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Two-dimensional molybdenum disulfide
nanosheets evoke nitric oxide-dependent
antibacterial effectst

{ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 17409

Guotao Peng, 2 2° Viviana Gonzalez, (' ¢ Ester Vazquez, 2 <9 Jon O. Lundberg®

and Bengt Fadeel (2 *®

Nanomaterials are currently being explored as novel antimicrobial agents. In this study, we first investi-
gated the ability of two-dimensional (2D) molybdenum disulfide (MoS,) nanosheets to trigger neutrophil
extracellular traps (NETs) using neutrophil-differentiated HL-60 cells as well as primary human peripheral
blood neutrophils. We then addressed whether the MoS, nanosheets themselves function as antibacterial
agents. We found that MoS, and Na,MoO, both triggered NETSs, as evidenced by the quantification of
neutrophil elastase (NE) activity and immunofluorescence staining of extracellular NE, as well as scanning
electron microscopy. The release of NETs was found to be nitric oxide (NO)-dependent. We also found
that the MoS, nanosheets but not the soluble salt prompted acellular NO production in the presence of
NaNO,. The acellular generation of NO, suggestive of nanozyme properties of the MoS, nanosheets, was
demonstrated by electron paramagnetic resonance analysis. Electrochemical analysis using cyclic voltam-
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metry confirmed the redox transition of the MoS, nanosheets. Finally, MoS, nanosheets inhibited the
growth of Escherichia coli in the presence of sodium nitrate. Taken together, MoS, nanosheets triggered
cellular effects as well as acellular antibacterial effects, and we provided evidence for nitrite reductase-like
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1. Introduction

Bacterial infections pose a considerable burden on public
health and novel approaches to overcome antimicrobial resis-
tance are needed. Engineered nanomaterials can be used to
deliver conventional antibiotics in a targeted manner or could
be deployed as antibacterial agents per se to combat bacterial
infections." However, safety concerns may prevent clinical
translation of novel materials, and careful assessment of their
potential adverse effects on human health is required.”
Neutrophils, the most abundant white blood cells, play a
key role in antimicrobial defense.®> Neutrophils can engulf bac-
teria leading to intracellular (oxidative and/or proteolytic)
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killing of pathogens, but these cells also emit neutrophil extra-
cellular traps (NETSs) resulting in the extracellular killing of
bacteria and fungi.* NETs are web-like structure consisting of a
scaffold of decondensed chromatin decorated with anti-
microbial granule proteins including neutrophil elastase (NE)
and myeloperoxidase (MPO).> Previous work has suggested
that NETs are selectively induced by large microorganisms
(e.g., fungi) thereby preventing the dissemination of the
offending pathogen.® Interestingly, we previously found that
large graphene oxide (GO) sheets were more effective in pro-
voking NETs in neutrophils than small GO sheets.” Moreover,
small and large GO sheets were both susceptible to MPO-
dependent degradation in NETs.® However, the interactions of
other 2D materials with neutrophils with respect to NETs have
not been investigated previously. On the other hand, several
studies have suggested that graphene and related materials, as
well as other emerging 2D materials such as transition metal
dichalcogenides (TMDs) and transition metal carbides and
nitrides (MXenes), have antibacterial properties. For instance,
Tu et al.® provided experimental and theoretical evidence that
GO sheets could extract lipids from bacterial membranes,
suggesting a “physical” antibacterial effect. Moreover, Li
et al.'® reported that hydrated GO sheets with a high density of
carbon radicals were capable of killing drug-resistant bacteria.
In a more recent study, graphdiyne oxide was found to kill
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Escherichia coli and Staphylococcus aureus through a reactive
oxygen species (ROS) dependent mechanism.'" Studies pub-
lished in this journal have shown that 2D nanosheets of MoS,
exert antibacterial effects, either through lipid extraction or
through a ROS-dependent pathway.'>"® Ti-based MXenes also
kill bacteria, possibly through a direct effect on bacterial mem-
branes."* However, the observed effects (frequently using very
high doses of the materials, up to 500 pg mL™' or more)
should be considered in light of the possible toxicity of the
material towards host cells.

Nanomaterials, including 2D materials, may display
enzyme mimetic properties including peroxidase-like or cata-
lase-like effects.'” For instance, MoS, has been shown to
exhibit activities of four major cellular antioxidant enzymes
namely superoxide dismutase, catalase, peroxidase, and gluta-
thione peroxidase.'® Interestingly, MoS, nanosheets were
found to enhance CO, fixation in cyanobacteria through the
reprogramming of metabolic pathways and the underlying
mechanism was linked to the intrinsic peroxidase-like activity
of MoS,, whereas the soluble molybdate salt showed no such
effects.'”” However, investigations concerning the enzyme
mimetic properties of 2D materials are mostly focused on the
catalytic activity for ROS generation and on subsequent bio-
logical effects, whereas the capacity for reactive nitrogen
species (RNS) production remains to be explored. Here, we set
out to investigate the antibacterial effects of MoS,. Using
HL-60 cells and primary human neutrophils, we found that
MoS, nanosheets and Na,MoO, triggered NETs through a
nitric oxide/peroxynitrite-dependent pathway. In addition, we
showed that the intrinsic catalytic properties of MoS,
nanosheets can be expanded to include nitrite reductase-like
effects, as evidenced by antibacterial effects of MoS, towards
E. coli in the presence of NaNO,. The acellular generation of
NO was confirmed by electron paramagnetic resonance (EPR)
analysis. Our study sheds light on the interactions of MoS,
with neutrophils and bacteria, and paves the way for develop-
ing novel antimicrobial agents using MoS,.

