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Abstract

The increasing production of diverse applications of engineered nanoparticles along with
their potential release into the marine environment from both point and diffuse sources
have become a significant concern for ocean health. Due to their unique physical properties,
particularly their high surface-to-volume ratio, these nanoparticles can exhibit enhanced
bioavailability and toxicity to marine biota. Copper oxide nanoparticles (CuO NPs) are
especially prevalent due to their wide range of commercial applications. In the aquatic en-
vironment, these nanoparticles typically become part of colloidal fraction and are subjected
to physicochemical transformations, leading to the formation of aggregates that eventually
sink and deposit onto the bottom substrate. Therefore, sediments, in addition to the water
column, act as the primary route of exposure to benthic organisms. The clam Rudipates
decussatus is a marine suspension-feeder of great ecological and economic importance in
Europe. Ruditapes decussatus were exposed to CuO NPs (10 pg L~!) or an equivalent con-
centration of ionic copper (Cu®*) in both water and water/sediments matrices for 15 days
to compare the toxicological impact of different exposure routes. Copper accumulation was
monitored in both gills and digestive gland, alongside various biomarkers of susceptibility,
exposure, and damage. The results revealed distinct uptake patterns that were dependent
on the exposure routes, the chemical form of the metal and the specific tissue responses.
Highlighting the complex impact of these contaminants on marine biodiversity.

Keywords: nanoparticles; biomarkers; oxidative stress; genotoxicity; neurotoxicity

Key Contribution: Impact of routes of uptake of copper nanoparticles on Ruditapes decussatus.

1. Introduction

The increasing production of engineered nanoparticles (ENPs) (particles with at least
one dimension between 1 and 100 nm), of various types and applications in everyday life,
along with their potential release into the ocean from point and diffuse sources and their
subsequent effects on marine species at the various levels of biological organization, ocean
health, and human health, has become a cause for concern [1] and needs to be assessed
within the context of the One Health approach [2]. Through an integrated, systems-based
framework that recognizes the interdependence of human, animal, and environmental
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health, the One Health approach seeks to enhance population well-being, strengthen disease
prevention and control, and ensure ecosystem resilience and long-term sustainability [3].

Among ENPs, metallic nanoparticles are particularly relevant due to their extensive
industrial and commercial applications [4]. Copper oxide nanoparticles (CuO NPs), for
example, are widely used for their antimicrobial properties and high thermal and electrical
conductivity [5]. In contrast, ionic copper is naturally abundant, commonly present in
mineral salts and organic compounds, and widely used in antifouling paints, while also
playing essential biological roles [6,7]. Despite their importance, ENPs remain emerging
contaminants, with limited detection methods in aquatic systems and a lack of robust
environmental risk assessment strategies [8].

The behavior and toxicity of metallic ENPs differ from their ionic counterparts. Due
to their high surface area-to-volume ratio, ENPs can interact with biological membranes,
penetrate cells, and generate reactive oxygen species (ROS), driven by both particle reactiv-
ity and ion release [9,10]. However, the low dissolution of CuO NPs in seawater suggests
that their toxic effects may largely arise from nanoparticle-specific properties rather than
solely from released ions [11,12]. Indeed, CuO NPs have been reported to be more toxic
than ionic copper under certain conditions [13,14].

Once in seawater, ENPs can aggregate, undergo physicochemical transformations,
and settle into sediments, where they may accumulate or later resuspended into the water
column [15]. This dynamic behavior increases exposure risks for benthic and suspension-
feeding organisms, which can ingest particles from sediments, pore water, or the sediment—
water interface [16]. Given the ecological importance of benthic environments and their role
in food webs, understanding the fate and effects of ENPs in sediments remains challenging.
Therefore, ecotoxicological approaches using biochemical biomarkers as early warning
indicators are essential for assessing nanoparticle impacts [17].

Marine bivalves are particularly suitable for such assessments due to their filter-
feeding behavior and capacity to accumulate contaminants. The grooved carpet shell clam,
Ruditapes decussatus, is widely used as a bioindicator species and is also of commercial
importance [18]. Exposure to nanoparticles can induce oxidative stress, protein damage,
and genotoxic effects in marine organisms [19,20]. However, responses to CuO NPs
and ionic copper vary across species and exposure pathways. For instance, sediment-
bound CuO NPs have been shown to increase mortality in amphipods, while aqueous
exposure to ionic copper may have stronger effects in polychaetes [16,21,22]. Differences
in bioaccumulation patterns between nanoparticles and dissolved copper further suggest
distinct uptake routes among species [11].

In this context, the present study aims to compare the accumulation and toxic effects of
CuO NPs and dissolved copper in Ruditapes decussatus under different exposure scenarios.
A comparative approach was applied using water-only and combined water-sediment
systems contaminated via the water column, to assess the influence of exposure matrices
on toxicity. Environmentally relevant concentrations were selected based on labile copper
levels reported in seawater [12,23]. A suite of biomarkers was used to evaluate biological
responses, including antioxidant defenses (SOD, CAT, GST), metallothionein induction
(MT), oxidative damage (LPO), neurotoxicity (AChE activity), and genotoxicity (comet
assay). These responses were measured in gills, digestive glands, and the hemolymph key
target tissues for contaminant uptake. This integrated approach supports the evaluation of
copper toxicity within a One Health perspective.
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2. Materials and Methods
2.1. CuO NP Characterization

Copper (II) oxide nanoparticles (CuO NPs) were purchased from Sigma-Aldrich (St.
Louis, MO, USA), with a manufacturer-specified size of <50 nm. A CuO NP stock solution
(10 mg Cu L~!) was prepared by dispersing the nanoparticles in Milli-Q water, followed
by sonication for 15 min using a bath-type sonicator (Ultrasonic bath, VWR International,
Oeiras, Portugal; 230 V, 200 W, 45 kHz). The suspension was kept under constant stirring
throughout the 15-day experiment to maintain the nanoparticles in suspension [19]. A cop-
per sulfate (Cu?*) stock solution was prepared in a similar manner but without sonication.

The size distribution of 250 randomly selected nanoparticles was determined in natural
seawater by transmission electron microscopy (TEM) (JEM-1230 (JEOL, Tokyo, Japan). CuO
NPs (100 mg L~!) were diluted in ultrapure water, sonicated, and a drop of the suspension
was placed on a Ni grid and allowed to dry before examination at 80 kV. The mean size
of particles and agglomerates/aggregates in natural seawater was further characterized
over a 12-h period (corresponding to the interval between water renewal and CuO NP
re-dosing) using dynamic light scattering (DLS) with an ALV apparatus equipped with
an Ar ion laser (ALV GmbH, Langen, Germany) (515.5 nm), following [19]. Images were
acquired using a JEM-1230 (JEOL, Japan) TEM coupled to a digital camera (Gatan model
785 ES1000W Erlang Shen CCD, London, UK).

