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Introduction: Copper nanoparticles (Cu-NPs) have been increasingly released
into marine environments due to their extensive applications, posing potential
risks to marine organisms and human health. Although Cu-NPs of different
particle sizes exhibit distinct toxicities—largely attributed to variations in
speci c surface area and Cu?* dissolution rates—current physicochemical
parameters still fail to fully explain these toxic effects, and the underlying
molecular mechanisms remain unclear.

Methods: This study aimed to investigate the toxic effects and underlying
molecular mechanisms of Cu-NPs of different nominal primary diameters
(10 nm, 50 nm, and 100 nm) on the marine medaka (Oryzias melastigma).
Results: LCso point estimates suggested slightly higher toxicity for smaller Cu-NPs.
Integrated miRNAomic and transcriptomic analyses revealed that Cu-NPs-10
exposure markedly activated multiple metabolic pathways, including drug
metabolism—cytochrome P450, retinol metabolism, and ascorbate and aldarate
metabolism. Cu-NPs-50 exposure primarily affected neurodevelopment and
synaptic signaling, with predicted miRNA—mMRNA associations including miR-202
with mprip-like and miR-2187 with adgrg2-like. In contrast, Cu-NPs-100 exposure
activated in ammation- and barrier repair-related networks, with potential miRNA—
mMRNA relationships involving miR-202 with tm4sf5, miR-106a, miR-132¢, miR-
200b, and miR-202 with znfx1, as well as miR-2187 and miR-202 with rhbdI2.
Discussion: Collectively, the integrated miRNA—mMRNA analysis suggests that
smaller Cu-NPs show a correlation with more intense molecular stress responses
than larger particles under seawater transformations (e.g., aggregation/
dissolution), and provides insights into the key regulatory networks potentially
underlying these size-associated responses.
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1 Introduction

The rapid advancement of nanotechnology has greatly
promoted the widespread application of metal-based
nanoparticles. Among them, Cu-NPs have attracted considerable
attention due to their excellent optical, thermal, and electrical
properties, which make them widely used in semiconductors,
electronic chips, and photocatalysis (Hossain et al., 2023). In
addition, owing to their strong antimicrobial activity against
various pathogenic microorganisms, Cu-NPs are increasingly
applied in food packaging to inhibit spoilage microbes and extend
shelf life (Rai et al., 2018). They are also employed in environmental
remediation to enhance water puri cation and in agriculture as
additives in pesticides and herbicides (Rahman et al., 2022). In the
biomedical eld, Cu-NPs have been utilized in chronic wound
dressings (Tao et al., 2019), anti-infective coatings (Yudaev et al.,
2022), and antiviral materials (Ha et al., 2022; Yimeng et al., 2022),
demonstrating application potential comparable to that of silver
nanoparticles (Salvo and Sandoval, 2022; Tortella et al., 2022).
However, with their increasing production and utilization, Cu-
NPs are inevitably released into the environment through
wastewater, agricultural runoff, and industrial ef uents. Bansal
et al. (2012) reported that Cu-NPs could migrate within soil
under eld conditions, release copper ions, and signi cantly alter
soil microbial community composition. After undergoing physical
(aggregation, sedimentation), chemical (dissolution, redox), and
biological (degradation, biotransformation) processes (Devasena
et al., 2022), Cu-NPs ultimately enter aquatic environments,
where they can be taken up by aquatic organisms and transferred
through the food web to higher trophic levels, leading to ecological
exposure and potential toxicological risks (Yu et al., 2022).