2. Results

2.1.
cells

MosS, sheets trigger NET release in differentiated HL-60

Few-layered MoS, nanosheets were synthesized as described
previously.'® The lateral size as determined by TEM analysis
was 136.00 + 79.28 nm (Fig. S1A and Bf). Importantly, the
endotoxin content of the 2D sheets at 25 and 50 pg mL ™" was
zero or very low (well below the FDA-mandated limit for
medical devices)'® (Fig. S1Ct). To investigate the interaction of
MoS, sheets with neutrophils, we first tested the ability of
MoS, to trigger NETs in differentiated neutrophil-like HL-60
cells, a robust model of human neutrophils.”® Neither MoS,
nor the soluble molybdenum salt Na,MoO, elicited any cyto-
toxicity (Fig. 1A). However, a significant increase of extracellu-
lar NE activity was observed after exposure to MoS,, indicative
of the release of NETs.*! In fact, at the highest dose (100 pg
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mL™"), MoS, was an even stronger trigger of NETs than the
positive control, phorbol 12-myristate 13-acetate (PMA)
(Fig. 1B). The molybdate salt also triggered a significant and
dose-dependent increase of NE activity compared to untreated
controls (Fig. 1B). To verify the presence of NETs, we per-
formed immunofluorescence analysis.>' As shown in Fig. 1C,
PMA, MoS,, and Na,MoO, triggered the formation of NETs
revealed by the presence of extracellular fibers decorated with
NE (green). Nuclei were counterstained with DAPI (blue). In
the untreated control cells, intracellular NE staining was
observed. Thus, using neutrophil-like HL-60 cells as a model,
MoS, nanosheets and soluble molybdenum salt triggered
NETs without causing cell death.

2.2. NET release induced by MoS, nanosheets is NO-
dependent

The phorbol ester PMA activates NADPH oxidase to trigger
NETs.?” Furthermore, NO, by augmenting free radical for-
mation in neutrophils, also promotes the release of NETs.”?
We asked if NO is involved in the release of NETs in the
current model. To this end, the NO donor, SNAP, and the NO
scavenger, cPTIO, were deployed. Cellular NO production was
determined by the DAF-FM-DA assay.>* As expected, SNAP trig-
gered significant NO production (more than 5-fold) compared
to untreated control, and cPTIO significantly blocked NO gene-
ration (Fig. S2At). Moreover, MoS, nanosheets triggered dose-
dependent NO production, which was especially evident at the
highest doses (50 and 100 pg mL™'). Moreover, Na,MoO,
showed a similar trend in terms of NO production (Fig. S2A¥).
Notably, scavenging of NO with cPTIO led to a significant inhi-
bition of NE activity in both MoS, and Na,MoO, exposed cells,
indicating that NO played a role in NET release (Fig. S2Bf).
Cellular NO and superoxide react rapidly to form peroxynitrite,
and a previous study has shown that scavenging of peroxy-
nitrite inhibited NO-induced NET formation.>® We thus inves-
tigated the role of peroxynitrite in our model. First, we asked
whether the MoS, nanosheets themselves were susceptible to
peroxynitrite. To this end, MoS, nanosheets were incubated
with SIN-1, a peroxynitrite donor previously shown to elicit the
degradation of GO.>* The dispersion of MoS, became comple-
tely translucent at 3 h (Fig. S3At), suggestive of biotransform-
ation, and further analysis revealed a red-shift of the Raman
spectra (Fig. S3BT). Previous work has attributed this shift to
doping,”® and we thus interpret this as a sign of nitrogen
doping of MoS,. However, the two Raman modes E12g and A,
known to exhibit thickness dependence,” were not affected
(Fig. S3BT). Next, we assessed peroxynitrite production in neu-
trophil-like HL-60 cells. To this end, the DAX-J2™ PON Green
probe was used to detect peroxynitrite, and DPI and 1-NAME,
pharmacological inhibitors of NADPH oxidase and NOS,
respectively, were applied (Fig. 2A). As shown in Fig. 2B, MoS,
nanosheets as well as Na,MoO, triggered peroxynitrite pro-
duction which was blocked by DPI and 1-NAME. PMA and
SNAP were included as positive controls. We then applied the
extracellular NE activity-based assay to test whether peroxy-
nitrite production was required for NET release. As shown in

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Endotoxin-free MoS, nanosheets trigger NETs in neutrophil-differentiated HL-60 cells. (A) Cytotoxicity assessment in differentiated HL-60
cells by ATP content. (B) Quantification of NETs by NE activity. Differentiated HL-60 cells were exposed to PMA (50 nM), MoS,, and Na,MoQO, (equi-
valent Mo) for 3 h at the indicated concentrations. Results are presented as the mean values + S.D. (n = 3). Student’s t-test was used for the statistical
significance compared to controls (**p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Visualization of NETs by immunofluorescence staining of NE.
Neutrophil-like cells were exposed to MoS; (50 pg mL™) and Na,MoQ, (64 pg mL™) for 3 h. PMA (50 nM) served as positive control. NETs are clearly

seen while NE remained intracellular in controls. Scale bars: 50 pm.

Fig. 2C, DPI and L-NAME were able to inhibit NE activity sig-
nificantly in cells exposed to MoS, as well as Na,M00O,. These
effects were further confirmed by immunofluorescence stain-
ing of NE, as shown in Fig. S4.f Collectively, our results
demonstrated that NO is involved in the release of NETs in
cells exposed to MoS,. It is conceivable that MoS, nanosheets
undergo biotransformation in contact with cells leading to the
release of Mo ions which, in turn, contributes to the NET release.

