL6) by RAW 264.7
macrophages and hMDMs was analyzed. No significant amounts of cytokines were detected
in RAW 264.7 cell supernatants (data not shown). Similarly, the quantity of TNFa secreted by
hMDMs was comparable to basal levels (Figure S15). Only at the highest concentration of
pristine MoS; (100 pg mL*) we measured an increase of IL6 release although not significant.
The result of our first series of experiments on different types of cells suggests an encouraging
overall absence of acute toxicity and pro-inflammatory activating effect of MoS: or f-MoSa,
up to a concentration of 50 ug mL™.

2.8. Cytotoxicity of MoS2 and f-MoS2 degradation products

We have shown how MoS; and f-MoS> can be degraded in test tube by naturally present
enzymes and peroxides. In particular, a rather fast degradation with low concentration of
H202 (i.e. 50 uM) may occur, due to the natural overproduction of H202 by peroxidases.?1-2?
Based on our degradation results in test tube (Figure 3, Figures S5 and S6), we would expect
that MoS; samples are likely degraded also in vivo by phagocytic and cancer cells.
Reticuloendothelial system degradation by resident macrophages and tumor degradation

might both contribute to the renal clearance and body elimination of MoS: thus reducing its
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accumulation in non-targeted organs and consequent cytotoxicity.*”] However, MoS;
degradation products might exhibit cellular toxicity themselves, affecting, for example,
clearance profile. As such possibility should not be ruled out, we decided to investigate the
impact of the biodegradation products.

We started addressing this issue by performing cell viability and pro-inflammatory activation
assays in cells exposed to MoS; and f-MoS; degradation products (named: MoS,-DP and f-
MoS,-DP). Previous to cell exposure, the two material samples were treated (degraded) with
50 uM H20: for 14 (MoS2-DP14 and f-MoS>-DP14) or 30 days (f-MoS>-DP30) (Figure S7).
As already mentioned in the previous paragraphs, H2O. concentration was chosen in order to
mimic the intracellular concentration of the peroxide reported in the literature for leucocytes
and cancer cells.t?* 261 Cells were exposed for 24 h to MoS2-DP14, f-M0S2-DP14 or f-MoS;-
DP30 and subsequently analyzed by flow cytometry.

The outcome of cell viability experiments was similar for HeLa and RAW 264.7 cells. We
observed a significant reduction of viable cells when they were exposed to concentrations
equal to or greater than 50 ug mL™ (HeLa) or 25 pg mL™? (RAW 264.3) of pristine MoS;-
DP14 (Figure 10A and 10B). When the sample is functionalized (f-MoS2-DP14), this effect is
reduced in both cell lines (Figure 10A and 10B). However, when the functionalized
compound is degraded for 30 days (f-Mo0S,-DP30), toxicity starts to appear (Figure 10A and
10B), and it is more evident in the case of the macrophage cell line (a significant viability
reduction is observed from 50 pg mL™ of f-MoS,-DP30).

These data suggest that the degradation products generated by pristine MoS; are cytotoxic at
high concentrations. On the other hand, we have shown how, in cell-free degradation studies,
f-MoS2 was much more resistant to degradation by H>0. compared to the pristine MoS;
(Figure 3 and S7). We can conclude that functionalization stabilizes MoS,, slowing down its

degradation and attenuating the toxic effects of the degradation products.
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Despite the adverse effect on cell viability, MoS>-DPs and f-MoS»-DPs did not trigger any
pro-inflammatory response in macrophages. In fact, the expression of CD86 on the surface of
RAW 264.7 cells did not increase after incubation with both degraded compounds (Figure
10C). Consistently, no pro-inflammatory cytokines were detected in the cell supernatants
(data not shown). These data, apparently inconsistent with cell viability results, might be
explained by the quick death of highly activated macrophages. As a consequence, CD86 could
not be detected by flow cytometry and cytokines could not have been produced in time.

It is worth noting that the effects on viability are only due to the degradation products of
MoS; and not to the presence of H2O>. In fact, by treating the cells with buffer solutions
prepared in order to mimic the H20, concentration in the samples used for the experiments,
cell viability was not impaired (Figure S16).

