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ARTICLE INFO ABSTRACT

Edited by Martin Grosell Nanoparticles (NPs) have actively contributed to nanotechnologies advancement over the last years, due to the
unique properties they possess compared to their pristine counterparts. Consequently, NPs found wide appli-

Keywords: cations in various fields such as the medical, biomedical, chemical, agro-food industries, and cosmetology. NP's

Stlramomta haemastoma extensive uses could lead to their release into the environment, especially in the marine ecosystems, considered

Al,O3 NPs

as NPs sink, resulting in harmful effects on organisms. Concerns regarding NPs' toxicity in aquatic organisms
Integrated biomarkers response (IBR) have emerged, however, sex./eral poi.nts remain unexplored. In the present study, the toxicity of. chromi}1m oxide
Oxidative stress (Cry03 = 42 nm) and aluminum oxide (Al0O3 = 38 nm) NPs (1 mg/L, 2.5 mg/L, and 5 mg/L) in the gills of the
Histopathology marine gastropod Stramonita haemastoma was assessed through time (7, 14, and 28 days) by a multi-biomarker,
Integrated biomarkers response (IBR), and Histological analysis. Both NPs induced varied changes in the anti-
oxidant system, suggesting the onset of oxidative stress marked by superoxide dismutase (SOD), catalase (CAT),
acetylcholinesterase (AChE), metallothionein (MT), and malondialdehyde (MDA) levels imbalance. Varied his-
tological alterations in the gills of S. haemastoma were also observed including inflammation, hypertrophy, and
lamellar fusion, IBR proved to be a promising tool for assessing NPs toxicity in gastropods. In this study results
indicated the co-response of reduced glutathione (GSH), glutathione S-transferase (GST), glutathione peroxidase
(GPx), CAT, SOD, and MT after 28 days of exposure. S. haemastoma showed sensitivity to all exposure concen-
trations of NPs thus validating this species as a suitable indicator of NPs contamination and toxicity.

Cry03 NPs

1. Introduction wide range of application areas. NPs are typically defined as particles
with at least one dimension varying from 1 to 100 nm, allowing them to
The advances in nanotechnologies over the last decade have exhibit specific functional characteristics superior to their bulk elements

contributed to extending the interest given to Nanoparticles (NPs) in a (Abdel-Latif et al., 2020; Abramenko et al., 2021). Consequently, NPs
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have been utilized in various sectors including medical, biomedical,
chemical industries, environmental applications, and cosmetics
(Sanchez et al., 2011; Corsi et al., 2020). According to economic data,
the global market size of metallic nanoparticles (Me-NPs) is predicted to
reach 4.2 billion USD with an annual growth rate of nearly 11.5 % (focus
on catalysis, 2023).

The increasing use of NPs in various applications raises concerns
about their release into the environment, especially in the aquatic eco-
systems, which are considered their major sink (Baker et al., 2014; Bour
et al., 2015). For instance, processes such as atmospheric deposition,
environmental dumping, effluents, and others could lead to the intro-
duction of NPs in the marine ecosystem as their final destination
(Matranga and Corsi, 2012; Xia et al., 2017). Once in seawater, NPs can
form agglomerations and settle in marine sediments, leading to their
accumulation over time (Canesi et al., 2015; Peng et al., 2017). Studies
have shown that NPs can reach concentrations in marine sediments in
the range of mg/kg (Nam et al., 2014; Fan et al., 2018; Tou et al., 2021).
These NPs are considered pollutants that can potentially harm effects to
marine species and compromise the integrity of the aquatic ecosystem
(Canesi et al., 2017). Consequently, concerns have emerged regarding
NPs' potential toxicity (Blasco et al., 2015). Despite the recent expansion
of ecotoxicological research, previous investigations primarily focused
on freshwater species and specific NPs types such as TiO, CuO, and
ZnO,. Likewise, these studies were mainly limited to bivalves regarding
marine species (Minetto et al., 2014 and 2016).

