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ABSTRACT: Fully understanding the cellular uptake and intracellular
localization of MoS, nanosheets (NSMoS,) is a prerequisite for their safe

applications. Here, we characterized the uptake profile of NSMoS, by Earthworm
functional coelomocytes of the earthworm Eisenia fetida. Considering that Coelomocytes

vacancy engineering is widely applied to enhance the NSMoS, perform- /

ance, we assessed the potential role of such atomic vacancies in regulating ( =
cellular uptake processes. Coelomocyte internalization and lysosomal ( '

accumulation of NSMoS, were tracked by fluorescent labeling imaging.
Cellular uptake inhibitors, proteomics, and transcriptomics helped to
mechanistically distinguish vacancy-mediated endocytosis pathways. (
Specifically, Mo ions activated transmembrane transporter and ion-binding oD
pathways, entering the coelomocyte through assisted diffusion. Unlike

molybdate, pristine NSMoS, (P-NSMoS,) induced protein polymerization

and upregulated gene expression related to actin filament binding, which phenotypically initiated actin-mediated endocytosis.
Conversely, vacancy-rich NSMoS, (V-NSMoS,) were internalized by coelomocytes through a vesicle-mediated and energy-
dependent pathway. Mechanistically, atomic vacancies inhibited mitochondrial transport gene expression and likely induced
membrane stress, significantly enhancing endocytosis (20.3%, p < 0.001). Molecular dynamics modeling revealed structural and
conformational damage of cytoskeletal protein caused by P-NSMoS,, as well as the rapid response of transport protein to V-
NSMoS,. These findings demonstrate that earthworm functional coelomocytes can accumulate NSMoS, and directly mediate
cytotoxicity and that atomic vacancies can alter the endocytic pathway and enhance cellular uptake by reprogramming protein
response and gene expression patterns. This study provides an important mechanistic understanding of the ecological risks of
NSMoS,.

KEYWORDS: earthworm coelomocytes, MoS, nanosheets, cellular uptake, atomic vacancies, proteins, molecular mechanisms

Lysosome accumulation

B INTRODUCTION throughout their life cycle, the environmental fate and effects,
including biological mechanisms of action, must be prospec-
tively evaluated.

The cellular behavior and intracellular localization of the
nanoparticles are key determinants of their toxicity. Animal
cells have been shown to absorb a wide range of ENMs. For
example, SiO,, Fe,O3, and polystyrene nanomaterials can enter
human embryonic kidney cells, macrophages, and lung

Engineered nanomaterials (ENMs) have many unique and
highly useful properties that account for their versatile
applications. However, the worldwide use of more than 200
million tons/year (projected to exceed 500 million tons/year
by 2025) of these materials has raised significant concerns over
the environmental and public health risks of ENMs.'
Compared to conventional three-dimensional ENMs (e.g,

the widely studied ZnO, CeO,, TiO,, etc.), two-dimensional carci.noma epitheliai_fglls through the scavenger receptor-
molybdenum disulfide nanosheets (NSMoS,) have attracted mediated pathways. However, two-dimensional nanoma-
widespread interest in the fields of environmental protection,

biomedicine, and material science due to their unique Received: August 16, 2023 E@!ﬂﬁgmy&%

physicochemical, mechanical, and biological properties. This Revised: ~ October 24, 2023 A0
has increased their mass production and market deployment Accepted: November 13, 2023 :

(global production exceeds 1.1 X 10° metric tons/year).””® Published: November 27, 2023

Considering the potentially large environmental and biological
exposures and potential adverse impacts of NSMoS,
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terials have a unique sheetlike morphology and are readily
transformed. These materials may follow different cellular
uptake pathways compared with traditional three-dimensional
ENMs. NSMoS, (5—25 ug/mL) were reported to be absorbed
by human (hepatoma HepG2) and algal (Chlorella vulgaris)
cells."'~'* However, the relationship between the cytotoxicity
and the cellular internalization of NSMoS, is still uncertain.
Membrane receptor proteins are known to play a key role in
regulating endocytosis.ls’16 The protein response mechanisms,
including expression pattern and structural response, for the
cellular uptake of NSMoS, and how gene pathway activation
regulates such mechanisms also remain largely unknown.

As with most ENMs, the soil will be the ultimate sink for
NSMoS,."” NSMoS, exert adverse effects on terrestrial plants,
inhibiting the growth and nutrient uptake by maize (Zea mays)
and reprogramming carbon and nitrogen metabolism in rice
(Oryza sativa L.)."®' Soil invertebrates are generally
recognized as more sensitive models for toxicity assessment
than plants, allowing for a more dynamic exposure scenario.
Earthworms are ubiquitous sentinel species in soil, providing
an active defense against xenobiotics and coordinating the in
vivo homeostasis mainly through the free-circulating coelomo-
cytes in the coelom.”””' We have previously demonstrated that
Eisenia fetida absorb NSMoS, via dermal and oral routes, with
subsequent accumulation in the gut.”’ This whole-animal
exposure to NSMoS, can alter the coelomocyte mitochondrial
dynamics and inhibit the activity of complex III in the
respiratory electron transport chain, further disrupting the
cellular energy metabolic processes. Consequently, the func-
tional coelomocytes represent a realistic exposure scenario and
a sensitive target of toxic action. Further elucidating the cellular
behavior and subcellular localization of NSMoS, in earthworm
coelomocytes contributes to a better mechanistic under-
standing of their potential risks.

