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ABSTRACT: Molybdenum disulfide (MoS2) nanosheets are increasingly
applied in several fields, but effective and accurate strategies to fully
characterize potential risks to soil ecosystems are lacking. We introduce a
coelomocyte-based in vivo exposure strategy to identify novel adverse
outcome pathways (AOPs) and molecular endpoints from nontransformed
(NTMoS2) and ultraviolet-transformed (UTMoS2) MoS2 nanosheets (10
and 100 mg Mo/L) on the earthworm Eisenia fetida using nontargeted
lipidomics integrated with transcriptomics. Machine learning-based digital
pathology analysis coupled with phenotypic monitoring was further used to
establish the correlation between lipid profiling and whole organism effects.
As an ionic control, Na2MoO4 exposure significantly reduced (61.2−
79.5%) the cellular contents of membrane-associated lipids (glycerophos-
pholipids) in earthworm coelomocytes. Downregulation of the unsaturated
fatty acid synthesis pathway and leakage of lactate dehydrogenase (LDH) verified the Na2MoO4-induced membrane stress.
Compared to conventional molybdate, NTMoS2 inhibited genes related to transmembrane transport and caused the differential
upregulation of phospholipid content. Unlike NTMoS2, UTMoS2 specifically upregulated the glyceride metabolism (10.3−179%)
and lipid peroxidation degree (50.4−69.4%). Consequently, lipolytic pathways were activated to compensate for the potential energy
deprivation. With pathology image quantification, we report that UTMoS2 caused more severe epithelial damage and intestinal
steatosis than NTMoS2, which is attributed to the edge effect and higher Mo release upon UV irradiation. Our results reveal
differential AOPs involving soil sentinel organisms exposed to different Mo forms, demonstrating the potential of liposome analysis
to identify novel AOPs and furthermore accurate soil risk assessment strategies for emerging contaminants.
KEYWORDS: MoS2 nanosheets, ultraviolet irradiation, ecological risk, liposomes, coelomocyte, multi-omics, molecular mechanisms

■ INTRODUCTION
Two-dimensional molybdenum disulfide nanomaterials (MoS2
nanosheets) possess attractive electronic and mechanical
properties that enable their application in numerous fields,
including energy storage, biomedicine, and environment
monitoring.1−4 During their life cycle of production, use, and
disposal, MoS2 nanosheets will inevitably be released into the
environment.5 There is an increasing interest in assessing the
environmental risk of MoS2 nanosheets to ensure their safe and
sustainable applications. However, the majority of existing
work on MoS2 nanosheet risk assessment has focused only on
single-cell organisms or in vitro cell lines under relatively
narrow exposure conditions;6−8 effort is needed to develop
rapid and accurate risk assessment frameworks based on
important ecological sentinel species.
Soil ecosystems are an important sink for environmental

contaminants such as MoS2 nanomaterials. As ecological
engineers, earthworm species are sensitive and widespread

soil invertebrates.9 Coelomocytes are free-flowing immune
cells in the earthworm that play a key role in the phagocytosis
and digestion of xenobiotics.10,11 Recently, in vitro exposure
strategies based on earthworm coelomocytes have been
developed to shorten the exposure period and reduce animal
consumption.12,13 Although coelomocytes are considered a
suitable system for cellular-level testing, the simplified ex vivo
exposure environment lacks the overall response conditions of
the organism and therefore cannot reflect the in vivo biological
response of realistic exposure scenarios. Importantly, the risk
assessment based on soil fauna still has been limited by the
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scarcity of biomarkers and the low sensitivity of adverse
outcome detection, thus lacking in effectiveness and accuracy.
Accordingly, it is highly desirable to develop a more accurate
and efficient risk assessment strategy that combines the
advantages of high sensitivity, rapid turnaround time, and
animal friendliness, facilitating identifying novel adverse
outcome pathways (AOPs) for contaminants such as MoS2
nanosheets in soil sentinel organisms.
Liposomes are involved in a wide range of biological

functions that are jointly regulated as part of a range of
complex interconnected physiological networks.14 Many of
these sensitive biological processes may be affected by
exposure to environmental pollutants. The recent development
of mass spectrometry-enabled identification of complex
liposomes in tissues and cells has further expanded the ability
to screen for diseases and enabled the development of related
biomarkers.15 For example, Sun et al. successfully identified a
food antioxidant (3-BHA) that exacerbated the development
of nonalcoholic fatty liver disease from high-fat diets by
disrupting hepatic lipid homeostasis.16 Lipidomics also helped
to reveal the link between lipid changes and Parkinson’s
disease, malignancies, liver lesions, and abnormal spleen
metabolism.17−21 Marqueño et al. and Zhen et al. used
lipidomics to characterize the effects of complex contaminated
water bodies on liposomal changes of skeletal muscle in Barbus
meridionalis and Squalius laietanus, as well as liver cells in Danio
rerio.14,22 Monitoring of complex liposomes has demonstrated
advantages in globally characterizing unpredictable adverse
effects and has forwarded efforts to develop critical biomarkers
(membrane homeostasis, oxidative stress, mitochondrial
disorders, etc.) in organisms under environmental stress. The
integration of multi-omics strategies offers the opportunity to
further relate lipid profiling and molecular effects to
mechanistically understand impacts on higher levels of
biological organization. Considering the vast biocomplexity
of liposomes and the analytical power of mass spectrometry-
based tools, we are sought to establish a risk assessment
framework based on nontargeted lipidomics to elucidate novel
AOPs and molecular mechanisms of MoS2 nanosheets to an
environmental sentinel species.
Recent work has demonstrated that MoS2 nanosheets are