2.9. Cellular interaction and internalization

Finally, to prove that the impact on cell viability and activation was due to the interaction and
internalization of pristine and functionalized MoS: by the different cells, the uptake of these
materials by HelLa cells and human monocyte-derived macrophages was investigated by TEM.
For this purpose, the cells were exposed to 50 pg mL* of MoS; or f-MoS; for 24 h. The
results showed a very efficient cell uptake of MoSz nanosheets, both pristine and
functionalized, including the non-phagocytic HeLa cells. In Figure 11A-D (HelLa) and 11E
and 11F (hMDMs), representative images of cells exposed to the MoS; samples for 24 h are
shown. The materials were found both inside vesicles or free into the cytoplasm, behavior
similar to graphene oxide Y. This can be explained by the fact that MoS; and f-MoS; show a
very high dispersibility in the aqueous media. In some cases, MoS> sheets penetrate the cell
membrane as rolled needles (evidenced by a yellow arrow in Figure S17), similarly to carbon
nanotubes and graphene oxide.[5-52

Moreover, the formation of large invaginations of the cell membrane in correspondence to the

materials indicates a probable internalization by ATP-dependent endocytic pathways (e.g.
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macropinocytosis or phagocytosis in the case of hMDM).[®Y The hypothesis is also reinforced
by the intracellular MoSz-containing vesicles. On the other hand, the free nanosheets in the
cytoplasm can be the results of passive diffusion trough the plasma membrane or even
endosome rupture.® There was not an evident difference in the mechanisms or entity of the
cell uptake between the pristine and the functionalized material for both HeLa and h(MDM
cells. Additional studies on the elucidation of the precise cell uptake mechanisms are warrant,
but beyond the scope of this work.

3. Conclusion

In summary, this is the first report on biodegradation of different types of highly water
dispersible MoS; (pristine and functionalized) nanosheets by enzymatic catalysis of
peroxidases (i.e. plant HRP and human MPO) in the presence of low concentration of H2O..
Interestingly, much quicker degradation compared to peroxidase treatment was observed in
biologically relevant concentrations of H.O> without any enzymes. Slow degradation was also
evidenced in simple buffer solution. Our results confirm very recent reports showing in vitro
and in vivo degradability and elimination of MoS. nanosheets. In addition, covalent
functionalization of MoS; tunes the degradation profile, which becomes particularly
interesting in the design of advanced biomedical tools (i.e. drug delivery carriers or implants).
Overall, these in vitro degradation and cellular toxicity studies suggest an enhanced
biocompatibility and a better biodegradability of MoS2 nanosheets, promoting this material as
a better candidate for biomedical applications compared to other carbon or 2D nanomaterials.
Finally, assessing in vivo toxicity and biodegradation of pristine and functionalized MoS;

nanosheets is the objective of our future research.
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Figure 1. TEM images. Panel (A) shows MoS: sheets dispersed in water; (B) 20 day-treated
MoS; sheets with HRP+H20.; (C) 20 day-treated MoS; sheets only by addition of H.Op;
panel (D) shows f-MoS; sheets dispersed in water; (E) 20 day-treated f-MoS; sheets with
HRP+H>0>; and (F) 20 day-treated f-MoS: sheets only by addition of H20.. Inset in (F)
shows partially degraded nanosheets. Scale bars represent 500 nm in all images.
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Figure 2. TEM images. Panel (A) shows MoS: sheets dispersed in PBS after 24 h; (B) 24 h
treated MoS> sheets with MPO/NaCI/H20»; (C) 15 h treated MoS: sheets by addition of only
H202; panel (D) shows f-MoS; sheets dispersed in PBS after 24 h; (E) 24 h treated f-MoS;
sheets with MPO/NaCIl/H20.; and (F) 20 h treated f-MoS; sheets by addition of only H20,.
Scale bars represent 500 nm in all images.
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Figure 3. Panels (A) and (B) represent MoS; sheets after treating with 50 pM of H.O, for 14
days; panels (C) and (D) represent f-MoS> sheets after treating with 50 uM of H»O, for 14 and
30 days, respectively. Scale bars correspond to 500 nm.
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Figure 11. TEM images of HeLa cells (A-D) and hMDMs (E-F) incubated with MoS; or f-
MoS; (50 ng mL™?). HeLa cells incubated with MoS; (A-B) and f-MoS; (C-D) for 24 h,
respectively. h(MDMs incubated with MoS; (E) and f-MoS: (F) for 24 h, respectively. The red
squares in the images are enlarged in the respective closed right panels.
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Supporting Information