2.3. MoS, nanosheets trigger NETs in primary neutrophils

To verify our findings using HL-60 cells, we investigated
whether MoS, triggered NET release in primary human neutro-
phils. In line with the observations in differentiated HL-60
cells, MoS, and Na,MoO, did not cause significant cytotoxicity
in primary cells (Fig. S5At), while a dose-dependent NET
release was found as evidenced by a significant increase of
extracellular NE activity (Fig. S5Bt). The formation of NETSs

was confirmed by immunofluorescence staining which

This journal is © The Royal Society of Chemistry 2023

revealed typical extracellular staining of NE (green) in the
PMA, MoS,, and Na,MoO, exposed samples (Fig. 3).
Furthermore, the MoS, nanosheets appeared to attach to the
NETs (Fig. S6AT). To verify this, we performed SEM analysis of
primary neutrophils exposed to PMA and MoS,. We obtained
clear evidence of web-like NETs, and it appeared that MoS,
sheets were attached to the chromatin fibers (Fig. S6Bf). Our
results thus demonstrated that MoS, nanosheets as well as
Na,MoO, triggered NET release in primary human neutrophils
in the absence of cell death.

2.4. MoS, nanosheets induce acellular bacterial killing

The experiments presented above suggested that MoS, may
promote antibacterial effects through its effects on neutro-
phils, but any direct effects of MoS, on bacteria are difficult to
evaluate using these models. To address whether MosS,
nanosheets possess intrinsic antibacterial properties, and
whether this could be linked to enzyme mimetic effects, we

Nanoscale, 2023,15, 17409-17421 | 17411
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Fig. 2 Role of peroxynitrite for NET release. (A) Cartoon showing the role of iINOS and the NADPH oxidase for the production of peroxynitrite. (B)
Quantification of peroxynitrite production using the DAX-J2™ PON Green probe. The differentiated HL-60 cells were preincubated with DPI (10 pM)
and L-NAME (15 mM) for 30 min prior to the exposure to PMA (50 nM), SNAP (500 pM), MoS,, and Na,MoO, at the indicated concentrations for 3 h.
Peroxynitrite production was observed in cells exposed to MoS, and Na,MoO,, which was blocked by DPI and L-NAME. Two-way ANOVA (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05; *p < 0.01, ¥¥#p < 0.001, **##p < 0.0001; ns = no significance). (C) Role of peroxynitrite for NET
release quantified by extracellular NE activity. DPI (10 pM) and .-NAME (15 mM) were used to inhibit NADPH oxidase and NOS, respectively. Data
shown as mean values + S.D. (n = 3). Two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = no significance). Refer to Fig. S27 for
the effect of the NO scavenger cPTIO on NET production, and Fig. S47 for the visualization of NETs by immunofluorescence.
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Fig. 3 Endotoxin-free MoS, nanosheets trigger NETs in primary human neutrophils. Visualization of NETs by immunofluorescence staining of NE.
MoS; (50 pg mL™) and Na,MoO, (64 pg mL™?) triggered vigorous release of NETSs in freshly isolated human neutrophils at 3 h. PMA (25 nM) was used
as positive control. Scale bars: 20 pum. Refer to Fig. S5} for data on cell viability following exposure to MoS, and Na,MoO, and Fig. S67 for further evi-

dence of NETs in primary cells using SEM.

performed a series of acellular experiments. Specifically,
we asked whether MoS, mimicked the properties of nitrite
reductases (enzymes that catalyze the reduction of nitrite) with
subsequent antibacterial effects. To test this, we explored the
inhibition of bacterial growth by MoS, nanosheets using the

This journal is © The Royal Society of Chemistry 2023

E. coli RK 4353 wild-type strain versus the mutant strain
lacking nitrate reductases.”® We first confirmed that the wild-
type strain, but not the mutant, was able to utilize nitrate
(NaNOs;) to promote its growth (Fig. S7t). We then determined
the growth of E. coli in the presence or absence of MoS, or

Nanoscale, 2023, 15, 177409-17421 | 17413
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Na,MoO, with or without the addition of NaNOj; (Fig. 4A-D).
The results revealed that MoS, nanosheets inhibited the log-
phase growth of wild-type E. coli in a dose-dependent manner
(Fig. 4A), and the addition of NaNO; further enhanced the sup-
pression of bacterial growth, particularly at the highest dose of
MoS, (200 pg mL™") (Fig. 4B). In comparison, exposure to
Na,MoO, at equivalent Mo concentrations did not impact on
bacterial growth (Fig. 4C), nor did the addition of NaNO; elicit
obvious antibacterial effects (Fig. 4D). Interestingly, synergistic
antibacterial effects were confirmed by supplementation with
the NO donor, DETA NONOate (Fig. S8t). Furthermore, unlike
the observations in the wild-type strain, MoS, nanosheets
inhibited the growth of mutant E. coli only at the highest dose
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(200 pg mL™") (Fig. 4E), and the addition of NaNO; did not
promote the antibacterial effects elicited by the MoS,
nanosheets (Fig. 4F). However, the observed effects were
modest and should be taken as indicative rather than defini-
tive. Nevertheless, the differences between wild-type and
mutant in the presence of NaNOs;, as well as the differences
between MoS, and Na,MoO,, suggested that MoS, nanosheets
might mimic nitrite reductases to produce NO, which conse-
quently may account for the antibacterial effects. To verify our
hypothesis that MoS, nanosheets catalyzed the production of
NO from NaNO, (Fig. 5A) we investigated acellular NO pro-
duction using two different approaches. First, incubation of
MoS, nanosheets with nitrite (NaNO,) generated detectable
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Fig. 4 MoS;, nanosheets elicit NO-dependent anti-bacterial effects. (A) MoS, nanosheets inhibited the bacterial growth of the E. coli RK 4353 wild-
type (WT) strain in a dose-dependent manner. (B) The addition of sodium nitrate (10 mM) led to an enhanced suppression of bacterial growth by the
MoS, nanosheets. (C) Incubation of Na,MoO, (equivalent Mo) did not impact on the bacterial growth. (D) The addition of sodium nitrate (10 mM)
with Na,MoO, did not elicit the antibacterial effects seen for the MoS, nanosheets. MoS, nanosheets inhibited the bacterial growth of the E. coli RK