Previous studies have demonstrated that the toxic mechanisms
of Cu-NPs in living organisms involve multiple biological processes,
including cell membrane disruption, oxidative stress, DNA damage,
immune activation, and apoptosis, with most toxic effects attributed
to their ability to induce oxidative stress (Yu et al., 2020; Ramos-
Zuniga et al., 2023; Sielska and Skuza, 2025). Zhang et al. (2018)
reported that Cu-NPs induced dose-dependent developmental
toxicity in zebra sh embryos, causing eye hypoplasia, inhibition
of intestinal formation, and differential expression of genes
associated with wound healing, stimulus response,
phototransduction, and metabolic processes. Li et al. (2013) found
that in Escherichia coli, Cu-NPs at low to moderate concentrations
simultaneously triggered oxidative stress, DNA damage, membrane
injury, and protein damage, signi cantly inhibiting bacterial
growth. The primary toxicity was attributed to the rapid release
of Cu(l), which drives hydrogen peroxide (H,0O,) generation during
oxidation. In rainbow trout, exposure experiments conducted by
Al-Bairuty et al. (2013) and Khan et al. (2025) revealed that Cu-NPs
markedly activated immune and in ammatory pathways,
accompanied by melano-macrophage aggregation and signi cant
upregulation of in ammatory markers such as HSP70 and IL-1b.
Histopathological observations showed severe tissue damage,
including lamellar fusion in gills, hepatocellular vacuolation,
and necrosis.
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Zebra sh and rainbow trout have played essential roles as
freshwater model organisms in nanotoxicological research
(Kumah et al., 2023). However, O. melastigma, a species of
signi cant ecological and commercial importance that inhabits
distinctly different environments, has been recognized as an “ideal
marine model sh” owing to its small body size, easily
distinguishable sex, short generation time, and high sensitivity to
environmental pollutants (Dong et al., 2014). Regarding exposure
characteristics, most studies on Cu-NPs have focused on dose-
dependent toxic effects, while systematic investigations of particle
size—dependent toxicity remain limited (Zhao et al., 2025). Particle
size is a critical determinant of nanotoxicity, in uencing
nanoparticle stability, solubility, and interactions with biological
membranes in aquatic environments (Bondarenko et al., 2013).
Transcriptomic approaches have been widely used to elucidate the
molecular mechanisms underlying the toxic effects of metallic
nanoparticles (Simon et al., 2013; Tan et al., 2022); however,
post-transcriptional regulation—particularly miRNA-mediated
regulation—also plays a crucial role. miRNAs are small non-
coding RNA molecules of approximately 20-24 nucleotides that
primarily suppress translation or promote mMRNA degradation by
binding to complementary sequences in the 3 UTR of target
mRNAs (Bartel, 2009). Integrating mRNA and upstream miRNA
expression pro les to construct directed regulatory networks can
provide a more comprehensive understanding of the molecular
mechanisms of nanoparticle toxicity. Therefore, joint miRNA—
MRNA analyses to elucidate how particle size modulates the
accumulation, dissolution-transformation processes, and ultimate
toxic effects of Cu-NPs in marine organisms hold signi cant
scienti ¢ importance.

This study aimed to investigate the molecular mechanisms
underlying the acute toxicity of Cu-NPs with different particle
sizes (10 nm, 50 nm, and 100 nm) in O. melastigma. Speci cally,
we examined how Cu-NPs of varying sizes in uence gene
expression and miRNA regulatory networks, and whether these
molecular responses exhibit size-dependent characteristics. High-
throughput RNA sequencing and miRNA sequencing were
employed to jointly analyze transcriptomic and epigenetic
regulatory alterations induced by Cu-NPs exposure. The study
particularly focused on the effects of particle size on key
biological processes, including DNA damage repair, cell cycle
regulation, immune signaling, and cell death. Furthermore, by
integrating shared miRNA-mRNA association analyses, key
regulatory axes were identi ed to elucidate the ecotoxicological
mechanisms of Cu-NPs and to provide a theoretical basis for
developing molecular biomarkers for nanomaterial-induced
toxicity in marine organisms.

2 Materials and methods
2.1 Oryzias melastigma cultivation

Four-month-old O. melastigma with an average body length of
2.1 cm and an average body weight of 0.20 g were used for the
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experiments. Seawater was sterilized using ultraviolet (UV)
irradiation prior to use. Fish were acclimated for two weeks in 50 L
glass aquaria under controlled laboratory conditions. The water
temperature was maintained at 27 — 1 C, salinity at 30%o, pH at
8.1—0.1, and dissolved oxygen at 7.0 — 0.1 mg/L, with a photoperiod
of 14 h light and 10 h dark. The sh were fed freshly hatched brine
shrimp (Artemia nauplii) twice daily. Water was renewed twice per
week, and dead individuals were promptly removed. The cumulative
mortality during acclimation did not exceed 2%.