Experimental Section

1. Materials

Hyman MPO (hMPO) derived from human neutrophils (Athens Research and Technology,
USA) has an activity of 180-220 U mg™. Diethylenetriamine pentaacetic acid (DTPA),
hydrogen peroxide (30% aqueous solution), NaCl, NaH2PO4-2H>0 and NaxHPO4-2H,0 were
purchased from Alfa Aesar and used directly without any further purification. Horseradish
peroxidase (HRP) type VI-salt free powder (activity = 250-330 U mg™?) was obtained from
Sigma-Aldrich. Phosphate buffered saline (PBS) without Ca?* or Mg?" ions was purchased
from Lonza. Deionized water was obtained using a Millipore filter system MilliQ®.

2. Synthesis of MoS2 and functionalized MoS2

Pristine MoS nanosheets and functionalized MoS: (f-MoS2) with acetamide groups were
synthesized and characterized according to a previous work.™ Briefly single-layer MoS; were
obtained via chemical intercalation with lithium. MoS. powder (0.3g, Sigma) was dispersed in
hexane under argon. n-Butyllithium (3 mL, Sigma; CAUTION: n-butyllithium is highly
pyrophoric!) was then injected in the solution and the mixture was heated at reflux. After 48 h,
the intercalated powder was recovered by filtration and washed with hexane (4:50mL). The
intercalated powder was then dissolved in water at 1 mg/mL and sonicated for 1 h. The
dispersed nanosheets were then washed 3 times with MilliQ water to completely remove
lithium cations. Non-exfoliated materials were finally removed by low-speed centrifugation.
Functionalized MoS; was prepared from chemically exfoliated MoS,. MoS, nanosheets
dispersed in water were mixed with tenfold excess of 2-iodo acetamide (Sigma). After 5 days
of reaction at room temperature, the solution was washed via centrifugation with 2-propanol
(3%50 mL), ethanol (3%50 mL) and water (3x50mL).

MoS; and f-MoS were characterized by Raman, X-ray photoelectron (XPS) spectroscopy,
which confirmed the presence of 1T and 2H phase (Figure S1A-E). The presence of 1T phase
in the functionalized MoS> was also observed by scanning transmission electron microscopy
(STEM) (Figure 1F). By XPS, a peak at 400 eV as well as a shoulder at 288.4 eV demonstrate
the presence of C-NH2 and C=0 functions, respectively, and are attributed to the amide group
(Figure 1C, D). By careful examination of the S2p regions, we can identify the S-C bonds
confirming the successful covalent functionalization of the MoS, nanosheets (Figure 1B).
According to XPS, we estimated the amount of functional groups per MoS: to be ~ 30 %.

3. Raman Analyses
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Raman analysis of all MoS, samples was performed using Raman spectra Renishaw inVia
microRaman equipped with 514 nm laser and a Leica microscope. All spectra were recorded
with 5% laser power using 50x objective lens. All samples for Raman analysis were prepared
by drop-casting 10 pL of respective samples on a Si window (ThorLabs) and dried for 24 h at
room temperature. For each sample, five (minimum) to ten spectra were collected at different
points of the sample. The recorded spectra were manually baseline-corrected using OriginLab
software and averaged for a given data set. The average spectra are displayed in the main
manuscript.

4. Zeta potential measurements

MoS; samples were sonicated for 1 min before zeta potential measurements and all
measurements were performed using Zetasizer Nano S (Malvern Instruments) spectrometer
operating under 633 nm laser irradiation. The zeta potential measurements were carried out at
pH 7.

5. Transmission electron microscopy

For TEM characterization, 6 puL of each suspension of MoS, samples were deposited on
carbon coated copper grids and dried for 24 h before the analysis. All samples were analyzed
by a Hitachi H7500 microscope (Tokyo, Japan) with an accelerating voltage of 80 kV,
equipped with a AMT Hamamatsu camera (Tokyo, Japan). For HRTEM and SAED analyses
were performed on a JEOL 2100F TEM/STEM electron microscope operating at 200 kV.