4353 mutant strain (lacking nitrate reductases) only at the highest dose

(200 pg mL™) (E), and the addition of sodium nitrate (10 mM) did not

promote the antibacterial effects of MoS, nanosheets on the mutant bacterial strain (F).
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amount of NO (Fig. 5B), as determined by chemilumines-
cence.”® In contrast, soluble Na,MoO, did not produce NO
with NaNO,, indicating that the effects were nanomaterial/
nanosheet specific. The generation of NO radicals was further
confirmed by EPR analysis using the nitronyl nitroxide PTIO
as the spin trap reagent. The reaction of PTIO with NO led to
the typical EPR spectra of immino nitroxide and nitrogen
dioxide (Fig. S9A and Bf). Our results demonstrated that MoS,
nanosheets mixed with NaNO, generated NO radicals in a
dose (Fig. 6A and C) and time dependent manner (Fig. 6B and
D). Cyclic voltammetry (CV) can be used to acquire infor-
mation about the redox behavior of nanomaterials.’>*' To
provide further evidence for the nanozyme-like properties of
2D MoS, nanosheets, we performed CV to ascertain electro-
chemical nitrite reduction. We found that the cathodic current
was enhanced from 0.02 V (Fig. 6E) to 0.17 V (Fig. 6F) in the
presence of nitrite (NaNO,) (and refer to Fig. S107 for the indi-
vidual CV scans). In summary, the 2D MoS, nanosheets
seemed to possess enzyme mimetic properties.

3. Discussion

In the present study, we investigated the potential antibacterial
properties of MoS, nanosheets and the underlying mecha-
nisms using cellular and acellular systems. We demonstrated
for the first time that MoS, triggered the release of anti-bac-
terial NETs, and this was shown to occur through an NO/per-
oxynitrite-dependent pathway. Importantly, MoS, triggered the
release of NETSs in neutrophil-differentiated HL-60 cells as well
as in primary human neutrophils at doses that were non-cyto-
toxic towards these cell types. We also found that the soluble
molybdenum salt (Na,MoO,) triggered NETs. This is consist-
ent with a recent study showing that sodium molybdate
induced extracellular trap formation in heterophils in the
absence of cell death.®> In addition, a direct antibacterial

nitrate reductase |

nitrite reductase |

v
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effect of MoS, nanosheets was demonstrated in the present
study, and evidence was provided for NO production, attribu-
ted to the enzyme mimetic properties of MoS,. Indeed, EPR
analysis as well as electrochemical analysis supported the con-
clusion that 2D MoS, nanosheets display enzyme-like activity,
and these effects were not seen for the soluble Mo salt. Non-
enzymatic mechanisms such as a direct physical damage of
bacterial membranes, or a combination of physical effects and
metabolic reprogramming,’® cannot be ruled out, as the
effects on bacterial growth were observed in wild-type and
mutant bacteria in the absence of NaNO;. However, in the
presence of NaNOs;, the impact of MoS, on E. coli was more
pronounced, and the results point to a role of NO in bacterial
killing. The present study thus points to a novel antibacterial
mechanism which exploits the propensity of nitrate-reducing
bacteria to generate nitrite, which is then transformed by
MoS, to NO. Taken together, these results expand the reper-
toire of so-called nanozyme (enzyme mimetic) activities of
MoS,.>* Thus, while previous studies emphasized peroxidase-
like, catalase-like, and superoxide dismutase-like properties,
our study is the first to provide evidence of a nitrite reductase-
like effect. However, it is important to recognize that a true
“nanozyme” should have effects similar to enzymes, ie.,
efficient catalytic activity, and a specific mechanism of
action.®® Therefore, we prefer the term “nanozyme-like”.

NETs are tasked with the clearance of invading pathogens
including bacteria, and the involvement of NADPH
oxidase-dependent and independent pathways are well
documented.?*?® Furthermore, RNS (i.e., NO and peroxy-
nitrite) have also been shown to enhance the release of
NETs.>>?® In our previous studies, we could show that GO
sheets triggered NETs in a size-dependent manner inasmuch
as small GO sheets triggered canonical NADPH oxidase-depen-
dent release of NETs while large GO sheets triggered NETSs in
an NADPH oxidase-independent manner.” It is pertinent to
note that carbon-based nanomaterials are also susceptible to
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Fig. 5 MoS; nanosheets are capable of producing NO in an acellular setting. (A) Cartoon showing the nitrate-nitrite-dependent reductive route of
NO production. Bacterial nitrate reductases transform nitrate to nitrite, and the putative nitrite reductase-like properties of MoS, nanosheets trans-
form nitrite to NO. (B) Chemiluminescence detection of acellular NO production. MoS, nanosheets (1 mg mL™Y) but not Na,MoO, salt (1.28 mg