2.2 Copper nanoparticle characterization

Cu-NPs dispersions with nominal particle sizes of 10 nm,
50 nm, and 100 nm (designated as Cu-NPs-10, Cu-NPs-50, and
Cu-NPs-100, respectively) were purchased from Beijing Dekedaojin
Technology Co., Ltd. (Beijing, China). According to the
manufacturer’s certi cate of analysis, the particles were supplied
as powder with a stated purity of 99% and a surface modi cation of
uncoated. Stock suspensions were prepared in arti cial seawater
and dispersed by bath sonication prior to dilution with arti cial
seawater to the desired concentrations. The morphology and
primary particle size of Cu-NPs were characterized using
transmission electron microscopy (TEM; Hitachi H-7500, Japan)
operated at an accelerating voltage of 80 kV. The hydrodynamic
diameter and zeta potential (surface charge) of Cu-NPs in seawater
were measured at 0 and 96 h using dynamic light scattering (DLS;
Zetasizer Nano Series, Malvern Instruments Ltd., UK).

2.3 Acute toxicity test

The acute toxicity test on O. melastigma was conducted in
accordance with the Organisation for Economic Co-operation and
Development (OECD) Guidelines for the Testing of Chemicals No.
203 (Fish, Acute Toxicity Test). For each particle size of Cu-NPs, six
exposure concentrations were established: Cu-NPs-10 at 5, 6.6, 8.7,
11.5,15.2, and 20 mg/L; Cu-NPs-50 at 10, 11.5, 13.2, 15.2, 17.4, and
20 mg/L; and Cu-NPs-100 at 10.3, 11.7, 13.2, 15.0, 17.0, and
19.3 mg/L. Exposure solutions were prepared by diluting stock
suspensions with arti cial seawater (salinity 30%o). For each
concentration group, seven sh were randomly assigned, with
three replicates per treatment. Experimental conditions were
maintained at 27 — 1 C, salinity 30%o, pH 8.1 — 0.1, dissolved
oxygen 7.0 — 0.1 mg/L, and a photoperiod of 14 h light and 10 h
dark. Mortality was recorded daily, and dead individuals were
promptly removed. After 96 h of exposure, the median lethal
concentration (LCsp) values for Cu-NPs of different particle sizes
were calculated using the probit method.

2.4 mRNA and miRNA sequencing

Cu-NPs were applied at a concentration of 15 mg/L, which
approximately corresponds to the LCsgq values determined for three
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different particle sizes of Cu-NPs in O. melastigma. This
concentration was used as a common nominal mass
concentration to facilitate cross-size comparison for downstream
MRNA and miRNA sequencing. Four exposure treatments were
established: (1) control group (CK group); (2) Cu-NPs-10; (3) Cu-
NPs-50; and (4) Cu-NPs-100. Each treatment included three
replicates. Water quality parameters were measured and recorded
once daily throughout the exposure period (Supplementary Table
S1). Under the same exposure conditions as those used in the acute
toxicity test, O. melastigma were exposed for 96 h. From each
replicate of the four groups, one individual was randomly collected,
resulting in a total of 12 samples. Samples were immediately frozen
in liquid nitrogen and stored at -80 C until RNA extraction.

Total RNA was extracted and used for both transcriptome and
mMiRNA sequencing. Detailed procedures for mRNA and miRNA
sequencing—including RNA extraction, library construction,
enrichment, puri cation, quanti cation, bridge ampli cation, and
Illumina sequencing—are provided in the Supplementary
Information. Differentially expressed genes (DEGs) and
differentially expressed miRNAs (DEmiRNAs) were identi ed
using the R statistical package edgeR (Empirical analysis of Digital
Gene Expression in R; http://www.bioconductor.org/packages/
release/bioc/html/edgeR.html/), with signi cance thresholds set at
p < 0.05. Target genes of miRNAs were predicted using
TargetFinder, and the annotation information of the target genes
was matched to the corresponding miRNAs for subsequent
regulatory network analysis.

2.5 Bioinformatics analysis

Gene Ontology (GO) functional enrichment analysis of DEGs
and target genes of DEmiRNAs was performed using Goatools
(https://github.com/tanghaibao/Goatools). Four multiple-testing
correction methods—Bonferroni, Holm, Sidak, and false
discovery rate (FDR)—were applied to adjust p-values. KEGG
pathway enrichment analysis was conducted using KOBAS
(http://kobas.cbi.pku.edu.cn/kobas3), with Benjamini—-Hochberg
(BH, FDR) correction for multiple testing. All p-values were
obtained using Fisher’s exact test. GO terms and KEGG pathways
with corrected p-values (p(fdr) 0.05) were considered
signi cantly enriched.