6. XPS analysis

After treatment with HRP, hMPO and H:O2, pristine MoS; and f-MoS: solutions were
lyophilized, re-dispersed in the minimum amout of water, drop-casted onto freshly cleaned
silicon wafers and dried overnight. XPS analysis was carried out using a Thermo Scientific K-
ALPHA photoelectron spectrometer with a basic chamber pressure of 108-10° bar and an Al
anode as X-ray source (1486 eV). Spot size of 400 um was used. The analysis was repeated
three times for each sample. The survey spectra are an average of 10 scans taken with a pass
energy of 200.00 eV and a step size of 1 eV. The high resolution spectra are an average of 10
scans taken with a pass energy of 50.00 eV and a step size of 0.1 eV. An electron gun was
turned on during analysis. For data analysis a shirley background subtraction was performed
and no charge correction was applied. The differences in the signal intensities of the XPS
spectra (Figure 7 and Figure S13) of the three conditions (HRP, hMPO and H20>) are due to
the varied amounts of the final solutions recovered (see the volumes of the solutions used in
the the degradation procedures describes below). In addtion, the presence of salts and

enzymes in the buffer used for the treatments contributes to the low signal intensities.
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7. Enzymatic degradation by HRP

For the pristine MoS», a stock suspension of 0.47 mL of aqueous MoS; was added to 1.53 mL
of PBS (final concentration of MoS,: 0.1 mg mL™?), final volume was 2 mL. For f-MoS,, a
stock suspension of 1.34 mL of aqueous f-MoS; were added to 0.66 mL of PBS (f-MoS: final
concentration: 0.1 mg mL™), final volume was 2 mL.

To both suspensions, 0.35 mg of HRP were added in each vial. To enable the enzymatic
activity of HRP, 8 pL of 10 mM H:0. were added once every day up to 30 days. All
suspensions were kept in the dark at room temperature and stirred for the entire duration of
the experiment. Aliquots (50 pL) were taken at time points 0, 10, 20 and 30 days and stored at
-20 °C in the dark until characterization by different techniques. The control experiments
without addition of HRP were also prepared in the same way with only 8.0 uL of 10 mM
H20> added every day up to 30 days. Both the degradation experiemnts were repeated two
times.

8. Enzymatic degradation of MoS2 by hMPO

A stock suspenion of 120 puL of MoS; (420 pg mL?1) was added to 330 puL of 50 mM
phosphate buffer containing 140 mM NaCl and 100 uM DTPA (MoS: final concentration: 0.1
mg mL™Y). To this suspension, 50 uL of hMPO (1 pg pL™?), pre-dissolved in 50 mM
phosphate, buffer was added. Then, 200 UM concentration of H>0. was added (5 pL of 10
mM of H20>) every hour for 24 h in total. hMPO was renewed every 5 h (5 additions: at 0, 5,
10, 15 and 20). The reaction mixture was maintained at 37 °C in the incubator. Aliquots (25
pL) were taken at time points 0, 10, 15, 20 and 24 h, and stored at -20 °C in the dark room
until their characterization by different techniques.

For the degradation with H20. in the absence of hMPO, 120 pL of MoS; (final concentration:
0.1 mg mL1) were added to 380 pL of 50 mM phosphate buffer containing 140 mM NaCl and
100 uM DTPA. Then, 200 uM concentration of H.O, was added (5 pL of 10 mM of H20,)
every hour for 24 h in total. Similarly, degradation of f-MoS> was also carried out, where 333
uL of f-MoS; ageuous stock suspension (150 pg mL™?) was added to 117 pL of 50 mM
phosphate buffer containing 140 mM NaCl and 100 uM DTPA (final concentration: 0.1
mg/mL. To this suspension, 50 pL of hMPO (1 pg pL™?) pre-dissolved in 50 mM phosphate
buffer was added. For the degradation with only H20, 333 pL of f-MoS; (final concentration:
0.1 mg mL™) were added to 380 pL of 50 mM phosphate buffer containing 140 mM NaCl and
100 pM DTPA. Then, 200 uM concentration of H>O, was added (5 pL of 10 mM of H20,)
every hour for 24 h in total. Both the degradation experiemnts were repeated two times.