susceptible to transformation (e.g., morphological and size
changes, ion species release, etc.) upon engineered modifica-
tion or environmental aging processes.5,23−27 Importantly,
compared to the nontransformed form, the biological effects of
the transformed MoS2 nanosheets on sensitive biota may be
significantly different.5,6,24,28 Ultraviolet (UV) is a commonly
used engineering modification technique and an important
environmental aging factor. UV irradiation can readily oxidize
the crystal substrate of MoS2 nanosheets, leading to phase
transitions and surface defects that accelerate structural
fragmentation.29 Shi et al. reported the generation of
nanopores on the basal plane of MoS2 nanosheets induced
by simulated UV irradiation.27 Cao et al. observed nanoscale
stripes on the surface of MoS2 nanosheets with enhanced
hydrophilicity and a greater friction coefficient following UV/
ozone aging.29 Although studies have shown that UV
irradiation can significantly affect the lattice structure and
physicochemical properties of MoS2 nanosheets, the role of
such transformations in the risk profile of MoS2 nanosheets is
poorly understood.
We developed a coelomocyte-based in vivo exposure strategy

to achieve accurate and rapid risk assessment of MoS2

nanosheets to earthworms (Eisenia fetida). It was assumed
that in vivo exposure to MoS2 nanosheets (nontransformed and
UV-transformed) and their ionic counterpart (Na2MoO4)
would alter the liposome profiling of earthworm coelomocytes
in distinguishable patterns and mechanisms. To test this
hypothesis, earthworm coelomocytes were isolated through a
noninvasive method for the orthogonal liposome−tran-
scriptome−phenotype analysis. Nontargeted lipidomics inte-
grated with transcriptomics was performed to understand the
lipid-related AOPs and upstream molecular mechanisms in an
unbiased and mechanistic fashion. The lipidomic results were
validated using machine learning-based histopathological
examination and associated phenotypic monitoring. This
work will expand our understanding of the potential of
liposome analysis in identifying novel AOPs and enabling the
development of more accurate and efficient frameworks for soil
ecological risk assessment.

■ MATERIALS AND METHODS
Synthesis of UV-Transformed MoS2 Nanosheets. In

this study, MoS2 nanosheets were chemically exfoliated at
XFNANO Materials Tech. Co., Ltd., Jiangsu, China, as
detailed in Text S1. The exfoliated nontransformed MoS2
nanosheets (NTMoS2, 1 mg/mL) were continuously irradiated
using a 500 W mercury lamp (200−400 nm, with a main
wavelength peak at 365 nm) for 12 h at 25 °C under magnetic
stirring. The irradiation wavelength and time follow the
environmental conditions and commonly reported parameters
for engineered modification. UV-transformed MoS2 nano-
sheets (UTMoS2) were collected by filtration through 0.1 μm
polyether sulfone membranes and freeze-dried for 48 h.
Sodium molybdate (Na2MoO4, >99%) was selected as an ionic
control in this study. Two forms of MoS2 nanosheets were
characterized as described in Text S1. Details of the tested
organisms and reagents used in this study are given in Text S2.

In Vivo Earthworm Exposure Strategy and Isolation
of Coelomocytes. In this study, the homogenized agar
recommended by Organization for Economic Co-operation
and Development (OECD) and International Organization for
Standards (ISO) was used as the exposure medium to allow
identification of the effects and associated toxicity mechanisms
of MoS2 nanosheets on E. fetida.30,31 This exposure medium
can exclude additional damage to the earthworm body wall and
gut from soil particle friction or ingestion and minimizes the
uncontrolled ex vivo transformation of MoS2 nanosheets. The
representative exposure concentrations selected in this study
were determined by the literature survey and the prediction of
environmentally relevant concentrations of MoS2 nanosheets,
meeting the range of soil biological tolerances (Text S3 and
Table S1). Seven treatments were established: (1) clean agar as
control; (2) agar with a low dose (10 mg Mo/L) of NTMoS2
(NTMoS2-L); (3) agar with a high dose (100 mg Mo/L) of
NTMoS2 (NTMoS2-H); (4) agar with a low dose (10 mg Mo/
L) of UV-transformed MoS2 (UTMoS2-L); (5) agar with a
high dose (100 mg Mo/L) of UV-transformed MoS2
(UTMoS2-H); (6) agar with a low dose (10 mg Mo/L) of
Na2MoO4 (Na2MoO4-L); and (7) agar with a high dose (100
mg Mo/L) of Na2MoO4. Each treatment level contained six
independent biological replicates. After domestication and 24 h
of depuration, adult earthworms with clearly visible clitellum
were transferred to the medium and exposed continuously for
96 h in a greenhouse at 25 ± 1 °C. The coelomocytes were
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isolated using a noninvasive method after 24 h of earthworm
depuration (details are given in Text S4).32