mL™) catalyzed NaNO, (1 mM) to produce NO.
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Fig. 6 MoS, nanosheets produce NO radicals: evidence for nanozyme properties. (A—D) EPR analysis of NO radicals (and refer to Fig. S97). Two
doses of MoS; (high and low) (1 mg mL™* and 200 pg mL™Y) were mixed with NaNO, at the dose of 10 mM. The spin trap PTIO (100 mM) was added
immediately prior to the analysis, and EPR spectra were captured at 5 min and 10 min. (A and B) MoS, nanosheets (1 mg mL™*) mixed with sodium
nitrite (NaNO,) (10 mM) generated NO radicals captured by the spin trap, PTIO (100 mM) at 5 min (A) and 10 min (B). (C and D) MoS, (200 pg mL™)
mixed with NaNO, (10 mM) generated NO radicals captured by PTIO at 5 min (C) and 10 min (D) albeit not to the same extent as high-dose MoS,.
Redox transition of MoS, nanosheets in the absence (E) or presence (F) of nitrite as evidenced by cyclic voltammetry. Upon addition of nitrite, the
cathodic current was enhanced from 0.02 V to 0.17 V (arrows), as a result of the redox process.
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degradation through NADPH oxidase and/or iNOS-driven
pathways,>*'?*373% thus suggesting reciprocal interactions
between nanomaterials and the immune system.” However, in
the present study, the release of NETs is shown to be Mo-
dependent, suggesting a different mechanism (in other words,
not size-dependent as shown for GO).

Cellular NO generation occurs via the oxidative route, with
the involvement of nitric oxide synthase (NOS), or via the
nitrate-nitrite-dependent reductive route.** NOS enzymes
produce NO from arginine, and neutrophils as well as classi-
cally activated macrophages® express inducible NOS (iNOS),
which accounts for the NO production observed in cells
encountering MoS, nanosheets. The fact that the NO scaven-
ger cPTIO, as well as a NADPH oxidase inhibitor (DPI) and a
NOS inhibitor (--NAME) prevented NET formation in our
model supports the conclusion that MoS, nanosheets triggered
NETs through an NO/peroxynitrite-driven pathway. It is worth
noting that early work implicated NO in NET release insofar as
L.-NAME was found to reduce NET release in mouse neutro-
phils.*® Moreover, the NO donor SNAP was shown to trigger
NETs.>***> However, NADPH oxidase activity was required to
release NETs upon stimulation with NO, thus implying a role
for peroxynitrite.>> We confirmed here that SNAP triggered
release of NETs in neutrophils. Nevertheless, the involvement
of ROS in NET formation cannot be dismissed.?* Indeed, this
may provide an explanation for the observation that SNAP trig-
gered the highest level of NO, but prompted less NETs as com-
pared to the MoS, nanosheets. Thus, while NET release may
be regarded as an NO-dependent process, its metabolite, per-
oxynitrite appears to be the key factor in NET release from
cells exposed to MoS,.

NETs were initially shown to play a pivotal role in host
defense by immobilizing and destroying pathogens (bacteria
as well as fungi).>*' However, it is pertinent to note that exces-
sive or inadvertent NET formation, or a lack of clearance of
NETs by macrophages or other phagocytic cells,*? is a risk
factor for autoimmune disease and thrombosis and may lead
to vascular occlusion.*® In other words, while NETs display
antimicrobial properties, they may be viewed as a double-
edged sword of innate immunity.** Moreover, some authors
have coupled the release of NETs with a necrotic cell death
dubbed NETosis.*> However, in the present study, the NET-
releasing cells remained viable. Further studies, including
studies in relevant animal models, are required to understand
the consequences of MoS,-driven NET release.

Interestingly, all members of the molybdenum (Mo)-depen-
dent enzyme family have been shown to reduce nitrite to NO.*®
Mao et al.’’ showed in a very recent study that Na,MoO, trig-
gered NO production in ovarian cancer cells, and the authors
found that the simultaneous silencing of SUOX, AOX1, and
mARC1 in the SKOV3 cell line lowered the Na,MoO,-induced
NO levels, implying a role for these Mo-dependent enzymes,
while the silencing of XDH or mARC2 had no impact on NO
production. Thus, bioavailable Mo could yield NO through
more than one pathway. Cao et al.*® reported that MoS, may
undergo biotransformation (oxidation) in vivo, donating its Mo
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towards the synthesis of Mo-dependent enzymes in the liver.
However, NO production was not investigated in the latter
study. The present data support the view that MoS,-triggered
NO generation in neutrophils occurs through an iNOS-depen-
dent pathway. However, it is necessary to consider the reduc-
tive pathway of NO production, and “the versatile redox chem-
istry of molybdenum”*® to understand the acellular MoS,-trig-
gered production of NO (in the presence of nitrite).