Vacancy design is an emerging engineering tool to tune and
improve 2D ENM performance (e.g., catalysis, electrochemical
activity, and pollutant adsorption, etc.) by providing additional
physical and chemical reaction sites.”~>> The design of
vacancies includes single (e.g., sulfur vacancies) or aggregated
atomic vacancies (e.g., surface defects and nanopores).
NSMoS, are amenable for enhanced catalytic and photovoltaic
properties through vacancy engineering due to their highly
ordered lattice structure.”®”” NSMoS, enriched with atomic
vacancies may exhibit entirely distinct biological effects
compared to pristine NSMoS,.'"***® For example, surface
defects in NSMoS, induced stronger in vivo bioenergetic
toxicity to earthworms, specifically increased rates of
coelomocytes apoptosis.”” Similarly, Shi et al. reported that
nanopores on NSMoS, can enhance their antibacterial ability
by facilitating electron transfer with biofilms.””

In the current study, we hypothesized that NSMoS, cellular
uptake is responsible for cytotoxicity and that atomic vacancies
can enhance the cellular internalization of NSMoS, by
reprogramming the gene expression and the associated protein
profile. Random atom vacancies were introduced on the lattice
plane of NSMoS, by continuous ultraviolet (UV) irradiation.
An established nanomorphology-specific fluorescent labeling
approach coupled with high-resolution transmission electron
microscopy was applied to provide visual and quantitative
evidence of earthworm coelomocyte uptake and intracellular
localization of NSMoS,, as well as conventional Mo ions. Key
proteins involved in cellular internalization were screened
through high-throughput proteomics, and targeted interaction

models were established by using molecular dynamics
simulations. Finally, transcriptomics was used to characterize
the molecular initiating events underlying the different cellular
uptake mechanisms. This work contributes to a comprehensive
elucidation of the cellular behavior and cytotoxicity mecha-
nisms of NSMoS,, which will enable an accurate understanding
of associated risk and the efforts for the safe redesign of these
important materials.

B MATERIALS AND METHODS

Synthesis of Pristine and Vacancy-Rich NSMoS, and
Fluorescent Labeling. P-NSMoS, were obtained from
XFNANO Materials Tech. Co., Ltd., Jiangsu, China, and V-
NSMoS, were prepared by UV irradiation (Text S1).>* Two
types of NSMoS, were characterized as detailed in Text S2. To
visualize cellular uptake, fluorescence-labeled P-NSMoS, or V-
NSMoS, were synthesized by a carboxylamine coupling
reaction.” 1-(3-(Dimethylamino)propyl)-3-ethylcarbodiimide
hydrochloride (2.5 mg/mL, Bidepharm, China), N-hydroxy
succinimide (S mg/mL, Nmrbio, China), and fluorescein
isothiocyanate—bovine serum albumin (FITC-BSA, 2.5 mg/
mL, Qiyue-Bio, China) were coreacted with P-NSMoS, or V-
NSMoS, (2.5 mg/mL) and thoroughly dispersed. After
magnetic stirring for 3 h at 25 °C in the dark, the labeled
nanosheets were collected by centrifugation (20,000 rpm/10
min) and quantified to form a S mg Mo/mL stock solution
using inductively coupled plasma—mass spectrometry (ICP-
MS, iCAP-Q, Thermo Fisher).

Exposure Strategy. Adult earthworms (E. fetida; S—8
months) were obtained from an earthworm breeding facility in
Jurong, Jiangsu Province, China. After 14 days of domes-
tication in artificial soil, coelomocytes were isolated using a
noninvasive method as described in Text $3.”* Coelomocytes
(initial viability >95%, Figure S1) were coincubated with SO yg
Mo/mL as P-NSMoS,, V-NSMoS,, and their ionic counterpart
(Na,Mo0Q,) in a tailored culture medium (15% fetal bovine
serum, 1% penicillin/streptomycin, 84% RPMI-1640) for 24 h
at 20 + 1 °C in dark conditions. This exposure concentration
was verified by ICP-MS and was within the range of reported
exposures (Table S1).

Transmission Electron Microscopy (TEM) Observation
and Cellular Mo Quantification. After exposure, coelomo-
cytes were sequentially treated with 2.5% glutaraldehyde and
1% osmium acid solutions to fix the original cellular
morphology and ultrastructural characteristics. To avoid cell
shrinkage and damage under vacuum conditions in TEM
imaging, coelomocytes were dehydrated using gradients of
anhydrous ethanol (50-70—90%). Subsequently, coelomo-
cytes were embedded in resin/acetone mixtures (V/V = 1:1,
1:2, 1:3) to provide structural support for subsequent
sectioning. After polymerization at 60 °C for 48 h, samples
were sectioned on an ultrathin sectioning machine (EM-UC7,
Leica, Germany) and stained before observation on a field
emission transmission electron microscope (Talos-F200X-G2,
Thermo Fisher). In addition, a sucrose density gradient
centrifugation (SDGC) approach was used to effectively
separate coelomocytes from surface-adsorbed and noningested
nanosheets (detailed in Text S$4).'"> The cell-associated Mo
content measured by ICP-MS was normalized to ug/10° cells.

Laser Confocal Imaging. The fluorescence visualization
tracking of P-NSMoS, and V-NSMoS, was performed with
synthetic FITC-labeled nanomaterials under a multiphoton
laser confocal microscope (TCS-SP8-STED-3X, Leica, Ger-
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Figure 1. Earthworm (E. fetida) coelomocyte isolation procedures and exposure strategy (A). Cell viability (B) and corresponding total intracellular
Mo content (C) per 10° cells upon exposure to pristine (P-NSMoS,) and vacancy-rich (V-NSMoS,) MoS, nanosheets, and ionic Mo at 50 g Mo/
mL for 24 h. Effect of copretreatment with physical and pharmacological inhibitors (see text for details) on the cytotoxicity of different Mo forms
(D). Data are expressed as mean + SEM (n > 3 biologically independent treatments). Significant differences between treatments and control are

expressed as *p < 0.05, ¥¥p < 0.01, and ***/#p < 0.001.

many). To further determine the subcellular localization of
NSMoS,, lysosomes were specifically illuminated by a Lyso-
Tracker (50 nM, Beyotime, China). Corresponding FITC
fluorescence quantification data (normalized to 10° cells) were
recorded by a microplate reader (SpectraMax-iDS, Thermo
Fisher).