9. Degradation by H202
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0.24 mL of MoS; aqueous suspension having 420 pg mL™? concentration were added to 0.73
mL of phosphate buffer saline (MoS; final concentration: 0.1 mg mL™1).

0.66 mL of f-MoS; aqueous stock suspension having 150 g mL™ concentration was added to
0.34 mL of phosphate buffer saline (final concentration: 0.1 mg/mL).

Totally 7 vials for both MoS. were prepared. H.O> concentration was varied as 0, 10, 100,
200, 500 pM, 1 mM and 2 mM. All sample vials were keptat 37 °C in the incubator up to
30 days.

We observed the color change of MoS; and f-MoS; and took aliquots at fixed intervals for
Raman and TEM analyses. For each fixed intervals, digital photos were taken after sonicating
for 1 or 2 minutes to get the better dispersed images to visualize the suspensions clearly.

10. Materials preparation for biological experiments

MoS; or f-MoS; stock solutions in water (420 pug mL™* or 150 pg mL™?, respectively) were
diluted to new stock solutions in complete medium (336 pug mL?t or 120 pg mL*,
respectively) according to the following protocol: 1920 pL of either MoS; or f-MoS; + 240
pL RPMI (10X) + 240 pL FBS. The so-obtained new stock solutions were diluted in normal
complete RPMI medium at the final concentrations used for the cell treatment.

11. Material degradation for biological experiments

0.48 mL of MoS; aqueous stock solution was added to 1.52 mL of PBS (final concentration:
0.1 mg mL™). To this suspension, 10 pL of 10 mM H20, were added to get 50 puM as final
H20. concentration. Similarly, the controlled samples was prepared without adding H2O».
1.32 mL of f-MoSz aqueous stock solution was added to 0.68 mL of PBS (final concentration:
0.1 mg mL*Y). To this, 10 uL of 10 mM H20. were added to get 50 uM as final H20-
concentration. Similarly, the controlled sample was prepared without adding H20x.

All the samples vials were maintained at 37 °C in the incubator for 14 days for MoS, sample
and 14 and 30 days for f-MoS; respectively

Degraded MoS; samples were then used to prepare an 80 pug uL™ stock solution in all cases.
Briefly, 1920 pL of either MoS2-DP14, f-M0S,-DP14 or 30 f-Mo0S>-DP30 were mixed with
240 pL RPMI (10X) and 240 pL FBS in order to obtain suitable culture conditions.
Afterwards, the stock solution was diluted accordingly with RPMI to obtain the working
concentrations.

12. Buffer preparation for the H20: toxicity test

For the toxicity test two different concentrations of H.O. were tested, 50 mM and 100 mM. In

each of the cases, a stock solution was first prepared by adding 1000 puL of H2O2 + 125 pL
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RPMI (10X) and 125 pL FBS. The stock solution was subsequently diluted with RPMI (1X)
to simulate the working concentrations of MoS: or f-MoS; as it follows:

1 pg/ml: 4.4 pL stock solution + 345.6 RPMI (1X)

10 pg/ml: 44 uL stock solution + 306 RPMI (1X)

20 ug/ml: 87.5 uL stock solution + 2625 RPMI (1X)

40 ug/ml: 175 uL stock solution + 175 RPMI (1X)

80 pg/ml: 350 uL stock solution + 0 RPMI (1X)

13. Human monocyte derived macrophages (hMDM). Leukocyte-rich buffy coats from
healthy adult donors were obtained from the French Blood Bank (Etablissement Francais du
Sang, Strasbourg, FRANCE) and peripheral blood mononuclear cells (PBMCs) were
collected by Ficoll-Histopaque-1077 (Sigma) density gradient centrifugation.>