Lipidomics Analysis. Cellular lipids were extracted by the
methyl tert-butyl ether (MTBE) method. Briefly, 30 mg of cell
deposit was mixed with 200 μL of ultrapure water and vortexed
vigorously for 5 s. Subsequently, 240 μL of precooled
methanol and 800 μL of MTBE were added. The mixed
solution was centrifuged at 14 000 rpm for 15 min at 10 °C to
obtain the upper organic solvent layer, which was dried under
nitrogen. The obtained lipid extracts were redissolved in 200
μL of 90% isopropanol/acetonitrile, centrifuged at 14 000 rpm
for 15 min, and the supernatant was used for liquid
chromatography coupled to tandem mass spectrometry
analysis (LC-MS/MS; detailed in Text S5). The stability and

reliability of instrumental analysis and lipidomics data were
demonstrated through quality control (QC) samples prepared
by mixing equal amounts of tested samples (Figure S1 and
Text S6).

RNA Sequencing. Cellular RNA was extracted using a
TRIZOL reagent according to the manufacturer’s protocol.
The purity and integrity of extracted RNA were assessed by
Nanodrop 2000 and agarose gel electrophoresis, respectively.
Samples with satisfactory RNA quality were sequenced on an
Illumina Novaseq. 6000 sequencing platform, followed by
library construction via the Illumina Truseq RNA sample prep
Kit method. More details of the RNA sequencing are shown in
Text S7.

Figure 1. Nontargeted lipidomic profiles of earthworm (E. fetida) coelomocytes following in vivo exposure for 96 h to different Mo forms
(nontransformed (NTMoS2) and UV-transformed (UTMoS2) MoS2 nanosheets) and Na2MoO4 at two concentrations (L: 10 mg Mo/L; H: 100
mg Mo/L). (A−F) Six critical and significantly changed lipid subclasses across different treatments (p < 0.05). The content of lipid subclasses was
expressed as the chromatographic peak intensity. (G−L) Visualized volcano maps of detected lipid species from different comparisons. The
thresholds of p-value and fold change for differential lipid species (DLSs) were set at 0.05 and 1.5. (M) Correlation analysis between lipidomics (at
the subclass level) and phenotypic results. Numbers represent correlation coefficients. Statistically significant differences compared to the control
are expressed as *p < 0.05 and **p < 0.01.
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Detection of Liposome-Related Phenotypic Changes
in Earthworm Coelomocytes. After in vivo exposure,
isolated coelomocytes were resuspended in 0.8 mL of saline
(0.85%) and cell homogenates were prepared by high-speed
grinding. Following the manufacturer’s protocol, several
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) were used to detect cellular superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GSH-PX), glutathione reductase (GR) activities, total
antioxidant capacity (T-AOC), malondialdehyde (MDA),
and lactate dehydrogenase (LDH) contents to assess intra-
cellular redox status and membrane integrity. The nones-
terified fatty acid (NEFA) and total cholesterol (TCH)
contents were measured to assess intracellular lipid levels.
The detailed assay steps and the enzyme unit activity
definitions are listed in Tables S2−S10.

Microstructure Observation and Quantification of
Mo Content of Earthworm. After in vivo exposure, the
earthworms were transferred to 4% paraformaldehyde and
fixed for 48 h. At room temperature, the earthworms were cut
into 3 μm sections and embedded in paraffin. The sections
were stained using hematoxylin−eosin (HE), and images were
obtained under a microscope. Subsequently, an open-source
image analysis platform, Qupath, was applied to perform deep
learning, automated quantification, and objective screening for
pathological images (detailed in Text S8).33 Quantification of
the Mo content in earthworm tissue was performed according
to our previously established method,34 as detailed in Text S9.

Statistical Analysis. The statistical differences between
groups were analyzed (one-way ANOVA or t-test) by
GraphPad Prism (V. 7.0). For lipidomics and transcriptomics,
bioinformatics analysis methods are detailed in Text S10.

■ RESULTS AND DISCUSSION
Characterization of Nontransformed (NTMoS2) and

UV-Transformed (UTMoS2) MoS2 Nanosheets. Trans-
mission electron microscopy (TEM) images showed that the
NTMoS2 possesses a flat basal plane with inhomogeneous
lateral dimensions (Figure S2A). UV irradiation resulted in
dense nanopore formation on MoS2 nanosheets (Figure S2B),
with marginal changes in size ranges (Figure S3) and surface
functional groups (Figure S4). The elevated specific surface
area (Figure S5A; from 0.70 to14.29 cm2/g) and the total pore
volume (Figure S5B; from 0.0057 to 0.060 cm3/g) from the
Brunauer−Emmett−Teller (BET) analysis confirmed the
porous morphology (pore size ∼5−15 nm; Figure S5C) of
UTMoS2. High-resolution TEM (HR-TEM) images showed
that UV irradiation increased the lattice spacing of MoS2
nanosheets (Figure S6; from 0.32 ± 0.02 to 0.39 ± 0.12 nm, p
< 0.05) and explained the essence of nanopores as clustered
atomic vacancies.27 The detected higher release of Mo
(MoO42−, p < 0.01) and S species (SO42−, p < 0.05) (Figure
S7) supported the Mo and S atom oxidation of UTMoS2.