Identification of Internalization Pathways. Coelomo-
cytes were pretreated with low temperature (4 °C),
cytochalasin-D (CD; S pg/mL), chlorpromazine hydrochloride
(CPZ; 10 ug/mL), methyl-B-cyclodextrin (MSCD; 20 mM),
genistein (GST; 400 pM), and S-(N-ethyl-N-isopropyl)-
amiloride (EIPA; 10 ug/mL) for 2 h. The specific mechanisms
of cellular uptake blockade by the above physical and
pharmacological inhibitors are detailed in Text SS. Sub-
sequently, FITC-labeled P-NSMoS, or V-NSMoS, and
molybdate were added, and incubation continued for 24 h.
After separating coelomocytes from nanosheets by the
established SDGC approach, the cell-associated total Mo
concentration and FITC intensity were quantified using ICP-
MS and a microplate reader, respectively. The effects of the
above physical and pharmacological inhibitors on cellular
activity were assessed using the WST-8 probe (Solarbio,
China) as detailed in Text S6.

High-Throughput Protein Screening and Molecular
Mechanism Investigation. Cellular proteins were extracted
using protein lysate (8 mol/L urea and 1% sodium dodecyl
sulfate (SDS) with a protease inhibitor). Quality control of
obtained proteins was achieved by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis and protein content
measurement (Table S2). After alkylation and trypsin

treatment, samples were analyzed by liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) using
an EASY-nLC-1200 liquid phase system (Thermo Fisher)
integrated with a timsTOF-Pro-2 mass spectrometer (Bruker,
Germany). More specific proteomics testing procedures and
instrument conditions are given in Text S7. For transcriptomic
analysis, cellular RNA was extracted using TRIZOL reagent,
and samples that met the quality requirements (total RNA > 1
ug, RNA concentration >35 ng/uL, ODygg0 = 1.8, and
OD,40/230 = 1.0) were sequenced on the Illumina NovaSeq-
6000 platform. Methods for RNA quality evaluation and
sequencing are detailed in Text S8.

Molecular Modeling. Target proteins were screened
based on the significance ranking among the largest enriched
functional items as a function of treatment. Before molecular
model establishment, the structures of P-NSMoS, and V-
NSMoS, (Figure S2) were assembled in CCDC Mercury (V.
2022.2.0).”" Water molecules and extraneous heteroatoms
were removed from target proteins by UCSF Chimera
software.”” Simulated initial structures of protein@NSMoS,
complexes were constructed and optimized using the
PACKMOL modeling tool.”® The molecular dynamics
simulations were performed using the Gromacs (V. S.1.5)
open-source software package.”* Additional specific simulation
parameters are detailed in Text S9.

Statistical Analysis. One-way analysis of variance
(ANOVA) or a t test in GraphPad Prism (V. 7.0) was used
to determine the statistical significance of differences between
treatments. For proteomic and transcriptomic data, high-
confidence proteins or genes further screened by their
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Figure 2. Transmission electron microscopy (TEM) evidence of the internalization of pristine (P-NSMoS,) and vacancy-rich (V-NSMoS,) MoS,
nanosheets, and ionic Mo by earthworm (E. fetida) coelomocytes following exposure for 24 h at S0 ug Mo/mL. Representative TEM images of
single coelomocytes (A—D). The yellow, blue, and red arrows represent lysosomes, mitochondria, and vesicles, respectively. Elemental spectrum

(E—H) and mapping of Mo and S (I-T) of selected areas (yellow boxes).

expression in at least two biological replicates in at least one
exposure group were used for subsequent analysis. Detailed
bioinformatics analysis methods are given in Text S10.

B RESULTS AND DISCUSSION

Characterization of P-NSMoS, and V-NSMoS,. TEM
images showed that P-NSMoS, had a flat surface with
heterogeneous lateral dimensions (Figure S3A). UV irradiation
caused random defect formation on the lattice basal plane of
NSMoS, (Figure S3B), without significantly altering the
average hydrodynamic diameter of the nanosheets (Figure
S4). High-resolution TEM (HR-TEM, Figure S5) images
accurately defined that these defects consisted of single or
clustered Mo—S atom vacancies. Further characterizations
showed that atomic vacancies also caused physical and
microstructural property changes of NSMoS,. The disorder
and lattice spacing of V-NSMoS, were significantly greater
(0.32 + 0.017—-0.46 + 0.20 nm, p < 0.05) than those of P-
NSMoS,. A significant increase in the specific surface area
(Figure S6, from 1.68 to 24.4 cm’/g, p < 0.05) and surface
roughness (Figure S7, from 140.9 to 564.6 pm, p < 0.01) of V-
NSMoS, confirmed irregular edges associated with vacancies.

The Raman peaks of P-NSMoS, at ~379 and ~405 cm™" were
blue-shifted by ~1.8 and ~3.8 cm™ after UV irradiation, with
the Raman Alg/Eég ratio increasing from 1.87 to 2.40 (Figure
S8). These results indicate lattice distortion caused by vacancy
creation.