CD14" monocytes were then separated from PBMCs by immunomagnetic positive selection
using an anti-CD14 monoclonal antibody coupled to magnetic beads followed by MACS
column separation (Miltenyi Biotech), according to the manufacturer's protocol. The purity of
isolated monocytes was assessed by flow cytometry using FITC-Mouse anti-Human CD14
antibodies (Clone M5E2, BD Pharmingen 555397) and hMDM were obtained by culturing
them in complete RPMI 1640 medium (i.e. containing 10% heat inactivated FBS, 10 pg/ml
gentamycin, and 10 mM HEPES; Lonza) supplemented with 12.5 ng/ml macrophage colony
stimulating factor (M-CSF; ImmunoTools) in 12 well plates at a density of 3-10° cells/well for
7 days (37 °C, 5 % CO,).561 After differentiation, hMDM were detached with SE buffer (PBS
containing 2 mM EDTA and 2% FBS), counted, reseeded in 96 well plates at a density of 2-
3-10° cells/well and allowed to adhere 4 h (37 °C, 5% COy) prior to MoS; exposure. Medium
was then removed and cells incubated with MoS; and f-MoS: (1, 10, 25, 50, 75 and 100
pg/ml) during 24 h to 7 days.

14. Flow cytometry

Cellular viability. For cell viability/activation experiments, HeLa and RAW 264.7 cells were
seeded into 96-well plates at a density of 10° cells/well and allowed to adhere overnight. The
cells were then exposed to different concentrations of MoSz, f-MoS2, MoS»-DP or f-MoS,-DP,
for 24 h. The cytotoxicity of MoSz and f-MoS; towards human macrophages (hMDMs) was
evaluated by flow cytometry. For this purpose, cells were exposed to 1, 10, 25, 50, 75 and 100
pg/ml of our two MoS; samples. DMSO (20 %) was used as cellular death positive control.
After incubation, cells were harvested with trypsin or SE buffer (nMDMs) and stained with
both FITC-Annexin V (AnnV; BD Pharmingen 556419) and propidium iodide (PI, 0.2 ug mL"

1. Sigma-Aldrich) in a calcium containing buffer. The percentage of live (AnnV-/PI-) was
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determined by acquiring at least 25000 events using a Gallios Flow Cytometer (Beckman
Coulter) and analyzing the data with FlowJo software.
Cellular activation. Cellular activation of macrophages (RAW 264.7 and hMDMs) was
evaluated by flow cytometry after incubation with MoS; and f-MoS; (1, 10, 25, 50, 75 and
100 pg/mL). Cellular activation was explored through CD86 expression evaluation. Briefly,
after MoS2 treatment, human macrophages were detached with SE buffer and stained with
FITC-Mouse anti-Human CD86 antibodies (Clone 2331(FUN-1), BD Pharmingen 555658),
prior to flow cytometry acquisition. Lipopolysaccharide (LPS) alone (100 ng/ml for hMDM)
or in combination with interferon y (IFN vy, 1 ng mL™? with LPS 1 pg mL™ for RAW 264.7)
was used as cell activation positive control. The CD86 associated fluorescence intensities
were determined by acquiring at least 25,000 events using a Gallios Flow Cytometer
(Beckman Coulter) and analyzing the data on CD14* hMDM or RAW 264.7 live cells gated
populations with FlowJo software.
15. Pro-inflammatory cytokine determination. After exposure to MoS; and f-MoS; (1, 10,
25, 50, 75 and 100 pg/mL), cell supernatants were collected and the levels of inflammatory
cytokines, including tumor necrosis factor alpha (TNFa), and interleukine-6 (IL6) were
detected by ELISA. LPS alone (100 ng/mL for hMDMs) or in combination with interferon y
(IFN v, 1 ng mL? with LPS 1 pug mL? for RAW 264.7) was used as pro-inflammatory
cytokine production positive control. Secretion of human cytokines ("nTNFo and hIL6) was
measured using a double sandwich ELISA. Specific pairs of capture and biotinylated
detection antibodies were used and respective recombinant TNFo and IL6 were taken as
standards.
16. Transmission electron microscopy of HeLa and hMDMs. For TEM observation, HeLa
cells or hMDMs were seeded into 24-well plates on glass coverslips at a density of 2:10° cells
per well and allowed to adhere overnight. Cells were then exposed to 50 ug mL™* of MoS; or
f-MoSz for 24 hours for the cellular uptake studies. hMDMs were obtained as previously
described but cultured on glass coverslips in 24-well plates at the density of 5-6-10° cells/well
and allowed to adhere prior to MoS; exposure (50 pg mL™) during 24 h to 7 days.
At the end of incubation time, cells were washed with Tris buffer saline (TBS) and fixed
overnight at 4 °C with 2.5% glutaraldehyde. On the following day, cells were washed twice in
distilled water and then submitted to a secondary fixation with 1% aqueous osmium tetroxide
(30 min at room temperature). After rinsing cells three times with distilled water,
dehydratation was performed through a series of baths: twice with 50% ethanol (10 min),
once with 70% ethanol (20 min), once with ethanol 95% (10 min), twice with absolute ethanol
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(10 min) and finally twice with propylene oxide (for 10 min each). Infiltration with epoxy
resin Epon was done using mixtures of propylene oxide and Epon resin in 2:1 (1 h) and 1:2 (1
h) ratio and finally with pure resin (1 h). On the last day, resin was replaced with fresh one
and further incubated during 3 hours. Polymerized block with embedded cells were then
prepared filling gelatine capsules with fresh resin and placing them upon the glass coverslips
on which cells were grown. The as prepared capsules were then placed into the oven to
polymerize the resin at 60 °C for 48 h afterwards glass coverslips were removed from the
polimerized block surface and ultrathin sections (65-85 nm thick) were obtained using an
ultramicrotome (Leica) with a diamond knife (DIATOME). The ultrathin sections were then
collected on butvar-coated single-slot copper grids, stained with 1% uranyl acetate for 30 min
and with lead citrate for 2 min. Grids were then examined by TEM (Hitachi H600). The
ultrathin sections were then collected on 300-mesh copper grids and the images were carried
out with a Hitachi H7500 instrument.