Zeta potential, also determined by DLS, provides information on the surface charge of
nanoparticles in colloidal suspensions, reflecting the attraction of a thin layer of oppositely
charged ions to the nanoparticle surface. It is commonly used to estimate colloidal stabil-
ity [24], with values greater than +25 mV or less than —25 mV generally indicating high
stability [25].

2.2. Experimental Design

Clams (R. decussatus) were obtained from an aquaculture farm in the Ria Formosa
lagoon (Portugal) (37°1'28.92" N; 7°50'39.20"” W), transported alive to the laboratory, and
acclimated for 7 days under constant aeration and controlled temperature (18 £ 2 °C).

Sediments used in the bioassays were also collected from the Ria Formosa at a depth
of 30 m using a core sampler, in collaboration with the SIHER Project (Processes of Sedi-
mentary Infilling and Holocene Evolution of the Ria Formosa Lagoon System) at CIMA,
University of Algarve. This procedure ensured that reference sediment samples were
minimally affected by anthropogenic influence. After collection, sediments were contin-
uously aerated for 10 days to stabilize their pH (7.8 & 0.2). Due to their fine grain size
and muddy composition, which could interfere with normal feeding and respiration by
clogging the bivalves’ siphons, a clean, washed sand fraction collected from Faro Beach
(southern Portugal) was added to adjust sediment grain size distribution. This approach
is consistent with standard sediment toxicity testing guidelines for formulated sediments,
allowing the survival, growth, or reproduction of a variety of benthic invertebrates [26,27].
Thus, the sediments used in the experiments consisted of 34% silt and clay (<0.062 mm)
and 66% sand (0.25-0.5 mm), based on grain size distribution.

After the acclimation period, two experimental systems were established in a triplicate
design: (i) a water system containing 5 L of natural seawater (from the Ria Formosa lagoon),
and (ii) a water—-sediment system containing 4 L of natural seawater and 1 L of reference
sediments. For both systems, three experimental treatments were tested: control (CT),
CuO nanoparticles (CuNP), and CuSOy (Cu). Twenty clams (2.5 clams L~1) were placed in
polyethylene aquaria in a triplicate design. Individuals were exposed via the water column
to the same nominal Cu concentration (10 ng Cu L), either in nanoparticulate form (CuO
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NPs) or as its dissolved counterpart (CuSOy). The selected Cu concentration was based on
realistic global environmental levels reported for marine and coastal ecosystems [12,23].

To prevent nanoparticle aggregation/agglomeration, water was renewed every 48 h,
and Cu concentrations were re-established by direct pipetting into the water column. Water
renewal was performed carefully to avoid disturbing nanoparticle stability and sediment
resuspension, and to minimize additional stress to the organisms. Animals were fed
exclusively through the natural seawater renewed throughout the experiment. Over the
15-day bioassay, systems were maintained under constant aeration and a controlled photo
period. Physicochemical parameters (temperature 17 &+ 2 °C, salinity 34, pH 7.5 + 0.4)
were measured daily using a multiparameter probe (YSI 556 MPS, YSI, Yellow Springs,
OH, USA).

Clams were sampled from the experimental setup on day 0, day 7, and day 15 of
exposure for biochemical and genotoxic analyses. Clams were weighed and measured.
For DNA damage assessment, hemolymph was immediately extracted from the posterior
adductor muscle (n = 6 clams per treatment) using a sterile hypodermic syringe and kept
on ice for immediate analysis. Gills and digestive glands (n = 6 clams per treatment) were
individually dissected, frozen in liquid nitrogen, and stored at —80 °C for subsequent
homogenization and biomarker analyses. These included oxidative stress biomarkers
(superoxide dismutase—SOD; catalase—CAT), biotransformation activity (glutathione
S-transferases—GSTs), metallothioneins (MTs), cell membrane damage (lipid peroxidation—
LPO), and neurotoxicity (acetylcholinesterase activity—AChE).

2.3. Condition Index (CI)

To assess the physiological status of the bivalves (n = 9 clams per treatment) from
each treatment were individually weighed using the ratio: Condition index (CI) = (drained
weight (g) and dry shell weight [28].

2.4. Metal Analysis

The gills and digestive gland (3 replicates for each condition, pools of 2 gills/digestive
gland), were wet digested with HNOj3 (80 °C) and Cu concentration was determined by
atomic absorption spectrophotometry. Digested samples were then applied to graphite fur-
nace atomic absorption spectrometry (AAS A Analyst 800, Perkin-Elmer, Rodgau, Portugal).

For quality control assurance, a standard reference material (Lobster Hepatopancreas—
TORT II.) from the National Research Council (Canada) was used, with Cu levels of the
samples (106.4 & 2.4 pg Cu kg ™! d.w.) with similar levels of those of the reference material
(106 £ 10 pg Cu kg~ d.w.).

2.5. Total Protein Content

Total protein concentration (mg protein g~! tissue) was determined in gills and di-
gestive glands according to the method described by Bradford [29], using Bovine Serum
Albumin as a standard.

2.6. Antioxidant Enzymes

Clam gills and digestive glands (n = 6) were homogenized in 5 mL of ice-cold 20 mM
Tris—sucrose buffer (0.5 M sucrose, 0.075 M KCI, 1 mM DTT, 1 mM EDTA, pH 7.6). The
homogenization was performed using a VWR Star-Beater (VWR International, Portugal)
for 5 min at 20 shakes s~ ! with grinding beads. The cytosolic fraction was subsequently
obtained through a two-step centrifugation process: first at 1500 g for 15 min at 4 °C,
followed by a second centrifugation at 12,000 x g for 45 min at 4 °C. Aliquots of the resulting
supernatant were then used to determine the activities of the antioxidant enzymes (SOD
and CAT), as well as the biotransformation enzyme GST.
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The activity of SOD was quantified, in the cytosolic fraction, by the variation in ab-
sorbance (at 550 nm) in cytochrome c oxidase reduction to cytochrome c reductase, triggered
by xanthine oxidase/hypoxanthine system [30]. SOD activity is expressed in terms of mmol
min~! mg protein~!. Catalase enzymatic activity was measured spectrophotometrically by
the absorbance decrease at 240 nm, owing to hydrogen peroxide (H,O,) consumption [31]
and is expressed in pmol min~! mg protein~—!. Glutathione S-transferases activity was
estimated by the change in the absorbance of the reaction conjugate which consisted of
reduced glutathione (GSH) with 1-chloro-2,4-dinitrobenzene (CDNB), in a buffer solution
of KHyPO,/KyHPOy, by the adapted method of Habig et al. (1974) [32]. GST activity is

expressed in pmol min~—! mg protein~!.