2.6 Data analysis

Principal coordinates analysis (PCoA) was used to evaluate the
overall differences between Cu-NPs exposure groups of different
particle sizes and the CK group. The signi cance of group
differences was assessed using the Adonis test, where a higher
coef cient of determination (R ) indicates greater dissimilarity
between groups. After sequencing, Venn diagram analysis was
performed to compare the numbers and intersections of
upregulated and downregulated DEGs and DEmiRNAs among
different Cu-NPs treatments, aiding in the identi cation of key
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molecules with shared regulatory roles. Spearman’s correlation
analysis was conducted to examine the relationships between
common miRNAs and their predicted target genes. Correlations
with coef cients greater than 0.6 or less than 0.6 and p < 0.05 were
considered statistically signi cant.

3 Results

3.1 Characterization of copper
nanoparticles

The morphology, particle size, and aggregation state of Cu-NPs
were characterized using TEM. Representative TEM images of Cu-
NPs with nominal sizes of 10 nm, 50 nm, and 100 nm are shown in
Figure 1. The original Cu-NPs exhibited spherical or nearly
spherical shapes with relatively uniform particle size distributions.
Smaller Cu-NPs displayed better dispersibility in suspension.
Speci cally, Cu-NPs-10 particles were small, well-dispersed, and
showed no obvious aggregation. Cu-NPs-50 particles were larger
and more clearly de ned, with slight aggregation observed among
some particles, although individual particles remained
distinguishable. In contrast, Cu-NPs-100 particles appeared larger
and showed pronounced aggregation, with some particles stacking
or adhering to the support Im surface.

The hydrodynamic diameter and zeta potential of Cu-NPs
dispersed in seawater were measured at 0 h and 96 h using DLS
(Table 1). All three particle sizes of Cu-NPs exhibited noticeable
aggregation over time, particularly Cu-NPs-10 and Cu-NPs-100.
The absolute values of zeta potential for all samples were below
10 mV, indicating low colloidal stability and a high tendency for
aggregation in seawater. At 0 h, the hydrodynamic diameters of Cu-
NPs-10, Cu-NPs-50, and Cu-NPs-100 were 763.6 — 23.8 nm, 521.4
— 65.3 nm, and 837.5 — 34.0 nm, respectively. After 96 h of
exposure, these values increased to 1052.0 — 110.5 nm, 485.1 —
245 nm, and 1198.0 — 48.0 nm, respectively. The initial zeta

10.3389/fmars.2026.1758043

potentials of Cu-NPs-10, Cu-NPs-50, and Cu-NPs-100 were 8.5
—-22mV, 10.7-0.7mV,and 10.0—0.5 mV, respectively, which
slightly changed to 9.3 -0.7 mV, 9.7-0.1mV,and 83-23
mV after 96 h.

3.2 Acute toxicity

The 96 h LCsxq values of Cu-NPs-10, Cu-NPs-50, and Cu-NPs-
100 for O. melastigma were 14.232 mg/L, 14.758 mg/L, and
15.683 mg/L, respectively (Figure 2). The LCsy point estimates
suggested a modest size-related trend in acute toxicity. Given the
similar LCsq estimates across particle sizes, 15 mg/L was selected as
a common nominal mass concentration for subsequent exposure
and sampling.

3.3 Transcriptome sequencing and analysis

To investigate the effects of different particle sizes of Cu-NPs on
MRNA expression, transcriptome sequencing and differential
expression analysis were performed on O. melastigma samples.
The basic statistical information of the transcriptome sequencing
data is provided in Supplementary Table S2. Among all annotated
pathways, those related to signal transduction contained the highest
number of transcripts (1901), followed by the endocrine system
(1091), general and overview metabolism pathways (1014), and the
immune system (867) (Figure 3a). PCoA revealed a clear separation
between the CK and Cu-NPs exposure groups along the PC1 axis
(R = 0.836, p < 0.001), which accounted for 79% of the total
expression variance (Figure 3b). Differences among Cu-NPs
treatments of varying particle sizes were also evident along the
PC2 axis, explaining 6% of the variance. The Adonis test further
con rmed that the treatment factor accounted for 83.6% of the total
variation, indicating a strong impact of Cu-NPs exposure on global
gene expression pro les. Exposure to Cu-NPs induced substantial

10 nm Cu-NPs

FIGURE 1

with arrows indicating aggregated particle clusters.