Biological media may affect nanoparticle dissolution.”® In
the customized coelomocyte culture medium, the ionic-Mo
release from P-NSMoS, at S0 ug Mo/mL (11.2 + 0.37 ug Mo/
mL) was significantly higher (p < 0.001) than from V-NSMoS,
(4.30 + 0.11 ug Mo/mL) over 24 h (Figure S9). This is in
contrast to other reports in ultrapure water.””*° The
nonsignificant change (n.s.) in hydrodynamic diameters
(Figure S4) suggests that P-NSMoS, and V-NSMoS$, dispersed
equally well in the cell culture system within 24 h. Zeng et al.
reported that the presence of nanocolloids significantly
inhibited soluble Mo release from MoS, nanosheets in a BG-
11 algal culture media.'” Compared to P-NSMoS,, V-NSMoS,
possesses more abundant edge sites and a higher specific
surface area. The abundant proteins in the coelomocyte culture
medium may electrostatically stabilize the nanosheets by more
tightly coating the V-NSMoS, surface and vacancy sites,
thereby minimizing ion release and agglomeration.”’
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Figure 3. Quality assessment of fluorescein isothiocyanate (FITC)-labeled MoS, nanosheets (NSMoS,) (A). Laser confocal captures (B, D) of
FITC-labeled NSMoS, (green, highlighted by blue arrows) being internalized by earthworm (E. fetida) coelomocytes and colocalized with
lysosomes (red). Three-dimensional reconstruction images of single cells (C, E) confirm that NSMoS, were located inside cells rather than
overlapping fields of view. The total intracellular FITC fluorescence intensity (F) per 10° cells upon exposure to pristine (P-NSMoS,) and vacancy-
rich (V-NSMoS,) Mo$S, nanosheets, and ionic Mo at S0 g Mo/mL for 24 h. Data are expressed as mean + SEM (n = 6). Significant differences

between treatments and control are expressed as ***/##, < 0,001,

NSMoS, Cytotoxicity Requires Endocytosis. We
developed a coelomocyte-based in vitro exposure protocol
(Figure 1A) to investigate the relationship between NSMoS,
cellular behavior and their toxicity. Coelomocyte viability
significantly decreased to 84.0, 76.0, and 82.1% of the control
following 24 h of in vitro exposure to S0 pug of Mo/mL P-
NSMoS,, V-NSMoS,, and ionic Mo, respectively (Figure 1B).
The cellular uptake of nanomaterials is thought to be an
initiating event of cytotoxicity.”*” Our previous work reported
the oxidative stress and energy metabolism disturbance in the
coelomocytes as part of the overall response of earthworms
upon in vivo exposure to NSMoS, and that vacancy defects
enhanced such toxicity potential.”> However, it is challenging
to track the real-time interaction of NSMoS, with
coelomocytes in vivo, thus hampering the effort to establish a
mechanistic connection between the observed toxicity and
cellular uptake behavior. In the present work, the uptake of
different Mo forms by coelomocytes in vitro was quantified by
ICP-MS (Figure 1C). The total intracellular Mo content was
0.01, 0.66 (n.s.), 0.81 (p < 0.05), and 2.64 (p < 0.001) ug/10°
cells for the control, P-NSMoS,, V-NSMoS,, and molybdate
groups, respectively. This suggests that the coelomocytes were
susceptible to the uptake of different forms of Mo.
Coelomocyte Mo content was significantly higher (p <
0.001) in the ionic control than in both NSMoS, groups,
implying that the uptake of ions and nanosheets may follow
different pathways.

Based on the above observations, we hypothesized that
NSMoS,-induced cytotoxicity can be attributed to the
internalization of NSMoS,. To test this hypothesis, potential
active endocytosis and macropinocytosis pathways were

blocked by pretreatment with a combination of physical (4
°C) and pharmacological inhibitors, including CD, CPZ,
MpCD, GST, and EIPA.'>*%**~** After inhibitor addition, P-
NSMoS, and V-NSMoS, no longer induced significant cell
death, although the molybdate ion still exhibited cytotoxicity
(Figure 1D, p < 0.01). This confirms that molybdate-induced
loss of cell viability is independent of the endocytosis pathways
involved with nanosheet accumulation. More specifically,
unlike molybdate ions, P-NSMoS, and V-NSMoS, cytotoxicity
requires endocytosis.

TEM Observation of Coelomocyte Uptake of P-
NSMoS,, V-NSMoS,, and Na,MoO,. After the internal-
ization process was identified to be responsible for NSMoS,
cytotoxicity, the subcellular distribution of different Mo forms
and the coelomocyte ultrastructure were investigated using
TEM combined with energy-dispersive spectroscopy (EDS).
The images of control earthworm coelomocytes (Figure 2A)
show abundant and intact lysosomes, mitochondria, and
intracellular vesicles. No significant cytoplasmic membrane
and organelle damage was observed upon exposure to any of
the Mo forms (Figure 2B—D). Several studies reported the
uptake of MoS, and WS, nanosheets by C. vulgaris with
TEM,*** however, without definitive elemental identification.
In the current study, we observed particles exhibiting a
suspected NSMoS, morphology within the coelomocytes
(Figure S10, red arrows), although subsequent EDS analysis
did not identify Mo and S enrichment in these regions. We
speculate that exogenous NSMoS, taken up by coelomocytes
may rapidly interact with organelles or vesicles, subsequently
undergoing biological processes such as encapsulation and
digestion and ultimately losing their nanoscale morphology.
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Figure 4. Differences in the internalization mechanisms of pristine (P-NSMoS,) and vacancy-rich (V-NSMoS,) MoS, nanosheets, and ionic Mo by
earthworm (E. fetida) coelomocytes following exposure to different Mo forms at 50 ug Mo/mL for 24 h were distinguished by the quantification of
intracellular Mo content and fluorescein isothiocyanate (FITC) intensity using different physical (low temperature) and pharmacological inhibitors,
including CD: cytochalasin-D (A), CPZ: chlorpromazine hydrochloride (B), 4 °C treatment (C), MACD: methyl-f-cyclodextrin (D), GST:
genistein (E), and EIPA: S-(N-ethyl-N-isopropyl)-amiloride (F). The data are expressed as mean + SEM (n = 3 biologically independent
treatments). Significant differences compared to the control group (without physical/pharmacological inhibitor pretreatment) are expressed as *p <

0.05, **p < 0.01, and ***p < 0.001.