2.7. Metallothioneins

Gills and digestive glands of R. decussatus (n = 6) were homogenized in Tris-HCl
buffer (0.02 M, pH 8.6) and butylated hydroxytoluene (BHT) (10 uL BHT per mL Tris—-HCl
buffer). The homogenate was centrifuged at 30,000x g for 45 min (4 °C). Aliquots of
the supernatant were separated for LPO and total protein quantification. The remaining
supernatant was heat-treated at 80 °C for 10 min to precipitate the high-molecular-weight
proteins, and re-centrifuged at 30,000 x g for 45 min at 4 °C. The obtained cytosolic fraction
was stored at —80 °C for the following MT quantification by differential pulse polarography.
Quantification of MT was determined by differential pulse polarography using a Eco
Chemie pAutolab III potentiostat, Metrohm 663VA stand, Portugal according to the method
described by Bebianno and Langston [33].

2.8. DNA Damage

Single cells with DNA damage were detected by the Comet assay, according to
the method proposed by Singh et al. [34] and adapted by Gomes et al. [35]. Extracted
haemolymph (150 pL) was individually centrifuged at 3000 rpm for 3 min (4 °C). The
obtained cell pellets were suspended in 0.65% low melting point agarose (LMA, in Kenny’s
salt solution) and spread onto the microscope slides coated with 0.65% normal melting
point agarose (NMA) in Tris-EDTA. Slides were then immersed in lysis buffer (2.5 M NaCl,
100 mM EDTA, 10 mM Tris, 1% Triton X-100, 10% dimethyl sulfoxide, 1% Sarcosil, pH 10,
4 °C) for 1 h, to disrupt cellular membranes, remove soluble cellular components and
immobilize DNA in agarose.

Subsequently, slides were placed in an electrophoresis chamber containing alkaline
buffer (300 mM NaOH, 1 mM EDTA, pH 13, 4 °C) and left for 15 min to allow DNA unwind-
ing and the expression of strand breaks. Electrophoresis was carried out for 5 min at 25 V
and 300 mA. Slides were stained with 4,6-diamidino-2-phenylindole (DAPI, 1 mgmL~!)
and the presence of the produced tails analysed using an optical fluorescence microscope
(Zeiss Axiovert 5100, Jena, Germany) coupled with a camera (Sony, Lisbon, Portugal). DNA
damage was quantified using Komet 5.5 image analysis software (Kinetic Imaging Ltd.,
Nottingham, UK) by scoring 50 randomly selected cells per slide (25 per gel per individual)
at x400 magnification.

2.9. Acetylcholinesterase Activity (AChE)

Acetylcholinesterase (AChE) activity was determined in the gills (n = 6) according to
the method described by Ellman et al. [36] using the increased 5-mercapto-2-nitrobenzoate
formation following the absorbance of the reaction with thiocholine (substrate) and DTNB at
412nm (e =13.6 mM~! cm ™). The AChE activity is expressed in nmol min~! mg protein_l.

The increase in 5-mercapto-2-nitrobenzoate, a compound of yellow color produced

due to the non-enzymatic reaction of thiocholine with 5,5'-dithio-bis (2-nitrobenzoic acid),
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was used to determine the acetylthiocholine degradation rate. Absorbance was read at
412 nm and results expressed in nmol ACTC min~! mg of total protein concentration.

2.10. Lipid Peroxidation (LPO)

Gills and digestive gland of clams from each condition (n = 6) were homogenized
individually in 100 mM Tris-HCl buffer (pH 8.6) and 100:1 uL of Triton, on ice, using a VWR
Star-Beater (5 min, 20/s shaking, with grinding balls) and then centrifuged at 12,000 g for
30 min (4 °C). Supernatants were separated into aliquots for total protein determination
and LPO levels. LPO levels were quantified following a method adapted from Erdelmeier
et al. [37]. The assay was based on the spectrophotometric detection of malondialdehyde
(MDA) and (2E)-4-hydroxy-2-nonenal (HNE), with absorbance measured at 540 nm. LPO
values were expressed as nmol of MDA equivalents per mg of protein (nmol mg ! protein).

2.11. Statistical Analysis

All statistical analyses were performed using Statistica 8.0 software (StatSoft Inc.,
Tulsa, OK, USA). Data from genotoxicity (Comet assay) and biochemical biomarkers (SOD,
CAT, AChE, GST and LPO) were tested for normality (Shapiro-Wilk test) and homogeneity
of variances (Levene’s test). Once assumptions of normality and homoscedasticity were
met, differences among treatments were assessed using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc multiple comparison test, or the non-parametric
equivalent test (Kruskal-Wallis), when assumptions were not met. The influence of the
time of exposure (0, 7 and 15 days), copper form treatment (control, Cu-ionic, and CuO-
NPs) and their interactive effects were analysed through a two-way analysis ANOVA (see
Supplementary Material, Table S1). Comparisons were conducted separately for each tissue
and exposure matrix. Within each condition, treatments were compared across exposure
times (e.g., CT7 vs. CT15), and differences among treatments were also evaluated within
each time point (e.g., CT7 vs. CuNP7). Additionally, comparisons between exposure
matrices (water vs. sediment) were conducted for the same tissue and treatment conditions,
to assess differences between exposure scenarios. Statistical significance was considered at
p <0.05.

A multivariate Principal Component Analysis (PCA) was applied to integrate all
variables (biomarkers), exposure matrices, tissues, time points, and treatments. PCA was
used to explore patterns of variation and identify correlations between biomarkers and
experimental conditions. A hierarchical cluster analysis was performed using a Euclidean
distance matrix to assess similarities among treatments based on biomarker responses.
Clustering was conducted using the unweighted pair-group method with arithmetic mean
(UPGMA), and results were represented as a dendrogram, where the distance between
clusters reflects the degree of dissimilarity among samples.