Living organisms use nitrite for a variety of different pur-
poses.®® One of us previously demonstrated that acidification
of nitrite-rich urine resulted in the killing of nitrate-reducing
bacteria.”® Here, we explored the enzyme mimetic activity of
MoS, nanosheets, specifically whether the nanosheets could
function as nitrite reductases, and the subsequent impact on
bacterial growth. Taking advantage of wild-type E. coli and a
mutant strain lacking nitrate reductases, we could show that
MoS, nanosheets elicited more pronounced bacterial inhi-
bition in wild-type bacteria in the presence of sodium nitrate
(NaNO;). Moreover, EPR analysis provided evidence for the
presence of NO radicals in the system. Importantly, soluble
Na,MoO, did not evoke similar effects, which further
suggested that the enzyme-like activity evidenced here is a 2D
material-specific property. MoS, was shown previously to act
as a catalyst for denitrification, thus facilitating the electro-
chemical reduction of nitrate/nitrite to ammonia.”* Previous
work has also shown that the catalase-like nanozyme activities
of MoS, are more pronounced under acidic conditions.'® The
present acellular studies were performed at neutral pH.
Further studies are needed to determine whether the nitrite
reductase-like properties of MoS, nanosheets are pH-depen-
dent. As noted above, acidification of urine is known to
promote the killing of nitrate-reducing bacteria likely due to a
conversion of nitrite to bactericidal nitrogen oxides.?® It may
also be important to consider the impact of pH on the
nanosheets themselves. Indeed, Wang et al.>> demonstrated in
a comprehensive study that MoS, may undergo oxidative dis-
solution with kinetics that depend on pH.

The present study is a proof-of-concept study. Nevertheless,
we foresee several potential applications of MoS, nanosheets
including in the clinical setting, e.g., coating of catheters or
medical implants using MoS, nanosheets to combat infections
and prevent the formation of biofilms. Moreover, nanozyme-
like MoS, nanosheets could potentially be incorporated in
wound dressings, perhaps as hydrogels, as shown recently in
an elegant study by Sang et al®® Beyond such biomedical
applications, MoS, could also be integrated into water fil-
tration membranes used in environmental remediation pro-
cesses.” To our knowledge, the antibacterial properties of
MoS, nanosheets have not been fully exploited in this setting.

4. Conclusions

Our study has provided evidence that MoS, nanosheets evoke
NO-dependent antibacterial effects. These effects occurred
indirectly through effects on neutrophils, leading to the
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release of NETS, and directly by virtue of enzyme mimetic pro-
perties. Hence, in the cellular system, NO/peroxynitrite con-
tributed to the release of NETSs, which are known to Kkill bac-
teria (and fungi). This was also observed for sodium molyb-
date. In the acellular system, NO generated via the nitrate-
nitrite-dependent reductive route contributed to the antibac-
terial effects of MoS,. The present study is thus the first to
suggest the possibility of nitrite reductase-mimicking pro-
perties of MoS,.

5. Experimental section

5.1. Synthesis and characterization of MoS,

The 2D MoS, nanosheets were synthesized according to a pre-
viously established protocol.'® Briefly, bulk molybdenum di-
sulfide (Sigma-Aldrich) was used as the precursor material and
glycine (Sigma-Aldrich) was used as the exfoliating agent. The
mechanochemical process was conducted in a ball-milling
machine (Retsch pm100) at room temperature and air atmo-
sphere for 15 min at the speed of 250 rpm. After the milling
treatment, the resulting solid mixtures were dispersed in water
and dialyzed to remove the glycine. Dry powder samples were
obtained after lyophilization at —80 °C at a pressure of 0.005
bar. The powders were stored at room temperature and disper-
sions were obtained by dispersing in water, followed by water
bath sonication (10 s cycles for 2 min). TEM analyses were per-
formed on stable dispersions of MoS, diluted as necessary and
dip-casted on Lacey copper grids (3.00 mm, 200 mesh), coated
with carbon film, and dried under vacuum. Samples were
investigated using a HR-TEM JEOL 2100 at an accelerating
voltage of 100 kV. Further characterization results for as-pro-
duced samples are reported in Gonzalez et al.'® and are not
replicated here. For Raman spectroscopy, see below. Sodium
molybdate (Na,MoO,) (CAS number: 7631-95-0) was obtained
from Sigma. The stock solution was prepared at a concen-
tration of 1.280 mg mL™" (i.e., the equivalent amount of Mo
present in 1 mg mL™" MoS,) in endotoxin-free ultrapure water.

5.2. Raman spectroscopy

For Raman spectroscopy,”> MoS, nanosheets exposed or not to
the peroxynitrite donor, 3-morpholinosydnonimine hydro-
chloride (SIN-1) (Sigma-Aldrich) were deposited by drop-
casting on SiO,/Si substrate, blow dried by N, gas, washed
three times in dH,0, followed by Raman analysis which was
carried using the Witec Alpha 300 RAS instrument. The
532 nm laser optimized to 3 mW to minimize heating was
used to acquire data. Data shown are the average of at least 5
spectra per sample.

5.3. Limulus amebocyte lysate assay

Endotoxin content of the MoS, samples was evaluated using
the  Pierce™  Chromogenic Endotoxin  Quant Kit
(ThermoFisher Scientific). Briefly, MoS, nanosheets (25 and
50 pg mL~") were mixed with LAL solution and incubated at
37 °C for 10 min. The absorbance values were captured at
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405 nm using a Tecan Infinite® F200 plate reader (Stockholm,
Sweden). MoS, (50 pg mL™") spiked with lipopolysaccharides
(LPS) (0.5 EU mL™") was included as an interference test (not
shown).

5.4. HL-60 cell differentiation and culture

The human acute promyelocytic leukemia cell line HL-60
(ATCC-CCL-240) maintained in phenol red-free
RPMI-1640 medium supplemented with 2 mM r-glutamine,
100 U mL™" penicillin, 100 pg mL™" streptomycin, and 10%
heat-inactivated fetal bovine serum (FBS) (Sigma). In order to
achieve neutrophil-like differentiation,* the cells were seeded
at 0.5 x 10° cells per mL in cell medium supplemented with
1.25% DMSO for 5 days. The medium was changed after 3
days.

was

5.5. Human neutrophil isolation and culture

Neutrophils were isolated from buffy coats obtained from
healthy adult blood donors (Karolinska University Hospital,
Stockholm, Sweden) as previously described.® In brief, neutro-
phils were separated by density gradient centrifugation with
Lymphoprep™ (Stemcell™ Technologies, Sweden). The neu-
trophil layer was then subjected to sedimentation in 5%
dextran solution, followed by hypotonic lysis of residual
erythrocytes using deionized water. Isolated neutrophils were
maintained in phenol red-free RPMI-1640 culture medium
(Sigma) supplemented with 2 mM r-glutamine, 100 U mL™"
penicillin, and 100 mg mL™" streptomycin without fetal bovine
serum.