The lysosomal region was first examined given the key role of
these structures in phagocytosis and the digestion of
xenobiotics.”” The selected areas for the EDS spectra confirm
Mo and S enrichment in lysosomes after P-NSMoS,, V-
NSMoS,, and molybdate exposures as compared to the control
(Figure 2E—H). In fact, cellular EDS mapping revealed that
lysosomes were the primary accumulation sites (Figure 2I—T).
The Mo signal was more evenly distributed within the cells in
the molybdate group, whereas its lysosomal enrichment was
clearly evident in the NSMoS, groups. This was further
highlighted by the semiquantitative analysis of the lysosomal
region elemental mass fraction, with the Mo mass fractions in
P-NSMoS, and V-NSMoS, groups being 1.29 and 1.64%,
respectively. This is higher than the Mo mass fraction of the
molybdate (0.49%) and control (0.16%) groups.

Given the ionic release and potential intracellular digestion
of NSMoS,, a clear distinction between Mo ionic forms and
nanoforms detected in the lysosomal region is necessary;
TEM-EDS and ICP-MS provided insufficient evidence in this
respect. To address this issue, we labeled P-NSMoS, and V-
NSMoS, with FITC via a carboxylamine coupling reaction.
This fluorescent labeling approach is tailored toward nano-
morphology and facilitates efforts to track the cellular uptake
and distribution of NSMoS,.

Fluorescent Labeling Technique Demonstrates Coe-
lomocyte Uptake of P-NSMoS, and V-NSMoS,. Before
exposure, we separated labeled NSMoS, from the associated
suspension and evaluated the FITC labeling stability through
fluorescence quantification. The supernatant fluorescence
intensity was equivalent to that of the ultrapure water, whereas
both types of labeled NSMoS, sediment emitted strong
fluorescence (Figure 3A, p < 0.001). This result indicates that
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FITC was stably labeled on P-NSMoS, and V-NSMoS,,
without significant fluorescence leakage or release. Subsequent
cell exposure experiments and laser confocal imaging exhibited
the presence of two types of labeled nanosheets (green) in the
bright-field coelomocyte region and colocalization with the
illuminated lysosomes (red) (Figure 3B,D). Three-dimensional
modeling was initiated by setting the z-axis within the field of
view and scanning multiple layers consecutively; this analysis
confirmed that the captured fluorescence signals from P-
NSMoS, and V-NSMoS, were located inside the coelomocytes
rather than the visual field overlap (Figure 3C,E). Fluorescent
labeling of NSMoS, excludes the interference of released Mo
ions, allowing bidirectional validation of the NSMoS, uptake
results based on Mo and fluorescence quantification.
Specifically, intracellular FITC fluorescence intensity quantifi-
cation per 10° coelomocytes showed that the cellular uptake of
V-NSMoS, was significantly greater (p < 0.001) than for P-
NSMoS, (Figure 3F). This is consistent with a previous study
reporting increased uptake of nanopore-rich NSMoS, relative
to intact NSMoS, by C. vulgaris.”® As noted above, UV
irradiation induces abundant atomic defects on the NSMoS,
basal plane, providing additional active sites and edge chemical
bonds.*® Considering the increased uptake of V-NSMoS, by
earthworm coelomocytes, we suggest that atomic vacancy
generation alters the cellular uptake pathway of NSMoS,.
Uptake Pathways of Different Mo Forms. Physical and
pharmacological inhibitors at nontoxic doses (Figure S11)
were applied to investigate the uptake pathways in
coelomocytes of different Mo forms. Total Mo content and
FITC intensity were simultaneously measured for the
orthogonal validation of the results. The addition of CD, an
actin monomer polymerization inhibitor, decreased intra-
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Figure 5. Proteomics analysis of earthworm (E. fetida) coelomocytes exposed to pristine (P-NSMoS,) and vacancy-rich (V-NSMoS,) MoS,
nanosheets, and molybdate at 50 g Mo/mL for 24 h. Principal components analysis (A) and volcano plots of all identified proteins form different
comparisons (B—D). Blue and red dots indicate the significantly downregulated and upregulated proteins, respectively (p < 0.05 and |ILog2 (FC)I >
0.25); gray dots represent the protein with no significant changes. Hierarchical clustering analysis (E) of target proteins (p < 0.0S). Proteins with p
< 0.05 are matched according to their biological functions in the Gene Ontology (GO) database (F). Orange, green, and blue modules represent
the enriched functions in P-NSMoS,, V-NSMoS,, and molybdate groups, respectively. The GO number and rich factors are included in each
functional item, and the item with the largest rich factor is highlighted by the red border. For the relationships between different GO terms refer to
http://geneontology.org/docs/ontology-relations/.