3. Results and Discussion
3.1. CuO NPs Characterization

Understanding the physicochemical characteristics and behavior of CuO NPs in
aquatic media is essential to assess their bioavailability and potential toxicity. Particle size
and distribution are presented in Table 1. Primary particle size, determined by transmission
electron microscopy (TEM) in natural seawater, showed a median diameter of 38.2 = 1.4 nm
Figure 1, slightly differing from the manufacturer’s specification.
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Table 1. Characterization of CuO NPs by Transmission Electron Microscope (TEM) and Dynamic
Light Scattering (DLS). Values are the mean =+ std.

Particle Characteristic Method CuNP
Size (nm) TEM <502
Particle size distribution (nm) TEM 3824+ 14P
Mean diameter (nm) DLS 258.7 +4.7b
Zeta potential (Mv) DLS —263+03P

2 Information from manufacturer Sigma-Aldrich. ® 100 mg. CuNP/L in Milli-Q water.

200

Figure 1. Transmission electron microscopic image of CuO nanoparticles at 100 mg L~! in ultrapure
water.

Gomes et al. [19] reported that ~53% of CuO NPs (10 ug L~!) were removed from
the water column within 12 h, mainly due to sedimentation, while copper dissolution
remained below 1%, indicating that most copper persisted in nanoparticle form. Similarly,
CuO NPs (25-55 nm) produced by different synthesis methods exhibited aggregation and
polydispersity, with limited, synthesis-dependent dissolution [38].

Aggregation appears to be a general behavior of CuO NPs in seawater. Even surface-
modified CuO NPs (10-20 nm), including neutral (PEG), negatively charged (COOH), and
positively charged (amine, NH3) coatings, formed large aggregates (1137-1530 nm) with
similar size distributions, regardless of surface functionalization [39].

3.2. Condition Index (CI)

To ensure that observed effects were not confounded by organism condition, the
condition index (CI) of Ruditapes decussatus was monitored (Table 2). CI remained stable in
most treatments, indicating that clams were maintained in good physiological condition
throughout the experiment. A significant decrease was observed only in clams exposed to
ionic copper in the water system, from 0.26 &+ 0.02 to 0.23 + 0.02 after 15 days (p < 0.05). No
significant temporal or treatment-related differences were detected in clams exposed to CuO
NPs or in either water/sediment system (p > 0.05), confirming comparable physiological
status across treatments.
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Table 2. Condition index of the clams Ruditapes decussatus unexposed and exposed to CuO NPS and
CuSOy in water and in water/sediments systems.

Exposure Time of Exposure (Days)
System 0 7 15
water 0.25 £ 0.02 0.26 = 0.03 0.26 4+ 0.02
Control
water/sed 0.26 £+ 0.02 0.26 £ 0.05 0.25 4+ 0.02
water 0.26 = 0.03 0.25 £+ 0.02
CuO NPs
water/sed 0.25 + 0.03 0.26 = 0.03
water 0.27 £+ 0.02 0.23 4+ 0.02
CuSOy4
water/sed 0.25 £ 0.03 0.25 £ 0.05

3.3. Copper Accumulation

Copper is an essential metal involved in enzymatic processes and MTs, but elevated
concentrations can be toxic, particularly to bivalves. No significant changes in copper levels
were observed in control clams (p > 0.05; Figure 2). In exposed clams, copper accumulation
was tissue, copper form, and exposure matrix dependent, with higher concentrations
consistently observed in the digestive gland.

- 50- c
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Figure 2. Copper concentrations (ug g~ ' dry weight) detected in gills and digestive gland of R.
decussatus unexposed or exposed to CuO NPs and to Cu?* for 15 days in water (A,B) and in a
water/sediment matrix (C,D). Capital letters represent differences between treatments at the same
time of exposure and lower letters differences between time of exposure (p < 0.05).

Gills, as the primary interface with the environment, showed limited accumulation.
In the water system, copper levels increased slightly under CuO NP exposure but not
significantly (p > 0.05) and remained unchanged under ionic copper. No differences
were detected between copper forms (Figure 2A). In the water/sediment system, gill
copper levels were lower and similar across treatments, indicating reduced bioavailability
compared to the water-only system (Figure 2C).

In contrast, the digestive gland showed significant accumulation. In the water system,
copper levels increased over time, reaching 1.8-fold (CuO NPs) and 1.4-fold (ionic copper)
higher than initial levels (p < 0.05; Figure 2B). No such increase was observed in the
water/sediment system (p > 0.05; Figure 2D). These results suggest that CuO NPs taken
up at the gills may be processed and transferred to the digestive gland, the main site of
accumulation and detoxification.
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Nanoparticle uptake in bivalves likely occurs via endocytosis, particularly for particles
incorporated into aggregates, although translocation depends on particle size and aggrega-
tion state [12,40]. Differences between species further highlight distinct uptake pathways.
For example, higher accumulation of ionic copper than CuO NPs has been reported in
freshwater mussels, whereas the opposite trend was observed in polychaetes [11,41]. In R.
decussatus, copper accumulation in the digestive gland follows first-order kinetics with a
half-life of 10-12 days [42], indicating active regulation and detoxification.

Given that copper can promote ROS generation via Fenton-type reactions, it is essential
to evaluate whether CuO NPs induce similar oxidative responses.

3.4. Antioxidant Enzymes

Although the mechanisms underlying nanoparticle (NP)-induced toxicity in marine
bivalves are not fully understood, their chemical reactivity and surface properties can
promote the generation of reactive oxygen species (ROS), leading to oxidative stress and
activation of antioxidant defenses [12,19].

The antioxidant responses of R. decussatus varied consistently with Cu form, tissue,
and exposure matrix, revealing distinct patterns between CuO NPs and ionic Cu (Figure 3).
Superoxide dismutase (SOD), a cytosolic Cu/Zn-containing enzyme, represents the first
line of defense by catalyzing the conversion of superoxide radicals (O, ™) into hydrogen
peroxide (H,O,) and Cu/Zn-SOD was identified in Mytilus edulis and R. decussatus [43,44].