3,25,26

The A1g (∼405 cm−1) to E2g1 (∼380 cm−1) blue shifts of
Raman peaks and higher A1g−E2g1 ratio of UTMoS2 (from 2.26
to 2.36) indicated the lattice distortion of MoS2 nanosheets
after UV irradiation (Figure S8),35,36 which is further
confirmed by the improved surface roughness (Figure S9;
from 0.61 to 0.95). The above data indicate that UV-mediated
oxidation and dissolution of Mo and S atoms on MoS2
nanosheets are responsible for porous morphology formation.
The nanopore structure possesses abundant edge sites and

dangling bonds that may alter their biological effects.27,37−39

This is verified in the following sections.
Nontargeted Lipidomics Reveals Common and

Unique Lipid Profile Changes in Earthworm Coelomo-
cytes. A total of 40 lipid subclasses, including 1331 lipid
species, were identified across all 7 treatments, demonstrating a
good detection breadth and depth. The composition of the
lipid subclasses for each treatment is shown in Figure S10.
Phosphatidylcholine (PC, 30.15−34.90%), phosphatidylinosi-
tol (PI, 13.34−17.44%), sulfatide (ST, 13.43−15.43%), and
phosphatidylethanolamine (PE, 9.91−11.74%) were the
dominant lipid subclasses but without significant lipid content
or structural changes across the treatments. These results are
consistent with the high percentage of PC, PE, PI, and ST in
other eukaryotic cells.40,41 Several lipids with lower relative
abundance but are responsible for key biological functions
deserve special attention, as their contents varied significantly
(ANOVA) upon different treatments.

Lipid Subclasses Changes. Lipids typically perform
physiological functions as subclass groups.42 Six critical and
significantly changed (p < 0.05) lipid subclasses are shown in
Figure 1A−F. Compared to the control, the levels of the lipid
subclasses lyso-phosphatidylserine (LPS), lyso-phosphatidyl-
ethanolamine (LPE), and fatty acid (FA) were significantly
downregulated (p < 0.01) upon exposure to 10 and 100 mg
Mo/L Na2MoO4, while no significant changes were observed
in the two types of MoS2 nanosheet-exposed groups (Figure
1A−C). LPS and LPE are two important subclasses of
glycerophospholipids, which are the main structural compo-
nents of cell membranes. Therefore, the metabolic inhibition of
glycerophospholipids and FA suggests that Na2MoO4 may
cause a partial loss of membrane stability.43 This is supported
by the significant decrease in unsaturation and carbon chain
length of LPE and monoglyceride (MG) subclasses under Mo
ion exposure (Figures S11 and S12). There is evidence that the
homeostasis of glycerophospholipids is closely related to the
dynamic changes of glycerides.16 The content of MG, a
subclass of glycerides, decreased significantly (p < 0.01) upon
exposure to 100 mg Mo/L of Na2MoO4 (Figure 1D),
indicating that glyceride metabolism was inhibited by Mo
ions. In addition to MG, following in vivo exposure to 100 mg
Mo/L of UTMoS2, the diglyceride (DG) level in earthworm
coelomocytes was significantly upregulated by 179% compared
to that of the control (Figure 1E, p < 0.05). Meanwhile,
UTMoS2 exposure resulted in a significant upregulation
(50.6%, p < 0.05) of triglyceride (TG) levels in the high-
concentration group (Figure 1F), while the NTMoS2 and
Na2MoO4 exposure groups showed no such changes. These
results suggest that 100 mg Mo/L of UTMoS2 specifically
induced the hypermetabolism of glycerides (including DG and
TG). One possible mechanism is that nanopores provide
potential active sites and exposed bonds that alter the
coelomocyte lipid metabolism pattern by facilitating the
electron transport between the MoS2 nanosheets and cell
membrane.27,39 The contents of phospholipids (PC, PE, and
PI) and ST subclasses did not change significantly among the
different exposures, although a higher relative abundance was
evident (Table S11). Furthermore, both doses of NTMoS2 and
UTMoS2 not only significantly decreased the unsaturation
degree and the carbon chain length of the zymosterol (ZyE)
subclass but also caused an increase in the carbon chain length
of the DG subclass (Figures S11 and S12). Taken together,
Na2MoO4 significantly inhibited the synthesis of liposomes
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involved in membrane homeostasis and reduced the
unsaturation degree and carbon chain length of related lipid
subclasses. Compared to ionic molybdate, NTMoS2 had no

significant effect on lipid subclass content, whereas 100 mg

Mo/L of UTMoS2 induced glyceride hypermetabolism.