The characteristics that make NPs profitable, including their small
size, high reaction surface, shape, and optical ones are crucial factors in
their potential toxicity to aquatic organisms (khan et al., 2019; Turan
et al., 2019). Several studies reported their ability to interact with bio-
logical barriers, affecting their bioavailability and causing harmful ef-
fects, particularly by inducing oxidative stress, which is considered the
main toxicity mechanism of NPs (De Felice and Parolini, 2020; Hichem
et al., 2022). Exposure to NPs can alter cellular antioxidant defenses,
leading to various effects including the modification of cellular com-
ponents such as proteins, lipids, and DNA, mainly through indirect
oxidation pathways due to ions released in aquatic organisms (Handy
et al., 2008; Deng et al., 2016; Hou et al., 2019).

Chromium oxide (Cry03) and Aluminum oxide (Al;O3) are among
the most widely used NPs. Due to their high functional properties, both
NPs found application in numerous sectors, namely as green pigments,
catalysts, semiconductors, chemical and agro-industrial industries,
biomedical, medical, cosmetics, antibacterial agents, and others (Becker
et al., 2016; Mui et al., 2016; Sharma et al., 2022; Adnan and Moham-
med, 2024). Several studies have reported their toxicity to various
biological models. CroO3 was reported to induce cytotoxicity in the
green alga Chlamydomonas reinhardtii and 1929 cells (Alarifi et al., 2016;
da Costa et al., 2015), genotoxicity in rats (Singh et al., 2016), high
acute toxicity in Daphnia magna (Puerari et al., 2016), and oxidative
stress induction in the freshwater fish Labeo rohita (Kanwal et al., 2019).
Although Al;03 NPs have been considered less toxic than most common
NPs, numerous studies reported also toxic effects induced by AlyO3
(Garcia-Saucedo et al., 2011). For instance, cytotoxicity in mouse neu-
roblastoma cells (Nogueira et al., 2019), oxidative stress induction in the
mussel Unio tigridis (Canli and Canli, 2021), histological alterations in
the fish Oreochromis mossambicus (Murali et al., 2018), neurotoxicity on
dopaminergic neurons in rats (Liu et al., 2020), and accumulation in
Artemia salina larvae (Ates et al., 2015). Despite the extensive research
on NPs toxicity assessment, the existing literature concerning both NPs
remains limited, especially on aquatic organisms (Zaleska-Radziwitl
et al., 2020). For instance, to the best of our knowledge, no prior study
has explored the toxicity of CryOs3 NPs on marine organisms, with
limited existing studies on freshwater species.

The increasing population density and economic activities are putt-
ing pressure on coastal ecosystems. Therefore, it is becoming increas-
ingly important to evaluate NPs fate and toxicity on benthic organisms
(Mouneyrac et al.,, 2014). Mollusks have been widely used as
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bioindicators for assessing NPs aquatic contamination and toxicity by
several relevant studies. For instance, marine bivalves have been
recognized as particularly affected by NPs contamination, leading to a
focus on bivalves in many studies, while research focused only on other
species is still lacking (Canesi et al., 2010a; Canesi et al., 2012; Rocha
et al., 2015).

Stramonita haemastoma is a coastal marine gastropod, with a wide
geographic distribution. These marine snails are principal predators of
bivalves and other small gastropods. They have been used as indicators
of Tributyltin (TBT) pollution and imposex induction; besides owning
economic importance in purple dye extraction and human consumption
(Bouzahouane et al., 2018; Madeira et al., 2018; El Ayari et al., 2018).
Although S. haemastoma has received little attention as a bioindicator,
recent limited in situ studies have judged this marine snail as a promising
indicator of marine metallic contamination (Di Bella et al., 2018; Bou-
zahouane et al., 2024). However, to the extent of our knowledge, this
marine gastropod has not been used as an indicator of NPs contamina-
tion and toxicity. Considering the earlier key points, S. haemastoma
could be a new promising bioindicator of NPs toxicity assessment, since
gastropods are usually suitable biological models as they offer several
practical advantages namely their abundance, breading resistance, and
sensitivity to pollutants exposure (Caixeta et al., 2020). To our best
knowledge, No prior study apart from ours regarding the use of
S. haemastoma as a bioindicator of NPs toxicity same as in vivo in situ
studies was done. Key biochemical and histological biomarkers linked to
critical physiological functions were selected for this study. Biochemical
indicators include the activities of antioxidant enzymes such as super-
oxide dismutase (SOD), catalase (CAT), reduced glutathione (GSH), and
glutathione peroxidase (GPx), all essential for defense against reactive
oxygen species (ROS) generated by xenobiotic exposure. Oxidative
damage was assessed by measuring malondialdehyde (MDA) levels.
Additionally, Metallothionein (MT) levels were evaluated as a
biomarker for metal detoxification. The activity of glutathione-S-
transferase (GST), a phase II biotransformation enzyme involved in
xenobiotic detoxification, and acetylcholinesterase (AChE) activity,
associated with cholinergic neurotransmission, was also evaluated as
biomarkers for neuromuscular toxicity. Additionally, a detailed histo-
logical study was conducted to observe structural alterations in the gill
tissues, providing insights into tissue-level damage caused by NPs
exposure.