SOD activity was stable in control clams (p > 0.05). Under exposure, clear differences
between Cu forms were observed in both tissues. CuO NPs induced a progressive increase
in SOD activity, particularly in the digestive gland, where values rose significantly over
time in both experimental systems (4-fold and 2-fold, respectively) (Figure 3C,D; p < 0.05).
This pattern suggests sustained superoxide production and activation of primary antiox-
idant defenses and likely reflects CuO NP accumulation patterns (Figure 2). In contrast,
ionic Cu produced more variable responses, with significant increases mainly in the gills
under water/sediment conditions (2-fold, Figure 3B), while the digestive gland showed
either no significant changes in the water system (Figure 3C) or transient increases in
the water/sediment system (Figure 3D). This indicates that CuO NPs elicit a more per-
sistent oxidative challenge, whereas ionic Cu responses are more strongly influenced by
environmental conditions and bioavailability.

These results are consistent with findings in other bivalves, including M. galloprovin-
cialis and the freshwater species C. rubens, where SOD activity generally increased following
CuO NP exposure [40,41,45] and similar increases in SOD activity have been reported
in M. galloprovincialis gills exposed to Cu-based NPs, including coating-dependent ef-
fects [39] while in the digestive gland SOD activity increased after 7 days and then declined,
suggesting reduced superoxide production [12]. In contrast, Geret et al. [43] reported a
rapid, concentration-dependent increase in SOD activity in R. decussatus following ionic
Cu exposure.

Catalase (CAT), a peroxisomal enzyme which detoxifies hydrogen peroxide (H;O;)
into water and oxygen [46], showed a complementary pattern to SOD. Under CuO NP
exposure, CAT activity increased significantly in both tissues (up to 3-fold; p < 0.05),
particularly in the water system, reflecting sustained H,O, production and the activation of
downstream antioxidant defenses (Figure 3E,G). Conversely, ionic Cu exposure generally
resulted in unchanged or decreased CAT activity, especially in the gills, in both systems
possibly due to enzyme consumption in Fenton-type reactions or inhibition of enzymatic
activity (Figure 3E,F). In the water/sediment system, CAT responses were attenuated for
both Cu forms, reinforcing the role of the matrix in modulating Cu reactivity (Figure 3FH).
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Figure 3. SOD (A-D), CAT (E-H) and GST (I-L) activities in gills and digestive gland of R. decussatus
unexposed and exposed to CuO NPs and Cu?* for 15 days in water and in a water/sediment matrix.
Capital letters represent differences between treatments at the same time of exposure and lower
letters differences between time of exposure (p < 0.05).
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The increase in CAT activity in both tissues under CuO NP exposure, particularly in
the water system, likely reflects enhanced ROS production, especially H,O,, highlighting
the important role of CAT in ROS detoxification. Similar responses have been reported in
M. galloprovincialis exposed to Cu—ZnO NPs [45]. Conversely, reduced CAT activity has
been observed in R. philippinarum exposed to Cu associated with graphene NPs, and an
inhibitory effect on CAT activity has also been reported in clams exposed to ionic Cu alone
and in R. philippinarum after short-term exposure [47].

Taken together, these results indicate that CuO NPs elicit a more robust and coordi-
nated antioxidant response—characterized by sustained SOD induction and elevated CAT
activity—consistent with prolonged ROS generation. In contrast, ionic Cu induces weaker,
less consistent, and more environmentally modulated responses, suggesting differences in
uptake pathways, intracellular processing, and redox behavior between Cu forms.

The antioxidant system operates as a coordinated cascade involving SOD, CAT, and
GST to mitigate ROS generated by Cu exposure. Following SOD-mediated conversion
of superoxide radicals into hydrogen peroxide and its subsequent detoxification by CAT,
glutathione S-transferases (GSTs) provide another defense line by conjugating glutathione
(GSH) to endogenous and xenobiotic compounds, including lipid peroxidation by-products,
thereby facilitating their detoxification and excretion. GSTs are widely used as biomarkers
of cellular defense and oxidative stress susceptibility [48,49].

In control clams, GST activity in both gills and digestive gland showed temporal
variations (p < 0.05; Figure 3I-L), but without exposure-related trends. Under Cu exposure,
GST responses mirrored and complemented the SOD-CAT patterns, particularly in the
digestive gland. In the water system, CuO NP exposure induced a marked increase in
GST activity (up to 4-fold; Figure 3K); p < 0.05), consistent with the strong SOD and CAT
induction observed in this condition, indicating enhanced ROS pressure and increased
detoxification demand. In contrast, ionic Cu produced a decrease in GST activity in the
digestive gland (approximately 2-fold; Figure 3K; p < 0.05), aligning with the weaker or
more transient SOD and CAT responses, suggesting a lower or more efficiently controlled
oxidative challenge.

In the gills, GST activity showed a similar but less pronounced pattern (Figure 3I), with
an initial increase after 7 days followed by inhibition toward the end of exposure, paralleling
the transient SOD activation observed under ionic Cu and the more sustained response
under CuO NPs. In the water/sediment system, GST activity was generally attenuated
for both Cu forms (Figure 3]), consistent with the reduced SOD and CAT responses and
indicating lower bioavailability and oxidative stress in the presence of sediments.

An increase in GST activity suggests enhanced utilization of GSH in conjugation reac-
tions in the digestive gland, likely linked to the formation of lipid hydroperoxides resulting
from membrane lipid peroxidation induced by CuO NP exposure. A relationship between
NP exposure and GST induction has previously been reported in the clam Scrobicularia
plana exposed to CuO NPs (10 pg L~!, 40-500 nm) [50]. Similarly, GST activation was
observed in R. philippinarum exposed to graphene NPs with added Cu and to ionic Cu [47].
In the gills and digestive gland of the freshwater mussel C. rubens, GST activity and GSH
levels also increased following CuO NP exposure [41]. Moreover, proteomic analyses using
the same type of CuO NPs showed that GST was overexpressed in the gills and digestive
gland of M. galloprovincialis [51].

Nevertheless, it is noteworthy that the observed oxidative stress cascade did not
translate into significant alterations in the total protein content of the analyzed tissues. The
results showed that total protein levels in both gills and digestive glands remained stable
throughout the experimental period (p > 0.05), regardless of the exposure matrix (water or
water/sediment) or the copper form (ionic or nanoparticulate) (p > 0.05). This stability is
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crucial, as it validates the use of total protein as a robust normalization factor for enzymatic
activities (e.g., SOD, CAT) and other biochemical markers in this species. By ensuring that
the denominator in specific activity calculations remained unaffected by the treatments, the
observed fluctuations in biomarker responses reflect genuine physiological changes in the
antioxidant defense system, rather than artifacts of tissue degradation or biomass loss.

Overall, GST responses reinforce the SOD-CAT findings, confirming that CuO NPs
elicit a stronger and more sustained oxidative stress cascade, whereas ionic Cu induces
weaker and more matrix-dependent antioxidant activation.