50 nm Cu-NPs

TEM images of Cu-NPs with three particle sizes (10 nm, 50 nm, and 100 nm). (a) Cu-NPs-10, with arrows indicating well-dispersed individual
particles; (b) Cu-NPs-50, with the upper arrow indicating dispersed particles and the lower arrow indicating aggregated particles; (c) Cu-NPs-100,

100 nm Cu-NPs
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TABLE 1 Hydrodynamic diameter and zeta potential of Cu-NPs at O h and 96 h determined by dynamic light scattering®.

Hydrodynamic diameter (nm)

Cu-NPs size (nm)

Zeta potential (mV)

Oh 96 h Oh
Cu-NPs-10 763.6 — 23.8 1052.0 — 1105 -85-22 -93-07
Cu-NPs-50 521.4 — 65.3 4851245 -10.7-0.7 97-01
Cu-NPs-100 837.5 — 34.0 1198.0 — 48.0 -10.0-05 -83-23

#Hydrodynamic size and Zeta potential were expressed as mean — SD (n = 3).

transcriptional alterations in marine medaka, with the Cu-NPs-50
group exhibiting the largest number of differentially expressed
genes (DEGs). Speci cally, 2639 genes were upregulated and 1700
genes were downregulated in the Cu-NPs-10 group; 3343 genes
were upregulated and 4537 downregulated in the Cu-NPs-50 group;
and 3230 genes were upregulated and 2219 downregulated in the
Cu-NPs-100 group (Figure 3c).

The DEGs identi ed in marine medaka were primarily
associated with genetic information processing, signal
transduction, metabolism, and immune system functions, and the
affected biological systems varied markedly with Cu-NPs particle
size (Figure 4). In the Cu-NPs-10 exposure group, DEGs were
signi cantly enriched in metabolic pathways such as Retinol
metabolism, Drug metabolism — cytochrome P450, Ascorbate and
aldarate metabolism, and Cholesterol metabolism. In contrast,
DEGs in the Cu-NPs-50 group were predominantly enriched in

neural development and signaling-related pathways, including
Axon guidance, GABAergic synapse, Glutamatergic synapse, and
Gap junction. Meanwhile, DEGs in the Cu-NPs-100 group were
mainly enriched in immune and barrier damage—related pathways,
such as Complement and coagulation cascades, Tight junction, and
Leukocyte transendothelial migration.

3.4 miRNA sequencing and analysis

To investigate the effects of different Cu-NPs particle sizes on
miRNA expression, miRNA sequencing and differential expression
analyses were conducted on O. melastigma samples. The statistical
information of the miRNA sequencing data is presented in
Supplementary Table S3. The results showed that the number of
upregulated DEmiRNAs exceeded that of downregulated ones, and
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that larger Cu-NPs induced more DEmiRNAs than smaller ones
(Figure 5a). Speci cally, 695 upregulated and 603 downregulated
miRNAs were identi ed in the Cu-NPs-10 group, 831 upregulated
and 802 downregulated miRNAs in the Cu-NPs-50 group, and 1028
upregulated and 733 downregulated miRNAs in the Cu-NPs-100
group. KEGG enrichment analysis of the target genes of
DEmIiRNAs (Figure 5b) revealed that these genes were mainly
enriched in the NOD-like receptor signaling pathway,
Necroptosis, and C-type lectin receptor signaling pathway, all of
which play critical roles in the regulation of immune responses,
in ammation, and cell death. The enrichment factors of the Cu-
NPs-100 group were lower than those observed in the Cu-NPs-10
and Cu-NPs-50 groups, suggesting relatively weaker activation of
these pathways in response to larger particle sizes.

3.5 Identi cation of key genes and miRNAs

To identify key miRNAs and genes that consistently responded
to Cu-NPs exposure across different particle sizes, Venn diagram
analysis was performed on the three sets of differential expression
results (Figure 6a). A total of 109 commonly upregulated genes, 145
commonly downregulated genes, and 40 commonly upregulated
miRNAs were identi ed, all of which exhibited signi cant
differential expression under exposure to Cu-NPs of varying
particle sizes.