cellular Mo content and FITC intensity to —52.6% (p < 0.0S) respectively, confirming that the cellular uptake of P-
and —53.9% (p < 0.05) of the control (Figure 4A), NSMoS, involves actin-mediated endocytosis.’>*” CPZ can
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Figure 6. Molecular dynamics simulation results of pristine (P-NSMoS,) and vacancy-rich (V-NSMoS,) MoS, nanosheets with target proteins
(DNM1_3 and SORL1). The target proteins were selected based on the functional items with the highest Gene Ontology (GO) rich factors from
different comparisons (items marked with a red border in Figure SF), and further ranking the protein p-values while satisfying the requirements of p
< 0.05 and ILog2 (FC)| > 0.25. Representative snapshots for P-NSMoS,@DNM1_3 and V-NSMoS,@SORLI binding systems during 100 ns of
molecular dynamics simulation (A, B). P-NSMoS, possesses a complete substrate surface, with Mo and S atoms rendered in cyan and yellow. Mo
and S atoms on V-NSMoS, were randomly exfoliated at a rate of ~10% to form a defective basal plane. Time evolution of protein@nanosheets
distance (C), protein radius of gyrate values (D), protein root-mean-square deviation values (E), and protein solvent-access surface area values (F).
Changes in the protein internal interactions (G, H) and secondary structure (I, J) within the simulation interval.

impede clathrin-coated pit formation through a reversible
translocation mechanism that relocates clathrin from the
plasma membrane to intracellular vesicles.”” After CPZ
pretreatment, the cellular uptake of P-NSMoS, significantly
decreased (Figure 4B, p < 0.05), suggesting a clathrin-mediated
vesicular transport process. Unlike P-NSMoS,, precooling at 4
°C caused a decrease of intracellular Mo content and FITC
intensity in the V-NSMoS, group to —39.8% (p < 0.01) and
—42.3% (p < 0.01) of the control, respectively (Figure 4C).
This finding is indicative of an energy-dependent cellular
uptake of V-NSMoS,."> MBCD and GST can block caveolae-
mediated endocytosis by disrupting the lipid raft integrity and
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inhibiting the recruitment of myosin II, respectively.‘”"‘g'49

Pretreatment with MBCD and GST significantly reduced the
coelomocyte uptake of V-NSMoS,, implicating caveolae-
mediated endocytosis (p < 0.05, Figure 4D,E). P-NSMoS,
uptake was inconsistent with Mo content and FITC intensity
evaluation following GST pretreatment (Figure 4E). In
addition, blocking macropinocytosis with EIPA pretreatment
did not significantly affect cellular uptake ability (Figure 4F),
indicating that the uptake process of different Mo forms is
independent of macropinocytosis.42 Importantly, the cellular
uptake of Mo ions does not involve any of the above pathways.
Our data suggest that clathrin- and actin-mediated endocytosis
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are responsible for the uptake of P-NSMoS, by coelomocytes,
while caveolae-mediated endocytosis is the primary pathway
for the energy-dependent uptake of V-NSMoS,.

Protein Profile upon Exposure. High-throughput protein
identification was conducted to further explore the underlying
molecular mechanisms of differential coelomocyte uptake
behavior. A principal component analysis (PCA) of all target
proteins highlighted a significant separation between treat-
ments and the control; in addition, P-NSMoS, and V-NSMoS,
were slightly separated (Figure SA), even without considering
the effect of molybdate (Figure S12). Thresholds of p < 0.0S
and ILog2 (FC)I > 0.25 were set, obtaining 59 (30 upregulated
and 29 downregulated), 48 (24 upregulated and 24 down-
regulated), and 39 (21 upregulated and 18 downregulated)
differentially expressed proteins (DEPs) in coelomocytes
exposed to P-NSMoS,, V-NSMoS,, and molybdate, respec-
tively (Tables S3—SS and Figure SB—D). Hierarchical
clustering (HCL) analysis (Figure SE) and Venn maps (Figure
S13) based on proteins of p < 0.0S further demonstrated that
the cellular protein response to NSMoS, exposure was
significantly different from that of molybdate and the controls.

The proteins with p < 0.05 from different treatments were
matched in the Gene Ontology (GO) database to isolate the
specific impacted biological functions. The overlapping
biological functions affected by P-NSMoS, and V-NSMoS,
involve the activity of transmembrane or cell surface signaling
receptors and molecular sensors (Figure SF). These functions
constitute the initiating events of cellular endocytosis.”
Separate from the shared functional impacts, P-NSMoS,
specifically affected G-protein-coupled receptors (GPCRs)
and protein polymerization, particularly actin. GPCRs have
been reported to be involved in various cellular signaling
processes and play a key role in maintaining cellular
homeostasis.”" Actin polymerization is one of the key pathways
in cellular endocytosis.”>>® Upregulation of cellular actin
polymerization upon P-NSMoS, exposure promotes endocytic
action, which is validated by results from actin inhibitor CD
addition, as discussed above. Positive regulation of the cellular
cytoskeleton was also enriched in the P-NSMoS, group,
indicating that cellular uptake processes caused potential stress
to the cellular morphology. Unlike P-NSMoS,, V-NSMoS,
specifically induced membrane stress and mitochondrial
motility processes. Sun et al. demonstrated that surface defects
induced by UV irradiation can enhance the in vivo bioenergetic
toxicity of NSMoS, for earthworm coelomocytes, including
stron%er electron-transfer interference and ROS accumula-
tion.”” The impacted biological pathway was verified by
assaying cellular uptake at low temperatures (Figure 4C),
demonstrating that the V-NSMoS, uptake is associated with
energy consumption. Target proteins in the molybdate group
were significantly enriched in ion channels and transmembrane
transport functions. Ions enter cells primarily through two
mechanisms: active transport (ATP-dependent) and facilitated
diffusion (requiring ion channels, but not ATP).>* Given the
absence of observed energy dependence (Figure 4C), Mo ion
uptake is an assisted diffusion process. Importantly, there were
no shared enrichment functions between NSMoS, and
molybdate, highlighting nanospecific effects that distinguish
NSMoS, from conventional Mo ions.