5.6. Cytotoxicity assessment

Cell viability assessment following MoS, and Na,MoO,
exposure was evaluated based on the ATP content by using the
CellTiter-Glo® Luminescent Cell Viability Assay (Promega).
Cells were seeded in 96-well plates (1 x 10° cells per mL) in
phenol red-free RPMI-1640 medium supplemented with
t-glutamine, penicillin, and streptomycin. Cells were exposed
for 3 h to MoS, nanosheets (1, 5, 25, 50, and 100 pg mL ") and
to the equivalent concentration of Na,MoO, (1.28, 6.4, 32, 64,
and 128 pg mL™"). PMA (Sigma-Aldrich) was used as a positive
control (50 nM in differentiated HL-60 cells*® and 25 nM in
primary neutrophils*?). Then, CellTiter-Glo® reagent was
added, and plates were shaken for 2 min and incubated at
room temperature for 10 min. Luminescence values were
recorded using a Tecan Infinite® F200 plate reader.

5.7. Neutrophil elastase activity

NE activity in the cell culture supernatants was analyzed as
described previously.” Briefly, cells were seeded in 96-well
plates at a density of 1 x 10° cells per mL. After 3 h of exposure
to MoS, (1, 5, 25, 50 and 100 pg mL™") and Na,MoO, (1.28,
6.4, 32, 64, and 128 pg mL "), the supernatants were collected
after intensive pipetting and centrifuged at 1600 rpm for
5 min. PMA was used as a positive control for the induction of
NETs. The supernatants were incubated with 5 pg mL™"' of
DNase I (Sigma-Aldrich) for 15 min at room temperature to
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digest the DNA,’® followed by incubation with the elastase sub-
strate  N-(methoxysuccinyl)-Ala-Ala-Pro-Val  4-nitroanilide
(200 pM) (Sigma-Aldrich) in the assay buffer (Tris 0.1 M, NaCl
0.5 M, pH 8). After incubation for 3 h at room temperature, the
absorbance at 405 nm was recorded using a Tecan Infinite®
F200 plate reader. The NE activity was normalized to untreated
controls. To investigate the role of NO and peroxynitrite, the
NO donor, S-nitroso-N-acetylpenicillamine (SNAP, 500 pM)
(Sigma-Aldrich) and the NO scavenger, 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, 250 pM)
were used, and diphenyleneiodonium chloride (DPI, 10 pM),
and No-nitro-L-arginine methyl ester hydrochloride (.-NAME,
15 mM) (all from Sigma-Aldrich) were used to block NADPH
oxidase and iNOS, respectively. For these experiments, cells
were pre-incubated with c¢PTIO, DPI and 1-NAME for 30 min
prior to the exposure to MoS, nanosheets, Na,MoO,, and posi-
tive controls. The supernatants were collected, and NE activity
was determined as described above.

5.8. Confocal microscopy of NETs

To visualize NETs, we performed confocal microscopy as
described.?® Sterilized coverslips were coated with poly-L-lysine
(Sigma-Aldrich) for 20 min, washed three times with PBS, and
dried at room temperature. Differentiated HL-60 cells or
primary neutrophils were seeded on the coverslips at a density
of 1 x 10° cells per mL for 1 h. Then, HL-60 cells were exposed
to PMA (50 nM), MoS, (5 and 50 pg mL ") and Na,MoO, (6.4
and 64 pg mL™") for 3 h. For DPI and 1-NAME groups, the cells
were pre-incubated with DPI (10 uM) and -NAME (15 mM) for
30 min. For primary neutrophils, cells were exposed to the
PMA (25 nM), MoS, (50 pg mL™") and Na,MoQ, (64 pg mL™")
for 3 h. After the exposure, the slides were fixed with 4% paraf-
ormaldehyde solution for 30 min at RT, followed by blocking
for 30 min in 2% BSA-PBS solution. The cells were then
stained using a mouse anti-human NE antibody (sc-53388,
Santa Cruz Biotechnology) (1:100 in 2% BSA-PBS) at 4 °C
overnight. The secondary antibody staining was performed
using the Alexa-488 goat anti-mouse antibody (1:500 in 2%
BSA-PBS, ThermoFisher Scientific) for 1 h at room tempera-
ture. The slides were then washed three times with PBS and
mounted with ProLong™ Gold Antifade Mountant with DAPI
(ThermoFisher Scientific). The confocal images were captured
using a Zeiss LSM880 confocal microscopy (ZEISS).

5.9. Scanning electron microscopy

Primary neutrophils (1 x 10° cells per mL) were seeded in
24-well plates on poly-L-lysine coated coverslips. After 1 h, cells
were exposed for 3 h to PMA (25 nM), MoS, (50 pg mL™"), or
Na,MoO, (64 pg mL™'). SEM was then performed as
described.” Briefly, slides were fixed with 2.5% glutaraldehyde
in 0.1 M PBS, rinsed in dH,O, placed in 70% ethanol for
10 min, followed by 95% ethanol for 10 min, absolute ethanol
for 15 min, and, finally, acetone. Samples were dried with a
critical point dryer (Balzer, CPD 010) and CO,, mounted on an
aluminum stub, coated with carbon (Bal-Tec MED 010), and
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analyzed with an Ultra 55 field emission microscope (Zeiss) at
3 kv.