17. Statistical analyses

Data are presented £ SEM. Statistical analyses were performed using a two-way ANOVA test
followed by Bonferroni’s post-test. All p values < 0.05 were considered significant. The
experiments shown for hMDMs are a summary of the data from at least three separate
experiments run in triplicate, each based on cells from one human healthy donor. All data are
presented + SEM. Statistical analyses were performed using GraphPad software. Treatment
effects were analyzed using two-way ANOVA followed by Bonferroni’s post-test. All p

values < 0.05 were considered significant.

18. Equations of MoSz oxidation

MoS; + 9 H202 — MoOs + 7 H20 + 2 H2SO4 (1)

MoS; + 9 OCI" + 6 OH — Mo00O4* + 3 H,0 + 2 SO4* + 9 CI (2)@
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Figure S1: 1T phase structure of the pristine MoS, and covalently functionalized f-MoS; with
acetamide groups are shown in (A) and (B), respectively. High resolution XPS spectra of as-
exfoliated MoS; and functionalized MoS; from the Mo3d (C), S2p (D), N1s (E) and C1s (F)
regions. Panels G and H present the Raman spectra of MoS; and f-MoS; and STEM image of
f-MoS;, respectively.
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Figure S2: TEM images of MoS; and f-MoS; sheets dispersed in water.

Figure S3: Images of MoS; and f-MoS, samples dispersed in PBS: Panels (A and B)
represents the MoS; samples at 0 day treated with HRP + H>O2 and H2Oz alone, respectively;
panels (C and D) represents MoS> samples at 20 day-treated with HRP + H20. and H.O> alone,
respectively; panels (E and F) represents f-MoS, samples at 0 day treated with HRP + H20>
and H.O: alone, respectively; panels (G and H) represents f-MoS, samples at 20 day-treated

with HRP + H202 and H20: alone, respectively.

38



MosS, f-MosS,

MPO/H,0,/
NacCl

MPO/H,0,/

H,0, Nacl

PBS H,0,

I
{

Figure S4: Left side, dispersion images of MoS; samples treated with MPO and hydrogen
peroxide including the control sample with PBS for 24 h. Right hand side, dispersion images
of f-MoS; samples treated with MPO and hydrogen peroxide including the control sample

with PBS. Compared to the pristine MoS> sheets f-MoS> displayed better dispersibility in PBS.
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from 10 uM to 2 mM concentration, added once in a 0 day. The photos of the dispersions

were taken at fixed time intervals as shown in the figure.