Identification of Key Functional Proteins and Molec-
ular Interaction Model Construction. Protein structural
changes are an important factor affecting overall function.”
Given this, we attempted to further mechanistically character-

ize the interaction processes of different Mo forms with key
proteins involved in cellular uptake. Through high-throughput
proteomics, we identified DNM1_3, SORLI, and VPS4 as key
functional proteins impacted by exposure to P-NSMoS,, V-
NSMoS,, and molybdate, respectively (abundances are shown
in Figure S14, sequence match >80%) responsible for
cytoskeleton organization, transport, and ion binding,
respectively. Snapshots of molecular dynamics simulations of
DNM1 3@P-NSMoS, and SORLI@V-NSMoS, every 10 ns
showed that the distance between proteins and the nanosheet
substrate gradually decreased and stabilized within ~80 ns
(Figure 6A,B). Distance quantification of the proteins and two
NSMoS, centers of mass (Figure 6C) confirms the adsorption
process. The protein radius of gyrate (R,) during 100 ns
reveals that two types of NSMoS, induced protein structural
loosening (AR, = 2.95—3.35 A) upon interaction (Figure 6D).
The root-mean-square deviation (RMSD, Figure 6E) fluctua-
tions support the above observations and further determine
that the deformation of DNM1_3 (ARMSD = 23.2 A) with P-
NSMoS, was greater than that of SORL1 adsorbed on V-
NSMoS, (ARMSD = 17.2 A). P-NSMoS, caused a decrease in
the solvent-access surface area (SASA, Figure 6F) of DNM1_3
from 0 to 50 ns, followed by an increase that exceeded the
initial SASA value (13016—14248 A*). Compared to P-
NSMoS,, V-NSMoS, caused a decrease in the SORL1 SASA
value (10447—8907 A?) at 100 ns. This signifies an expansion
of the macromolecular exposed region in the P-NSMoS,@
DNMI1_3 system, while the proteins were encapsulated more
tightly with a hydrophobic surface in the V-NSMoS,@SORL1
system. Unlike the V-NSMoS,@SORLI system, the dramatic
binding energy fluctuation during the stable phase (80—100
ns) of the P-NSMoS,@DNM1_3 system suggests an instability
of binding, which may affect the interaction patterns of amino
acids within the protein (Figure S15).

We further counted the number of hydrogen bonds formed,
salt bridges, 7— stacking, and 7-cation interactions in the two
binding systems (Figure 6G,H). Hydrogen bonding is the main
form of the amino acid interaction inside the two proteins. P-
NSMoS, caused changes in the hydrogen bonds and salt bridge
amounts of DNM1_3 at ~40—60 ns, which is later than that of
the V-NSMoS,@SORLI system (~20—30 ns). The stability of
amino acid interactions within proteins is essential for
maintaining a functional secondary structure.’® The secondary
structure of DNM1_3 was significantly changed at ~40 ns,
while the change onset of SORL1 was at ~20 ns (Figure 61]).
Consistent with the snapshots in Figure 6A,B, the secondary
structures of DNM1_3 and SORLI changed with similar
patterns, showing a content increase in the turning angle
(31.7—50.5%), along with a decrease of the a-helix (25.3—
26.0%), and complete disappearance of the f-sheet (Figure
S16).

Considering the ion release of P-NSMoS, and V-NSMoS,,
the dominant binding sites of MoO,>” on DNM1_3, SORLI,
and VPS4, and the detailed binding microenvironment were
further analyzed (Figure S17). The results showed that
MoO,*” was preferentially bound to the surfaces of
DNMI1_3, SORLI, and VPS4 and that the binding was mainly
driven by hydrogen bonding. Lysine, histidine, and serine were
the key amino acids in DNM1_ 3, while arginine in SORL1 and
VPS4 was responsible for ion binding. Overall, the conforma-
tional damage of cytoskeletal protein DNMI1_ 3 upon P-
NSMoS, binding (including secondary junction destruction
and increased structural loosening/deformation/exposure)
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Figure 7. Transcriptomics results of earthworm (E. fetida) coelomocytes exposed to pristine (P-NSMoS,) and vacancy-rich (V-NSMoS,) MoS,
nanosheets, and Na,MoO,, involving partial least-squares discrimination analysis (A), Venn plot (B), and Gene Ontology (GO) enrichment
analysis (C). Nine-quadrant maps based on combined transcriptomics and proteomics analysis from different comparisons (D). The numbers in
the plots define the different quadrants. Schematic presentation of the mechanistic differences of coelomocyte uptake of P-NSMoS,, V-NSMoS,,

and Mo ions (E).

may lead to cellular morphological stress.”” The earlier onset of
structural changes in SORL1 upon cellular uptake of V-
NSMoS, implies a rapid response of the transport protein to
exposure, whereas the potential binding of soluble MoO,*~
mediates the processes described above.