5.10. NO and peroxynitrite detection

NO production in differentiated HL-60 cells was determined by
the DAF-FM-DA assay (Sigma-Aldrich) as described pre-
viously.>” Cells were preincubated for 30 min with cPTIO
(250 pM) to scavenge NO. After 3 h exposure to PMA (50 nM),
SNAP (500 pM), MoS, (1, 5, 25, 50 and 100 pug mL™') and
Na,MoO, (1.28, 6.4, 32, 64, and 128 pg mL_I), cells were
washed with PBS and incubated with DAF-FM-DA (10 uM) for
60 min. Then, cells were washed with PBS to remove excess
probe and incubated for 30 min to allow complete de-esterifi-
cation. The fluorescence signal was captured at the excitation
and emission wavelengths of 495 and 515 nm using a Tecan
Infinite® F200 plate reader. Peroxynitrite generation in neutro-
phil-like HL-60 cells was determined using the DAX-J2™ PON
Green probe (AAT BioQuest, Sunnyvale, CA), as previously
described.>* DPI (10 uM) and L-NAME (15 mM) were used to
block the NADPH oxidase and iNOS, respectively. After 3 h of
exposure to PMA, MoS,, or Na,MoO,, cells were incubated
with the fluorescent probe for 2 h in the dark at 37 °C. The
fluorescence signal was captured at the excitation and emis-
sion wavelengths of 490 and 530 nm using a Tecan Infinite®
F200 plate reader.

5.11. Bacterial growth inhibition

To assess the impact of MoS, nanosheets versus Na,MoO, on
bacterial growth, E. coli RK 4353 wild-type (WT) and mutant
strains lacking nitrate reductases were used.”® The E. coli
strains were a generous gift from Jeff A. Cole, University of
Birmingham, UK. The bacterial solutions were prepared by
preincubation of two colonies in 4 mL Mueller-Hinton (MH)
broth (Sigma-Aldrich) for 6 h to give a concentration of 10°
CFU mL™". Then, a 1:100 dilution of bacterial solution was
prepared with MoS, and Na,MoO, to yield the final concen-
trations of MoS, (25, 50, 100, and 200 pg mL™") and Na,MoO,
(32, 64, 128, and 256 pg mL™'). NaNO; (10 mM) (Sigma-
Aldrich) and DETA NONOate (100 pM) (Sigma-Aldrich) was
supplied as indicated. The bacterial solutions for each con-
dition were transferred to flat-bottom microwell plates
(Corning) using three wells (technical replicates) per condition.
Bacterial growth was measured continuously for 800 min at
37 °C and absorbance values at 540 nm was recorded every
20 min in a computerized incubator (Spectra Max 340,
Molecular Devices), as previously described by us.*® MoS,
nanosheets were included as a reference and absorbance
values were subtracted accordingly.

5.12. Chemiluminescence analysis

Acellular NO production was determined using a chemilumi-
nescence NO analyzer (Eco Physics, Durnten, Switzerland).>
Specifically, MoS, (1 mg mL™") or Na,MoO, (1.28 mg mL™")
was mixed with sodium nitrite (NaNO,) (1 mM) (Sigma-
Aldrich) in a syringe and incubated for 2 min. The air space
was set as 50 mL. After 2 min incubation, 40 mL of the air was
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taken by another syringe and injected to the chemilumines-
cence NO detector for NO quantification. The NO detection
limit was 1 ppb.

5.13. EPR analysis for NO detection

The acellular NO radical formation was determined by EPR
analysis.>® Specifically, MoS, nanosheets (200 pg mL™"' and
1 mg mL™") and NaNO, (10 mM) were mixed immediately
prior to the analysis. The nitronyl nitroxide, 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide (PTIO) (100 mM)
(Sigma-Aldrich) was added immediately to detect NO rad-
icals.®® The EPR spectra were captured at 5 min and 10 min
after adding PTIO using the Bruker spectrometer A300-10/12
(Mannheim, Germany). In addition, the EPR spectrum of PTIO
alone was captured as a reference.

5.14. Cyclic voltammetry

A one-compartment, three-electrode system was employed for
the electrochemical nitrite reduction experiments. The electro-
lyte consisted of a 0.5 M Na,SO, aqueous solution (pH = 6.8).
NaNO, was added to the electrolyte at a final concentration of
0.1 M. Electrochemical measurements were conducted using a
commercial electrochemical workstation (CHI-760E, Shanghai
Chenhua Instrument Co., Ltd, China). Pt wire and a saturated
calomel electrode were utilized as counter and reference elec-
trodes, respectively. The working electrode was designed using
the MoS, sample coated on the fluorine-doped tin oxide
conductive glass surface. The measurements were performed
by scanning from the resting potential at a scanning rate of
2 mV s™'. The CV scans were conducted three times to
examine the repeatability of the electrochemical properties
(refer to Fig. S107 for individual scans).

5.15. Statistical analysis

Three independent experiments were performed using the
HL-60 cell line and experiments with primary neutrophils were
performed using cells isolated from three individual donors.
The results shown are the mean values + S.D. and the statisti-
cal analysis was performed using Student’s t-test and two-way
ANOVA (GraphPad, Prism 8.0.2). Statistically significant differ-
ences were considered when p < 0.05.
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