Figure 2. Bubble maps of differential lipid species (VIP > 1.0 and p < 0.05) in earthworm (E. fetida) coelomocytes in vivo exposed for 96 h to (A,
B) Na2MoO4 and (C, D) nontransformed (NTMoS2) and (E, F) UV-transformed (UTMoS2) MoS2 nanosheets at two concentrations (L: 10 mg
Mo/L; H: 100 mg Mo/L).
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Lipid Species Perturbation. Partial least-squares discrim-
inant analysis (PLS-DA) was performed on identified 1331
lipid species to investigate intergroup differences. The data
from Na2MoO4 exposures were separated from the other
groups at both doses, indicating that molybdate caused more
significant overall lipid species level perturbation (Figure
S13A,B). When molybdate was excluded, NTMoS2 and

UTMoS2 disturbed the lipid metabolism of earthworm
coelomocytes differently (Figure S13C,D). Visualized volcano
plots clearly show that far more differential lipid species
(DLSs) were upregulated than downregulated upon all
exposures (Figure 1G−L), suggesting a lipid hypermetabolism
in coelomocytes exposed in vivo to two types of MoS2
nanosheets and Na2MoO4. Molybdate exposure induced a

Figure 3. Transcriptomics changes of lipid-related target genes in earthworm (E. fetida) coelomocytes in vivo exposed for 96 h to nontransformed
(NTMoS2) and UV-transformed (UTMoS2) MoS2 nanosheets and Na2MoO4. (A, B) PLS-DA and (C, D) Venn diagram analysis performed on 10
mg Mo/L (L) and 100 mg Mo/L (H) exposure groups. WGCNA analysis (E) was used to correlate transcriptomics and phenotypic results.
Numbers represent correlation coefficients and p-values (in parentheses). (F) GO enrichment analysis (p < 0.05).
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more pronounced lipid species disorder than the two types of
MoS2 nanosheets, and the control and MoS2 nanosheet
exposures were clustered in the same hierarchy under the
positive ion mode (Figure S14A). These findings are
consistent with the obvious differences from Na2MoO4 in
PLS-DA score plots (Figure S13A,B). Significant ionic group
separation was also observed in the negative ion mode, but the
effects of NTMoS2 and UTMoS2 on coelomocyte liposomes
were similar (Figure S14B). The subclass distribution of DLSs
was further identified (Figure 2). The DLSs in coelomocytes
exposed to Na2MoO4 (10 and 100 mg Mo/L) were distributed
among PE, lysophosphatidylcholine (LPC), and LPS sub-
classes (Figure 2A,B). It has been demonstrated that LPS and
LPE transformed from PC are directly associated with cell
membrane damage.44,45 Unlike molybdate, the coelomocyte
DLSs upon NTMoS2 exposure were primarily phospholipids,
including phosphatidylserine (PS), PI, PE, and PC (Figure

2C,D). This implies a positive membrane structure remodeling
of coelomocytes under NTMoS2 stress.

16 UTMoS2 exposure
resulted in the differential upregulation of ST (Figure 2E,F),
which may be associated with the cellular response to
UTMoS2-induced energy deprivation as ST plays a critical
role in cellular signal transduction and energy homeostasis
processes.46

Lipid-Associated Transcriptomics Further Probe the
Molecular Initiation Events. Transcriptomics was used to
further reveal and predict the molecular initiating events of
lipid disorders. PLS-DA performed on all screened lipid-related
genes clearly distinguished gene expression differences
between NTMoS2, UTMoS2, Na2MoO4, and control groups
(Figure 3A,B). The 10 and 100 mg Mo/L groups were also
well separated (Figure S15). The Venn diagram analysis
confirmed the difference in concentration, as differentially
expressed genes (DEGs) shared in 10 and 100 mg Mo/L

Figure 4. (A) NEFA and (B) TCH contents in earthworm (E. fetida) coelomocytes in vivo exposed to two concentrations (10 and 100 mg Mo/L)
of nontransformed (NTMoS2) and UV-transformed (UTMoS2) MoS2 nanosheets and Na2MoO4 in an agar medium. Coelomocyte redox and
membrane homeostasis were characterized by (C) MDA contents, (D) SOD activities, (E) CAT activities, (F) GSH-PX activities, (G) T-AOC
levels, (H) LDH contents, and (I) GR activities. The top and bottom boundaries of the boxes show the 25th and 75th percentiles, respectively; the
mean and median of the data are marked as black dots and horizontal lines in the boxes, respectively. Statistically significant differences compared
to the control are expressed as *p < 0.05 and **p < 0.01.
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groups only accounted for 10.9, 11.4, and 14.4% of the total
DEGs, respectively (Figure S16). Visual analysis based on
volcano plots showed that more genes were significantly
upregulated than downregulated at all doses (Figure S17).
With increasing dose, fewer genes were upregulated and more
genes were downregulated in NTMoS2 and UTMoS2 groups,
while the opposite pattern was observed upon Na2MoO4
exposure. Hierarchical clustering (HCL) analysis further
revealed that Na2MoO4 caused more significant changes in
gene expression than MoS2 nanosheets at 10 mg Mo/L (Figure
S18A). The gene expression pattern of coelomocytes with
UTMoS2 was similar to that of Na2MoO4 at 100 mg Mo/L
(Figure S18B). The Venn diagram analysis based on all
treatments showed that 34 and 51 DEGs were coregulated by
NTMoS2, UTMoS2, and Na2MoO4 at 10 and 100 mg Mo/L,
respectively (Figure 3C,D).
A weighted coexpression network analysis (WGCNA) was