Frontiers in Marine Science

Subsequent integration of these shared DEGs and DEmMiRNAS
using Spearman’s correlation analysis (Figure 6b) revealed
signi cant negative correlations between 16 DEmiRNAs and 10
DEGs. Several DEGs were annotated as LOC112160297,
LOC112149810, LOC112156284, and LOC112139459. Homology-
based annotation identi ed their putative gene names, including
adgrg2-like, tmd4sf5, isp2, and mprip-like (the complete gene names
can be found in Supplementary Table S4). These 16 miRNAs were
grouped into six categories: miR-106a, miR-1388, miR-132c, miR-
200b, miR-2187, and miR-202. Among them, miR-106a, miR-132c,
miR-200b, and miR-202 showed inverse expression correlations
with znfx1; miR-2187 and miR-202 with rhbdl2; miR-1388 with
adgrg2-like; miR-2187 with type-2 ISP; and miR-202 additionally
with Ig4h8orf82, mprip-like, and tm4sf5. These inverse correlations
indicate potential mMiIRNA-mRNA regulatory relationships and
were used to nominate putative miRNA-mRNA pairs, which
require experimental validation.

4 Discussion

In this study, acute toxicity tests suggested a size-related trend
of Cu-NPs in O. melastigma. The 96 h LCsq estimates were within a
relatively narrow range, with Cu-NPs-10 showing the lowest LCs
value, followed by Cu-NPs-50, whereas Cu-NPs-100 exhibited the
highest LCso value. Moreover, because omics sampling was
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Rich factor

KEGG pathway enrichment analysis of DEGs. The rich factor (x-axis) is the ratio of the number of differentially expressed genes to the total number
of genes in a pathway. The size of the bubble represents the number of genes, and the color intensity indicates the statistical signi cance (pvalue) of

conducted at a near-LCsq concentration, the observed molecular
responses may re ect severe-stress or lethality-associated
signatures; and sublethal LCx-based designs would be preferable
for resolving early adaptive pathways. Particle size is recognized as a
critical determinant of nanoparticle toxicity (Saquib et al., 2012).
Our LCsq pattern is consistent with a general trend reported in the
literature that smaller Cu-NPs often induce stronger toxic
responses, although the magnitude of size effects varies
substantially across species, endpoints, and exposure media. For
example, Jing. et al. (2014) observed in zebra sh embryos that
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25 nm Cu-NPs had an LCsq of 0.58 mg/L, which was signi cantly
lower than that of 50 nm (1.65 mg/L) and 100 nm (1.90 mg/L) Cu-
NPs. Likewise, Song et al. (2013) demonstrated that Cu-NPs
suspensions with nominal diameters of 25, 50, and 78 nm
exhibited increased cytotoxicity with decreasing particle size in
mammalian (H411E, HepG2) and sh (PLHC-1, RTH-149)
hepatocyte lines. Our results are also consistent with ndings in
rat dorsal root ganglion (DRG) neurons (Prabhu et al., 2009), where
40 and 60 nm Cu-NPs induced signi cantly greater lactate
dehydrogenase (LDH) release compared to 80 nm particles,

frontiersin.org


https://doi.org/10.3389/fmars.2026.1758043
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ren et al. 10.3389/fmars.2026.1758043
(a)
1200
- e 1028
? 1000 | HEl down pvalue
8 5e-13
4e-13
g 800 3e-13
[ = 2e-13
< 600 1e-13
z 0e+00
,n_: 400 count
E ® 250
W 200 ® 5
@ 300
0 @ 325
(b) Enriched pathways based on target genes of DEmiRNAs
o
Necroptosis { @ T
5
2]
C-type lectin receptor signaling pathway 4 o '5
|<
w
NOD-like receptor signaling pathway - . 'c;
o
NOD-like receptor signaling pathway - . ;
el
o
C-type lectin receptor signaling pathway 4 o ]g
I
<
n
Necroptosis @ '9
o
NOD-like receptor signaling pathway . ;
&
. N . [
C-type lectin receptor signaling pathway 4 [ ] -8‘
I
<
. wn
Necroptosis 1 @ 'a
X
0.13 0.14 0.15 0.16
FIGURE 5
Effects of Cu-NPs exposure on DEmiRNAs and KEGG pathway enrichment of their target genes. (a) Numbers of DEmiRNAs in O. melastigma
exposed to Cu-NPs of different particle sizes (10 nm, 50 nm, and 100 nm) compared with the CK group. Red bars indicate upregulated miRNAs, and
blue bars indicate downregulated miRNAs. (b) KEGG pathway enrichment of target genes of DEmiRNAs, showing the top three signi cantly enriched
pathways for each treatment group.

leading to pronounced cell morphological disruption, impaired
neurite network formation, and reduced mitochondrial
metabolic activity.