3.5. Metallothioneins (MTs)

Bivalve molluscs employ several strategies to cope with excess metals, including the
induction of metallothioneins (MTs) [28]. MTs are low-molecular-weight, cysteine-rich
proteins induced by metals such as Cu, playing a central role in detoxification and in the
regulation of metal-induced oxidative stress [52]. In cells exposed to ionic Cu, MTs bind
excess Cu ions, thereby contributing to intracellular metal homeostasis and limiting the
availability of redox-active Cu that can fuel ROS production.

In the present study, MT responses followed the oxidative stress cascade observed for
SOD, CAT, and GST, reflecting their role in downstream detoxification (Figure 4A-D). MT
levels in control clams remained stable over time in both tissues (p > 0.05; Figure 4A-D).
In the gills, CuO NP exposure induced a slight but sustained increase in MT levels in the
water-only system, particularly after 7 days, with consistently higher values than in the
water/sediment system (Figure 4A,B). This pattern is consistent with the stronger SOD
and CAT induction observed under the same conditions, suggesting that enhanced ROS
production and Cu availability triggered both antioxidant activation and metal-binding
detoxification pathways.

In clams exposed to ionic Cu, gills MT levels showed a similar but not significantly
different pattern between Cu forms and matrices (Figure 4B), in agreement with the more
variable SOD and CAT responses observed for this exposure condition. Comparable MT
induction was reported in R. decussatus gills following short-term ionic Cu exposure [43],
whereas in M. galloprovincialis a more pronounced and linear MT increase was associated
with stronger oxidative and metal stress responses under CuO NP exposure [19].

In the digestive gland, MT levels showed only modest changes relative to controls
(p > 0.05), although a slight increase was observed after 7 days under CuO NP exposure,
particularly in the water-only system (Figure 4C,D). This moderate induction, compared
with the stronger SOD-CAT-GST responses in the same tissue, suggests that MT-mediated
sequestration contributes to Cu detoxification but may be secondary to antioxidant de-
fenses under these exposure conditions. Lower MT levels in the water/sediment system
(Figure 4D) further support a reduced metal bioavailability, consistent with the attenuated
antioxidant responses observed for SOD, CAT, and GST.

Overall, MT responses complement the antioxidant cascade by contributing to Cu
detoxification once ROS-scavenging systems (SOD, CAT, and GST) are activated. Together,
these mechanisms indicate that CuO NPs induce a more sustained oxidative and metal
stress response, requiring both enzymatic antioxidant defenses and MT-mediated sequestra-
tion, whereas ionic Cu exposure results in more variable and environmentally modulated
responses. In R. decussatus, MTs likely contribute to Cu sequestration and elimination
through Cu-MT complex formation and subsequent exocytosis [53], while additional
buffering may be provided by low-molecular-weight ligands such as glutathione [42].
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Figure 4. MTs concentrations (mg g_l protein) (A-D) and lipid peroxidation (nmol g_1 protein‘l)
(E-H) in gills and digestive gland of R. decussatus unexposed and exposed to CuO NPs and Cu?* for
15 days a water system and in a water/sediment matrix. Capital letters represent differences between
treatments at the same time of exposure and lower letters differences between time of exposure
(p <0.05).

3.6. Oxidative Damage

Lipid peroxidation (LPO) was used as an indicator of oxidative damage and represents
a downstream consequence of ROS accumulation when antioxidant and detoxification sys-
tems are insufficient. In the water system, LPO levels in the gills increased over time under
both CuO NP and ionic Cu exposure (p < 0.05; Figure 4E), indicating that ROS generation,
despite the activation of SOD, CAT, and GST, exceeded the antioxidant and detoxification
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capacity, leading to membrane damage. This effect was more pronounced under CuO
NP exposure, consistent with the stronger and more sustained activation of upstream
antioxidant defenses and MT induction, reflecting higher overall oxidative pressure.

In the water/sediment system, LPO responses were generally attenuated (Figure 4FH),
in line with the reduced SOD, CAT, GST, and MT responses observed under these conditions.
Under CuO NP exposure, LPO increased transiently in the gills after 7 days but returned
to control levels by the end of the experiment (Figure 4F), suggesting an initial oxidative
challenge followed by effective compensation through antioxidant and detoxification
mechanisms. In contrast, ionic Cu induced a delayed increase in LPO, indicating slower but
more persistent oxidative effects, likely related to temporal changes in Cu bioavailability
and uptake (Figure 4F).

In the digestive gland, LPO remained largely unchanged under CuO NP exposure
(Figure 4G), despite moderate induction of antioxidant and MT responses, suggesting
effective intracellular buffering of ROS and Cu through coordinated SOD-CAT-GST activity
and metal sequestration. Conversely, ionic Cu exposure led to increased LPO in the water
system, highlighting a tissue-specific vulnerability of the digestive gland when antioxidant
defenses are less strongly or transiently activated.

Overall, LPO results confirm that oxidative damage arises when ROS production sur-
passes the combined capacity of antioxidant enzymes (SOD, CAT, GST) and metal-binding
defenses (MTs). The strongest lipid damage occurred under CuO NP exposure in the water-
only system (Figure 4E), while the presence of sediment consistently mitigated oxidative
stress (Figure 4F,G), reinforcing its role in reducing Cu bioavailability and biological impact.

3.7. DNA Damage

To assess whether the two Cu forms induce genotoxicity in R. decussatus, the Comet
assay was applied to clam hemolymph, and the results are presented in Figure 5A,B. In
control clams, the percentage of DNA in the tail (% DNA tail) remained stable over time in
both exposure systems (p > 0.05). In contrast, clams exposed to CuO NPs in both systems
showed a significant time-dependent increase in % DNA tail compared with controls
(p < 0.05; Figure 5), indicating clear genotoxic effects. This pattern is consistent with the
stronger oxidative stress response observed for CuO NPs, characterized by sustained
activation of SOD, CAT, GST, and MTs, and increased lipid peroxidation, suggesting that
excessive ROS production contributed to DNA strand breaks. Similar responses have been
reported in M. galloprovincialis hemocytes exposed to CuO NPs of comparable size and
concentration [35] and in Mytilus spp. gills and hemocytes after short-term exposure, with
variability depending on nanoparticle coating [39].
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Figure 5. DNA damage (% DNA Tail) in the hemolymph of R. decussatus unexposed and exposed to
CuO NPs and Cu?* for 15 days in water (A) and in a water/sediment matrix (B).