applied to correlate unigenes regulating lipid homeostasis with
evidence of phenotypic alterations. All target unigenes were
divided into 6 modules (Figure 3E). Unigenes in the
Meturquoise module were significantly positively correlated
with LDH activity (R = 0.455, p = 0.0382), while those in the
Meyellow module were significantly negatively correlated with
SOD activity (R = −0.475, p = 0.0296). Gene Ontology (GO)
enrichment results for unigenes in each of these two modules
validated the correlation analysis results, as unigenes in the
Meturquoise module play important roles in regulating
membrane homeostatic processes, while unigenes in the
Meyellow module closely regulate cellular stress response
and transmembrane receptor activity (Figure S19).
Next, all DEGs were matched in the GO and Kyoto

Encyclopedia of Genes and Genomes (KEGG) databases.
Na2MoO4 exposure at 10 mg Mo/L resulted in an
upregulation of DEGs associated with H2O2 catabolism
(Figure 3F), which is consistent with the significant increase
(p < 0.01) in CAT activity at this concentration (Figure 4E).
The downregulated DEGs in the Na2MoO4 group were
significantly enriched in the categories of steroid and
unsaturated fatty acid biosynthesis (Figure S20). Inhibition
of sterol and unsaturated fatty acid de novo synthesis by
Na2MoO4 could lead to energy deprivation.

46 This is
confirmed by the significant enrichment of the riboflavin
metabolic pathway (Figure S20), which plays a key role in
energy production.47 In addition, the downregulated immune
response pathway suggests the presence of immune stress
caused by Na2MoO4 exposure (Figure 3F).
Compared to Na2MoO4, NTMoS2 inhibited the expression

of genes related to ion transport across membranes, which may
counteract Mo ion damage by actively regulating osmotic
pressure and cellular ion uptake.48 The lipidomics analysis
supports this hypothesis, as NTMoS2-upregulated DLSs were
significantly enriched in the glycerophospholipids (PS, PI, PE,
PC) (Figure 2C,D). Glycerophospholipids are major structural
components of cell membranes and are involved in membrane
homeostasis by providing precursors for signaling molecules.49

Additionally, downregulated DEGs significantly correlated with
oxidative phosphorylation and glycolysis (Figure S20), which is
indicative of stress on cellular energy homeostasis.50,51

Unlike NTMoS2, genes involved in lipolysis were activated
upon exposure to UTMoS2 at 10 mg Mo/L (Figures 3F and
S20). Consistent with the differential upregulation of lipid
subclass ST related to energy homeostasis in lipidomics, these
results suggest a positive cellular response to compensate for

UTMoS2-induced energy deprivation. UTMoS2 at 100 mg
Mo/L activated the apoptotic pathway. Apoptosis is typically
accompanied by the loss of membrane homeostasis.52 Given
the significant impact of Na2MoO4 on the membrane structure
and its associated lipids, the role of ionic Mo release in
UTMoS2-induced lipid disorders deserves attention.

Phenotypic Consequences Verified the Liposome
Disorder in Coelomocytes. Dysregulation of liposomes
may have a range of adverse consequences, including energy
destabilization and lipid peroxidation.53,54 The content of
NEFA in earthworm coelomocytes upon in vivo exposure to
Na2MoO4 increased in a dose-dependent fashion up to 31.9%
of the controls (n.s., Figure 4A). Two types of MoS2
nanosheets at 100 mg Mo/L also caused intracellular
accumulation of NEFA (4.45%, 22.7%, n.s.). As a decom-
position product of neutral fat, an elevated NEFA content is
correlated with abnormal mitochondrial respiration.55 The
significant accumulation of intracellular TCH upon exposure
to UTMoS2 and Na2MoO4 at 100 mg Mo/L (p < 0.05; Figure
4B) confirms the UTMoS2- and Na2MoO4-induced upregula-
tion of DLSs in the ST subclass (Figure 2).
Given the observed lipid dysregulation, we speculate that

hypermetabolized liposomes, particularly polyunsaturated fatty
acids, could be rapidly and extensively peroxidized by reactive
oxygen species (ROS). To test this hypothesis, we measured
MDA levels, the end product of lipid peroxidation.56 As
expected, UV-transformed MoS2 nanosheets induced signifi-
cant lipid peroxidation (50.4−69.5%, p < 0.05; Figure 4C) in a
dose-dependent fashion. The significant positive correlation
between DG and MDA (R = 0.485, p = 0.0162; Figure 1M)
further indicates that UTMoS2-induced lipid peroxidation was
closely related to glyceride hypermetabolism. The occurrence
of lipid peroxidation is a function of the intracellular redox
status.57 NTMoS2 at 100 mg Mo/L caused a significant
elevation of SOD activity in the coelomocytes (Figure 4D; p <
0.01). Meanwhile, CAT, GSH-PX, and T-AOC were activated
upon NTMoS2 exposure at 10 mg Mo/L (p < 0.05; Figure
4E−G), suggesting the positive response of the coelomocyte
antioxidant system to prevent lipid peroxidation.58−60