Coupled Transcriptomics and Proteomics Described
the Molecular Initiation Events of Cellular Uptake.
Transcriptomics was applied to further identify the molecular
initiation events behind the differential protein response.
Partial least-squares discrimination analysis (PLS-DA) of all
identified 8676 unigenes demonstrated a clear separation of
the three Mo form treatments (Figure 7A). A total of 111, 155,
and 172 differentially expressed genes (DEGs, p < 0.05 and |
Log2 (FC)l > 1) were obtained in control vs P-NSMoS,,
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control vs V-NSMoS,, and control vs Na,MoO, comparisons
(Tables S6—S8). Volcano maps highlighted that NSMoS,
(upregulation/downregulation ratio 0.56) caused more
gene downregulation than molybdate exposure (upregula-
tion/downregulation ratio = 0.93) and that atomic vacancy
creation increased this regulate pattern (upregulation/down-
regulation ratio = 0.52) (Figure S18). Importantly, the DEGs
shared among P-NSMoS,, V-NSMoS,, and molybdate groups
(2.41-7.51%) were significantly fewer than those possessed
individually (22.25—33.78%) (Figure 7B). These results
confirm the significant differences in coelomocyte gene
expression patterns as a function of the Mo form.

The GO functional enrichment analysis revealed that DEGs
in the P-NSMoS,, V-NSMoS,, and molybdate groups were
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collectively enriched in the metal (cation) ion-binding
pathways (Figure 7C). The DEGs in the molybdate group
were related to the ion (metal) transmembrane transport
pathway and specifically reshaped the lipid homeostasis of the
cell membrane. Previous lipidomics-based analyses have
reported similar results that ionic-Mo species can induce
earthworm coelomocyte membrane stress by inhibiting
membrane-related glycerophospholipid synthesis and down-
regulating the fatty acid synthesis pathway.”® Compared to
conventional molybdate, DEGs in the P-NSMoS, group were
associated with cytoskeletal protein and actin filament binding
processes, which phenotypically induced potential cytoskeletal
stress and actin-mediated endocytosis (Figures 4A and SF).
Additionally, the Wnt pathway was activated by P-NSMoS,
exposure. The Wnt pathway is closely related to surface
receptor-mediated intracellular and extracellular signaling,”” in
line with the impact of P-NSMoS, on coelomocyte surface
receptor proteins and transmembrane signaling pathways
(Figure SF). Unlike P-NSMoS,, the specific functional
enrichment in the V-NSMoS, group involved membrane
receptor signaling. In spite of the absence of phenotypic
protein expression, the inhibited GPCR pathway predicted
potential coelomocyte homeostasis stress upon V-NSMoS,
exposure.

Transcriptomics and proteomics data were then integrated
to reveal the joint regulation of the transcription—translation
processes. More genes and proteins with opposite regulatory
trends were seen in the P-NSMoS, group than in the V-
NSMoS, group (1/9 quadrants, Figure 7D), suggesting that
vacancies may reduce posttranscriptional regulation and
translational modification processes. Considering that similar
patterns were observed in the molybdate group (Figure 7D), as
well as greater ion release from P-NSMoS, (Figure S9), the
additional impacts of soluble Mo species on transcription and
translation deserve attention.

Environmental Implications. As an emerging advanced
functional nanomaterial, the widespread use of NSMoS,
should be fully evaluated against ecological and public-
health-associated risks. Soil biota are likely to be potential
targets for NSMoS, exposure. Therefore, fully elucidating the
mechanisms of NSMoS, toxicity to soil organisms will
contribute to a comprehensive understanding of their risk
profile. Cellular uptake and intracellular accumulation are
initiating events and key mechanisms for nanoparticle
toxicity.””®" Here, we demonstrate that SO ug Mo/mL of
NSMoS, exhibits significant cytotoxicity (p < 0.01) on E. fetida
functional coelomocytes. Using a range of cellular endocytosis
inhibitors, we further determined that NSMoS, cytotoxicity is
dependent on endocytosis. A fluorescent labeling method that
is specific to the nanomorphology was integrated with high-
resolution TEM to provide conclusive visual evidence of
NSMoS, uptake and lysosomal accumulation. Single or
aggregated atom vacancies on the lattice basal plane
significantly enhanced NSMoS, performance.””*’ Thus, the
role of these atomic vacancies in the toxicity profile of NSMoS,
must be understood. Through the use of cellular endocytosis
inhibitors and the integration of proteomics, molecular
dynamics modeling, and transcriptomics, we successfully
characterized the different mechanisms of cellular uptake of
P-NSMoS,, V-NSMoS,, and conventional Mo ions (Figure
7E). Mo ion exposure activated ion channel and trans-
membrane transporter pathways at the protein and transcrip-
tional levels, thereby entering coelomocytes through assisted
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diffusion. Compared to conventional molybdate, P-NSMoS,
enhanced the protein polymerization process. Genes associated
with actin filament binding and cytoskeletal protein reorgan-
ization were activated, which were manifested phenotypically
as actin- and clathrin-mediated endocytic pathways. Unlike P-
NSMoS,, coelomocyte uptake of V-NSMoS, was associated
with vesicle-mediated endocytosis and was energy-dependent.
Quantitative results showed that the cellular internalization of
V-NSMoS, was 20.3% greater than that of P-NSMoS, (p <
0.001). Mechanistically, V-NSMoS, specifically upregulated
cell surface receptor signaling but repressed mitochondrial-
transport-related genes, resulting in potential energy depriva-
tion. Molecular dynamics modeling revealed structural and
conformational damage to key cytoskeletal proteins upon P-
NSMoS, exposure and a rapid response to V-NSMoS, of
transport proteins with endocytosis. There is strong visual and
quantitative evidence of NSMoS, uptake by earthworm
functional coelomocytes, demonstrating a direct relationship
between internalization and cytotoxicity. We found that
induced atom vacancies altered the coelomocyte endocytosis
pathway and enhanced NSMoS, uptake by reprogramming the
protein responses and molecular initiation events. Given the
close relationship between cytotoxicity and cellular internal-
ization, further development of in situ imaging techniques is
needed to validate the crucial role of in vivo cellular behavior
regulation in NSMoS, toxicity.
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