Exposure to ionic Cu also resulted in a significant increase in DNA strand breaks after
7 days (p < 0.05; Figure 5A), although the effect was generally lower and more transient than
that observed for CuO NPs, with values stabilizing toward the end of exposure (p > 0.05).
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No significant differences between Cu forms were observed in the water/sediment system
(Figure 5B), consistent with the overall attenuation of antioxidant and oxidative damage
responses under these conditions.

The genotoxic effects of ionic Cu are most likely linked to ROS formation and conse-
quent oxidative damage, as supported by the parallel activation of antioxidant defenses
observed in this study and reported for other aquatic species [35,54]. However, the
weaker and more transient DNA damage compared with CuO NPs suggests a lower
or more efficiently controlled oxidative burden, in agreement with the less sustained
SOD-CAT-GST responses.

For CuO NPs, DNA damage is generally attributed to oxidative DNA lesions rather
than direct interaction with genetic material, arising from both particle-associated ef-
fects and Cu ion release. Once internalized, CuO NPs can promote radical formation
that disrupts cellular redox balance, leading to oxidative damage to lipids, proteins, and
DNA [55-57]. This mechanism is consistent with the pronounced oxidative stress cascade
observed here.

Comparative studies further support this interpretation. In R. philippinarum, CuO NP
exposure (25-55 nm) induced higher DNA strand breaks than bulk Cu but lower than ionic
Cu, suggesting that genotoxicity is strongly influenced by dissolution kinetics rather than
particle size alone [38]. Overall, in R. decussatus, the observed DNA damage following CuO
NP exposure is best explained by sustained ROS production and incomplete mitigation by
antioxidant and detoxification systems, rather than direct DNA interaction.

3.8. Acetylcholinesterase (AChE)

Acetylcholinesterase (AChE) regulates acetylcholine (ACh) levels in synapses, which
are central to neural function in bivalves [58] and AChE activity is an indicator of neurotox-
icity and is widely used as a biomarker of neurotoxic effects. AChE activity in clam gills
exposed to CuO NPs under both treatments is shown in Figure 6.
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Figure 6. AChE activity in the gills of R. decussatus unexposed and exposed to CuO NPs and Cu?* for
15 days in water (A) and in a water/sediment matrix (B). Capital letters represent differences between
treatments at the same time of exposure and lower letters differences between time of exposure
(p < 0.05).

In unexposed clams, AChE activity increased only in individuals maintained in the
water/sediment system at the end of the exposure period, although the increase was not
significant (p > 0.05; Figure 6B).

In clams exposed to CuO NPs, AChE activity showed different patterns depending
on the treatment. In the water system, AChE activity increased after 7 days of exposure
but significantly decreased after two weeks (p < 0.05: Figure 6A). This suggests that AChE
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activation can represent an early warning signal or transient adaptive response before toxic
damage leads to enzyme inhibition. In the water/sediment system (Figure 6B), AChE
activity was initially higher and then decreased linearly over time (AChE =2.36 — 0.14 t;
r=0.999), indicating neurotoxic effects associated with CuO NP exposure. A similar
response was observed in the gills and digestive gland of the mussel M. galloprovincialis
exposed to Cu-ZnO NPs [45].

AChE catalyzes the hydrolysis of ACh in the central nervous system [59], and its
inhibition can lead to neuronal damage. The inhibition observed in clam gills may result
from ROS production, particularly H,O,, induced by NP exposure, which can alter the
active site of AChE [60], or from inflammatory processes. Additionally, Cu released from
CuO NPs may inhibit cholinesterase (ChE) by forming complexes with sulfhydryl groups
of the enzyme, disrupting its normal function and affecting the nervous system.

In contrast, AChE activity in clam gills exposed to dissolved Cu remained unchanged
in the water system (Figure 6A), while in the water/sediment system, AChE activity
significantly increased 1.8-fold by the end of the experiment (p < 0.05; Figure 6B), indicating
that the increase in AChE activity observed in bivalves may reflect a compensatory response
aimed at maintaining cholinergic neurotransmission under stress conditions. AChE plays
a key role in regulating acetylcholine levels and is involved not only in neural function
but also in neuroimmune interactions, which can be activated by environmental stressors.
Transient increases in AChE activity following exposure to contaminants or abiotic stress,
often precede inhibitory effects, suggesting an early adaptive response of the organism.
Similarly, Cazenave et al. [61] reported an approximately 1.8-fold increase in AChE activity
in the invasive freshwater bivalve L. fortunei after exposure to Cu (50 and 200 pg CuL~1) at
15 °C, suggesting cumulative negative effects of both factors.

Conversely, AChE activity in M. galloprovincialis gills was inhibited after exposure to
Cu (10 ng L~! for 15 days) in both nano (CuO NPs) and ionic forms [35]. In M. edulis gills,
changes in AChE activity were concentration dependent, with higher Cu levels (200 pg L1
inhibiting the enzyme, whereas lower concentrations showed time-dependent effects [62].
Differences in AChE responses to Cu exposure may also be related to MTs induction in
this species, which plays a role in Cu homeostasis and detoxification [42] The mussel M.
galloprovincialis seems to be sensitive to Cu—ZnO NPs, and the inhibition of AChE may
result from the strong binding affinity of Cu to the thiol residues of AChE [45], as also
observed in the present case for binding to the sulfur residues of MTs.

Interestingly, the pattern of AChE activity is similar to that observed for LPO levels.
Some studies in other animal models have reported AChE activation alongside increased
LPO [61] (Cazenave et al., 2025). In this case, the effect of metals on AChE activity may
be due to disruption of the plasma membrane caused by increased lipid peroxidation [63].
Furthermore, AChE may be associated with cell apoptosis and subsequent release of the
enzyme, as reported by Zhang and Shi (2002) [64]. In M. galloprovincialis, exposure to CuO
induced antioxidant effects mainly related to GST, apoptosis, and proteolysis; however,
this needs to be confirmed in R. decussatus [51].