Detection of LDH levels, a biomarker of cell membrane
integrity,7,27 confirmed the Na2MoO4-induced membrane
stress as 100 mg Mo/L of Na2MoO4 caused significant LDH
leakage (p < 0.05; Figure 4H). Compared to NTMoS2, 100 mg
Mo/L of UTMoS2 and Na2MoO4 significantly inhibited the
GR activity (p < 0.05; Figure 4I). Notably, correlation analysis
showed that glycerophospholipids (LPS, LPE) and glyceride
(mainly MG) were significantly and positively correlated with
the GR activity (Figure 1M). GR is not involved in the direct
scavenging of ROS but enables the function of GSH-PX.61,62

Therefore, the inhibition of the GR activity by UTMoS2 and
Na2MoO4 may indirectly lead to the inability to scavenge ROS
and subsequently mediate the loss of membrane homeostasis
in conjunction with disturbed glycerophospholipid and
glyceride metabolism.43

Accumulation of Mo from Different Mo Forms.
Alterations in the liposomes and associated phenotypes in
coelomocytes may be related to the accumulation of Mo from
different Mo forms. The uptake (including oral ingestion and
tissue absorption) of total Mo from different Mo forms at 10
mg Mo/L showed no significant difference compared to the
control (Figure S21A). At 100 mg Mo/L, the total Mo
concentrations in earthworms exposed to NTMoS2, UTMoS2,
and Na2MoO4 were 24.6, 30.0, and 46.0 μg/g (d.w.),
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respectively (p < 0.01, compared to control). Notably, the
earthworm Mo content was significantly higher (p < 0.01)
from Na2MoO4 than from NTMoS2 and UTMoS2 at the high
dose. It has been reported that earthworms can rapidly

accumulate ionic Mo with uptake rate constants ranging from
0.05 to 1.70 g soil g−1 worm d−1 (d.w.).63 Similarly, Baccaro et
al. observed that earthworms exhibited a significantly higher
absorption of silver ion species compared to that of silver

Figure 5. Hematoxylin−eosin (HE) staining and visual analysis based on machine learning in earthworms (E. fetida) following in vivo exposure for
96 h to different Mo forms (nontransformed (NTMoS2) and UV-transformed (UTMoS2) MoS2 nanosheets and Na2MoO4). (A) Control; (B)
Na2MoO4-L (10 mg Mo/L); (C) Na2MoO4-H (100 mg Mo/L); (D) NTMoS2-L (10 mg Mo/L); (E) NTMoS2-H (100 mg Mo/L); (F) UTMoS2-
L (10 mg Mo/L); and (G) UTMoS2-H (100 mg Mo/L). Black arrows indicate abundant goblet cells. White arrows represent abundant fine
secretory granules in the cytoplasm of epithelial cells. Yellow arrows denote visible microvilli on the surface of the intestine. Red arrows indicate
reduced goblet cells or epidermal damage. Blue and purple arrows represent pathologic pigmentation and circular muscle breakage, respectively.
Orange arrows indicate the fatty degeneration of intestinal mucosal epithelial cells and the formation of lipid vacuoles. Green arrows indicate the
shedding of intestinal peripheral yellow cells. ML, muscular layer; IT, intestinal tract; CO, coelom; CM, circular muscle; LM, longitudinal muscle;
EN, enterocoel; E, epithelium; VE, vessel.
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nanomaterials.64 In the present study, we further distinguished
the specific proportions of ionic Mo from the total Mo content
accumulated in earthworms (Figure S21B). Due to the higher
Mo ion release from UTMoS2 (Figure S7A), the proportion of
ionic Mo in earthworm total Mo accumulation of the UTMoS2
group was significantly higher than that of the NTMoS2 group
at both exposure concentrations (Figure S21B; p < 0.01).
Compared to MoS2 nanosheets, the ionic counterpart can
readily infiltrate and may exert different toxicity profiles from
organism tissue to cell.26,65 Considering the obvious alteration
of the MoS2 nanosheet morphology and different uptake
patterns of Mo as a function of chemical form, image-based
machine learning was further applied to investigate liposome
damage upon different Mo forms of accumulation at the tissue
level.