200 uM 0.5mM 1mM

Figure S6: Stability profile of f-MoS; sheets in PBS (control) and hydrogen peroxide starting
from 10 uM to 2 mM concentration, added once in a 0 day. The photos of the dispersions

were taken at fixed time intervals as shown in the figure.
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Figure S7: Stability profile of MoS; and f-MoS: sheets in the presence of hydrogen peroxide
at 50 UM concentration, added once in a 0 day. The photos of the dispersions were taken at

fixed time intervals as shown in the Figure.
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Figure S8: TEM images of MoS> (top row) and f-MoS> (bottom row) sheets after treating
with 50 pM of H202 from 0 to 30 days.




Figure S9: HRTEM images of MoS; sheets after treating with 50 uM of H20- for 30 days.
Panels (A) and (B) show the low and high magnification images, respectively; and panel (D)
shows SAED pattern of the nanoparticle displayed in (C).

10 1/nm

10 1/nm

Figure S10: HRTEM images of f-MoS; sheets after treating with 50 uM of H>O> for (A) 30
days, (B-C and E) 60 days; (D) represents SAED pattern for sheets showed in (C); and (F)
represents SAED pattern of the nanoparticle shown in (E).
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Figure S11: Raman analysis of MPO treated MoS; for 24 h after baseline correction.
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Figure S12: Raman analysis of hMPO treated f-MoS for 24 h after baseline correction.
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Figure S13: XPS analyses showing high-resolution spectra of S 2p binding energy of MoS:
and f-MoS; treated with HRP+H,0, (after 30 d; A & B), MPO+H0; (after 20 h; C & D),
H202 alone (after 14 for MoS; and 30 d for f-MoSz; E & F).

To examine the possibility of a long-term effect, \(MDMSs were further exposed to 50 pg mL™*
of MoS; or f-MoS; for different times and up to 7 days. Cell viability was preserved in all
tested time points (Figure S14A). The slight decrease of viable cells after 7 days appears also
in control cells and it is due to the normal life cycle of HMDMs.
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Figure S14: Flow cytometry analysis of hMDM cell viability (A) and cell activation (B)
(CD86 expression) after exposure to 50 pg mL™ of MoS; or -MoS; for different times.
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Figure S15: Cytokine production (i.e. TNFa and IL6), determined using ELISA, by hMDMs

exposed to increasing concentrations of MoS: (top panels) or f-MoS; (bottom panel) for 24 h.

Two-ways ANOVA followed by Bonferroni’s post-test was performed to determine the

statistical differences versus control cells and to compare MoS; and f-MoS; samples to each
other (*p<0.05; **p<0.01; ***p<0.001).

The amount of TNFa secreted by hMDMs exposed to increasing concentrations of MoS; or f-

MoS, was comparable to basal levels. A similar situation was found in cells exposed to

pristine and f-MoS; concerning IL6.

The graphs below show the % of live cells after the treatment with buffer solutions containing

50 mM or 100 mM of H>O for 5 days. The concentrations reported in the graphs are
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simulated and represent the composition of the medium during the cell treatment with the
MoS,-DP samples. No effect on cell viability was caused by the buffer MoS2-DP-free but
containing H20. both in the case of HeLa and RAW 264.7 cells (Figure S16, top and S16,
bottom, respectively). The stock solution affected the cells probably because it did not contain
complete FBS medium. These data demonstrate that the effects on viability that we have seen

in the previous assays are due to MoS: degradation products and not to the presence of H20,.

Viability HeLa w 50-H,0, Viability HeLa w 100-H,0,
150,00 150,00
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100,00
0,

000 IIIII-
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DMSO  Cells 1 ug/ml 10pug/ml 20 ug/ml 40 ug/ml  Stock Cells 1pg/ml 10pg/ml 20pg/ml 40pug/ml  Stock
W Live HLive
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11Nl =
000 == — 000 ==
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H Live H Live

Figure S16. Percentage of HelLa (top) or RAW 264.7 (bottom) live cells after exposure to
buffer solutions containing H2O> incubated for 5 days at 37°C. Analysis was performed by
flow cytometry. The concentrations reported in the graphs are simulated and represent the
composition of the medium during the cell treatment with the MoS>-DP samples.

Figure S17. TEM images of HelLa cells incubated with MoS, (50 ug mL™?) for 24 h. The red
squares in the images are enlarged in the respective closed right panels. Yellow arrows
indicate how MoS; roll-up and can penetrate as a needle.
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