3.9. Comparison Between Water and Water/Sediment System

To compare the effects of nano and ionic Cu in water and water/sediment systems, a
PCA was performed (Figure 7). The analysis clearly separates Cu-exposed samples from
controls along PC1, while PC2 distinguishes tissue-specific responses (gills vs. digestive
gland) driven by exposure type and duration. Overall, PCA highlights oxidative stress and
neurotoxicity, particularly in gill tissues. Gill-related biomarkers (LPO, SOD, and AChE)
are strongly associated with the positive end of PC1, especially under ionic Cu exposure
in sediments after 15 days and under both Cu forms in water after 7 days. This indicates
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pronounced oxidative stress and potential neurotoxicity in gills under these conditions. The
close alignment of SOD and LPO vectors suggests a strong positive correlation, indicating
that antioxidant defenses are insufficient to prevent membrane damage. Similarly, MT
in the digestive gland and GST in the gills show parallel trends, suggesting coordinated
responses to stress.
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Figure 7. PCA of a battery of biomarkers measured in the gills of R. decussatus unexposed (CT) and
exposed to CuO NPs and Cu?* for 15 days in water (W) and in a water/sediment matrix (SED).

The Comet assay vector aligns with the positive axis of PC1, indicating that DNA
damage is a central biological response to both exposure types in the water system and is
closely associated with systemic oxidative stress across tissues. Accordingly, DNA damage
represents a key component of the toxicological profile of organisms exposed to both types
of copper in the waterborne system and to ionic Cu in water/sediment system at the end
of the exposure period.

Control groups and short-term exposures clustered near the negative side of PC1, indi-
cating minimal biological effects. Overall, water /sediment exposure ranged from negligible
effects to pronounced gill stress under prolonged ionic Cu exposure, whereas waterborne
CuO NPs progressively targeted the digestive gland. Thus, ionic and nanoparticulate Cu
exhibit distinct, tissue-specific, and time-dependent toxicological profiles.

Exposure duration influenced response patterns. CuO NP exposure shifted from gill-
dominated responses at 7 days to stronger digestive gland involvement at 15 days. In the
water system, CuO NPs were increasingly associated with digestive gland biomarkers (SOD,
CAT, GST) (Figure 3), highlighting this tissue’s central role in nanoparticle detoxification.
In contrast, under water/sediment conditions, nanoparticle exposure produced a profile
similar to controls, indicating lower physiological impact. This might indicate that the CuO
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NPs that have reached the sediments were either in small amounts either in the particulate
form or dissolved.

Ionic Cu showed a different pattern. After 7 days in the water system, responses
were mainly associated with gill stress and metallothionein (MT), with a weaker shift
toward digestive gland involvement than observed for nanoparticles. Prolonged exposure
in the water/sediment system resulted in the highest overall stress, strongly linked to gill
responses, including oxidative damage and neurotoxicity.

The observed cytotoxic, genotoxic, and oxidative stress responses, together with
potential bioaccumulation, highlight the environmental relevance of CuO NPs in marine bi-
valves [39]. Similar effects—including oxidative stress, MT induction, and AChE inhibition—
have been reported in M. galloprovincialis exposed to ionic Cu (10 pg L) [12,19].

Both Cu forms induced oxidative stress in R. decussatus (Figure 7), but with distinct
patterns: ionic Cu was mainly associated with genotoxicity and early digestive gland
damage, whereas CuO NPs caused acute gill stress followed by a strong enzymatic response
in the digestive gland.

Multivariate analysis highlights the exposure medium as a key driver of toxicity,
directing Cu toward different physiological compartments. In water-only systems, ionic
Cu triggered early genotoxicity and oxidative stress in the gills, preceding full activation
of enzymatic defenses. In contrast, nanoparticles increasingly affected the digestive gland
over time, requiring enhanced antioxidant and detoxification responses (SOD, GST).

In the water/sediment system, ionic Cu caused the most pronounced effects, with
severe oxidative damage and neurotoxicity in the gills. Conversely, CuO NPs clustered
with controls, suggesting reduced bioavailability. This likely reflects limited dissolution
of CuO NPs (~1%) in marine conditions, emphasizing the role of sediments in mitigating
nanoparticle toxicity and its relevance for environmental risk assessment.

As R. decussatus is both economically important and ecologically relevant, these toxic
effects may impair ecosystem functioning and impact on the blue economy. The shift from
gill stress to longer-term digestive gland responses suggests that CuO NP pollution disrupts
multiple physiological pathways, potentially reducing population resilience and altering
food web dynamics. Because bivalves accumulate contaminants and are widely consumed,
the observed oxidative stress and genotoxicity in R. decussatus indicate potential risks for
trophic transfer. Although human health was not directly assessed, these mechanisms are
conserved across species and are linked to disease processes.

Overall, these findings demonstrate that emerging contaminants such as CuO NPs
affect multiple biological systems and share toxicity pathways (e.g., oxidative stress and
genotoxicity) relevant to both wildlife and humans. They also highlight R. decussatus as
an effective early indicator of environmental and public health risks. Notably, waterborne
nanoparticle exposure may pose greater risks than sediment-bound forms for this species,
with implications for monitoring and regulation. CuO NPs induce pronounced biochemical
and cellular stress, including DNA damage and impaired antioxidant defenses. In a One
Health context, bivalves act as sentinel species, reflecting environmental health. Biomarkers
such as SOD, LPO, AChE, and DNA damage provide early warning signals of CuO
NP contamination that may also affect other marine organisms, including commercially
important species.

These results underscore the need for integrated risk assessment strategies that con-
sider environmental exposure, ecological effects, and human health together. A One Health
approach strengthens the case for regulating nanoparticle emissions and incorporating
biomarker-based monitoring into coastal management programs.
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4. Conclusions

Both CuO NPs and ionic Cu pose significant risks to marine organisms, inducing
oxidative stress, oxidative damage, genotoxicity, and biochemical disruption in R. decussatus.
However, toxicity depends on Cu form and exposure route, highlighting the importance
of understanding accumulation dynamics for accurate environmental risk assessment
and mitigation.

CuO nanoparticles elicit faster and stronger stress responses than ionic Cu under
waterborne exposure, particularly at early stages, indicating higher acute toxicity. Ionic Cu
is primarily associated with early genotoxicity and oxidative damage, whereas CuO NPs
drive a shift from initial gill stress to digestive gland-mediated detoxification over time.

Waterborne exposure to both CuO NPs and ionic Cu affects different biological path-
ways than sediment-bound Cu, emphasizing the role of exposure route and duration in
shaping toxicological outcomes.

The combined evidence of oxidative stress, genotoxicity, and potential bioaccumula-
tion in R. decussatus suggests that CuO NPs represent an emerging environmental risk to
marine ecosystems.

Overall, these findings highlight the need for integrated One Health approaches to
assess ecological and potential human health risks associated with nanoparticle pollution.
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