Image-Based Machine Learning Probes Liposome
Damage at the Tissue Level. Compared to the control
(Figure 5A1−A5), Na2MoO4 at 10 mg Mo/L caused slight
circular muscle pigmentation and intestinal mucosal epithelium
steatosis without destroying earthworm epithelial integrity
(Figure 5B,C). The visualized analysis based on machine
learning showed that earthworm intestinal damage was more
significant upon Na2MoO4 exposure at 100 mg Mo/L,
including the shedding of intestinal peripheral yellow cells
(green arrow) and increasing lipid vacuolization (orange and
red marks). The significant intestinal pathological damage is
consistent with the high uptake pattern of Mo ions by the
earthworms (Figure S21).
Two types of MoS2 nanosheets at both doses caused varying

degrees of epidermal and muscle stress, including epithelial
layer contraction and goblet cell reduction (Figure 5D−G).
Earthworms showed reduced epithelial thickness through the
atrophy of goblet cells and increased body surface humidity
favoring enhanced respiration under MoS2 nanosheet stress,

which could increase the risk of exposure and uptake of other
xenobiotics.66 Interestingly, although there was no difference in
the total Mo uptake from the two types of MoS2 nanosheets,
machine learning identified that NTMoS2 induced more
pronounced circular muscle pigmentation in a concentration-
dependent manner than UTMoS2 (Figures S21 and 5D4,E4).
Nevertheless, NTMoS2 did not cause significant intestinal
pathology regardless of the dose.
Earthworm epithelium integrity was disrupted (red arrows)

upon 10 mg Mo/L of UTMoS2 exposure. Circular muscle
pigmentation (blue arrows) and intestinal lipid vacuoles were
also observed (Figure 5F1−F3). The earthworm epithelium is
the primary barrier against environmental stress.67 Loss of
earthworm epithelial integrity may lead to a higher exposure
risk for the subepidermal muscle and intestinal tract.56 This
hypothesis was confirmed by the high-concentration groups.
UTMoS2 at 100 mg Mo/L resulted in more significant damage
to the earthworm epithelium (Figure 5G1, red arrows).
Compared to NTMoS2, highly transformed nanosheets are
more likely to break and generate more sharp edges, which
pose a significant risk to the epithelium during direct
interaction or uptake by earthworms. Steatosis of earthworm
intestinal mucosal epithelial cells was evident upon UTMoS2
exposure at both doses (orange arrows in Figure 5F3,G3).
Visual analysis of machine learning results showed that the
intestinal lesion area was significantly larger for UTMoS2- than
for NTMoS2-exposed groups (Figure 5F5,G5). Nanopores
afford potentially active sites that contribute to enhanced
electron transport during nanomaterial−cell interactions.27
The boosted electron transport may damage biofilms and
cause cellular degeneration. Additionally, considering the
similar intestinal lipid degeneration in the Na2MoO4 groups,
a higher Mo ion release related to the nanopore structure, and

Figure 6. Schematic illustration of differential adverse outcome pathways (AOPs) associated with tissue, cellular, and molecular effects of
nontransformed and UV-transformed MoS2 nanosheets and Na2MoO4 on soil sentinel earthworm (E. fetida).
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the significant ionic accumulation by earthworms, the “ionic
risk” from UTMoS2 warrants further study.

Environmental Implications. The versatile applications
of the MoS2 nanosheet need to be carefully evaluated against
associated environmental risks. The biocomplexity of lip-
osomes and the application of sensitive mass spectrometry
techniques provide important additional opportunities to
expand the mechanistic understanding of such risks.22,40,68

Within an E. fetida coelomocyte-based in vivo exposure
strategy, the differential AOPs from exposure to MoS2
nanosheets (non- and UV-transformed) and their ionic
counterpart were distinguished using nontargeted lipidomics
integrated with transcriptomics (Figure 6). Conventional Mo
ion exposure primarily inhibited the de novo synthesis of key
lipids (LPS, LPE, and FA) associated with membrane
structure. Unlike the negative effects of Mo ions on membrane
homeostasis, NTMoS2 upregulated phospholipid (PS, PI, PE,
and PC) contents, which may contribute to cell membrane
structure remodeling. UTMoS2 can specifically activate
metabolic levels of ST (energy homeostasis) and glyceride
(mediated lipid peroxidation), suggesting a cellular response to
energy deprivation and oxidative stress. The advantage of
coelomocyte lipid profiling following exposure to different Mo
forms is that these liposomes are involved in a broad range of
biological functions, thus helping us to identify novel AOPs in
an unbiased manner. Using high-resolution LC-MS/MS, we
can also identify additional structural features (e.g., carbon
chain length, unsaturated bond numbers, etc.) within
individual lipid species. However, in the framework of
lipidomics-based ecological risk assessment, there is also a
need to establish the link between captured liposomes and
molecular endpoints and, ultimately, to determine the
correlation with whole organism-level effects.14,69 In the
present study, transcriptomics and multiple phenotypic
responses, including redox homeostasis, lipid peroxidation,
and pathological damage, were used to validate the liposomal
disorders detected at different levels of biological organization.
Given these findings, future strategies for soil risk assessment
should be further optimized, including the development of new
biomarkers for AOPs by allowing functional identification from
lipid subclasses to single species and the eventual expansion of
liposome analysis to environmental monitoring.
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