In addition, the toxicity of Cu-NPs in seawater is closely
associated with their aggregation state and ion release rate
(Behzadi et al.,, 2017). Generally, when nanoparticles aggregate
into larger clusters, their cellular uptake ef ciency decreases
(Chan, 2011), resulting in reduced toxicity (Rotini et al., 2017,
Thiagarajan et al., 2019). In the present study, all three Cu-NPs
particle sizes exhibited varying degrees of aggregation; however, Cu-
NPs-10 showed slightly higher apparent toxicity despite stronger
aggregation. This pattern may indicate that the primary particle size
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remained in uential under seawater conditions. A plausible
explanation is that the smaller primary size provides a larger
speci ¢ surface area (Karlsson et al., 2013), which could enhance
surface reactivity, accelerate dissolution, and promote the release of
Cu?* ions (Leitner et al., 2019). The release of copper ions can
acidify the surrounding medium and increase their bioavailability
(Malhotra et al., 2020), thereby intensifying toxic effects. Notably, in
the present study, dissolved Cu?* in the exposure media and
internal Cu accumulation in O. melastigma were not quanti ed;
therefore, we cannot determine whether the observed toxicity was
driven primarily by particle-speci c effects, dissolved ions, or their
interaction. Accordingly, our interpretation is most consistent with
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FIGURE 6

relationships. Bubble size corresponds to the node degree.

Correlation analysis between DEGs and DEmiRNAs under Cu-NPs exposure. (a) Venn diagrams showing the overlap and speci city of upregulated
DEGs, downregulated DEGs, upregulated DEmiRNAs, and downregulated DEmiRNAs in O. melastigma exposed to Cu-NPs of different particle sizes
(10 nm, 50 nm, and 100 nm) compared with the CK group. Values in parentheses indicate the percentage of each subset relative to the total number
of differentially expressed molecules in the corresponding group. (b) Negative correlation (Spearman’s r < 0) miRNA—mRNA regulatory network. The
outer ring represents miRNAs, the inner ring represents their target genes, and the connecting lines indicate negatively correlated regulatory

prior evidence indicating that primary particle size can be a key
determinant of metal-ion release and downstream toxicity
outcomes (Gliga et al., 2014; Cao et al., 2023).

In the genome of O. melastigma, pathways related to signal
transduction, endocrine regulation, immune modulation, and
overall metabolic processes contained the highest numbers of
transcripts, re ecting their central roles in maintaining
organismal homeostasis. Among these, signal transduction
pathways were the most abundantly expressed (1901 transcripts)
and serve as critical hubs for cellular perception, transmission, and
response to external stimuli. These pathways play a pivotal role in
sustaining fundamental biological functions (Su et al., 2024). The
observed perturbations in these core molecular modules suggest
that Cu-NPs exposure can induce systemic disruptions of
physiological homeostasis.

Integrated analysis of transcriptomic and miRNA sequencing
data identi ed putative miRNA-mRNA regulatory relationships
induced by Cu-NPs exposure of different particle sizes. Notably, the
expression trends of several MRNASs (tm4sf5, mprip-like, znfx1 and
rhbdl2) were not strictly inversely correlated with those of their
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upstream miRNAs, suggesting the presence of multilayered
regulatory mechanisms under different exposure conditions, such
as indirect interactions, transcriptional activation, or feedback
compensation (Hill et al., 2014). The target genes of DEmiRNAS
across all particle-size groups were signi cantly enriched in the
NOD-like receptor signaling pathway (Mahla, 2013), necroptosis
(Pasparakis and Vandenabeele, 2015), and C-type lectin receptor
signaling pathway (Bermejo-Jambrina et al., 2018; He et al., 2024),
indicating that these pathways constitute a common regulatory
network underlying Cu-NPs—induced immune and in ammatory
responses. Building upon this shared foundation, each particle size
exhibited distinct dominant molecular responses. Cu-NPs-10
primarily activated metabolic pathways, characterized by
enhanced detoxi cation- and antioxidant-related processes. Cu-
NPs-50 mainly affected neural development and synaptic
signaling, implying structural and functional impairments in
neuronal systems. Cu-NPs-100, on the other hand, activated
pathways related to in ammation and epithelial barrier repair,
suggesting its involvement in tissue defense and regeneration
processes. Taken together, these ndings suggest that miRNA—
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