Integrated biomarker response (IBR) is a useful tool that allows the
visualization of multivariate data of numerous biomarker response
trends (Beliaeff and Burgeot, 2002). This method has been widely used,
especially for in situ investigations, including ecotoxicological studies to
better understand the correlations among biomarkers and contamina-
tion levels in field studies (Devin et al., 2014). However, the application
of IBR in in vivo and in vitro NPs toxicological studies is still limited. For
example, in marine species, the use of IBR is mainly limited to bivalves
in some studies (Xia et al., 2013; Devin et al., 2017; Xia et al., 2017; Li
et al., 2021).

This study aims to investigate the potential in vivo toxicity of CroO3
and Al,O03 NPs, with increasing exposure concentrations through time in
the gills of S. haemastoma. This will be accomplished using a multi-
biomarkers approach and the first application of IBR to a range of bio-
markers over time, along with histological analysis.

2. Materials and methods
2.1. Nanoparticle synthesis

The solvothermal method was used to prepare both AloO3 and Cr203
NPs, by dissolving 0.4 mol of Al (NO3)3, 9H20 in 40 mL of deionized
water (Dw) and Cr (NO3)3, 9H,0 in 60 mL of Dw under stirring,
respectively. For Al;O3 preparation, the main mixture was centrifuged
then the precipitate was dispersed in distilled water, heated at 400 °C,
and washed and finally dried for 8 h at 90 °C. The Cr,O3 NPs mixture
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was heated at 140 °C for 24 h, the resulting precipitates were washed
with Dw, dried, and calcined at 500 °C to obtain green CroO3 NPs.

2.2. Nanoparticle characterization

The structural characterization of both samples was performed using
X-ray diffraction (XRD) with a Siemens D-5000 diffractometer in 20° —
90° 20 range with Cu-Ka radiation (A % 1.5418 108). UV-Vis spectro-
photometer was used to investigate UV-Vis absorption spectra for both
NPs and Morphological analysis using Scanning Electron Microscopy
(SEM: Thermo Fisher Scientific) was also performed (Bouarroudj et al.,
2023).

Malvern Zetasizer Nano-ZS (Malvern Panalytical) equipped with DTS
1070 disposable folded capillary cells and MPT-2 Titrator, was used to
assess the zeta potential and the zeta average diameter of both NPs in
function of pH using NaOH (0.03 M) and HCI (0.03 M) solutions, by
dynamic light scattering (DLS) and calculation of 20 measurements
points. Energy-dispersive spectroscopy (EDS) was also used to investi-
gate the purity of both further prepared Al,03 and Cry0O3 NPs and the
optical properties of both NPs were also evaluated by calculating the
optical band gap (Eg) from UV-Visible spectra for CroO3 and Al;O3 NPs
(supplementary).

2.3. Animal sampling and conservation

Stramonita haemastoma sampling (4 to 10 cm) followed previous
work by Sedrati et al. (2024). Briefly, after collection from Annaba city,
Algeria in the Cap de Garde (36°96'N, 7°78'E) by SCUBA. This area is an
isolated natural site, characterized by the absence of industrial activity
or human habitation (Bouzahouane et al., 2024). Natural seawater
(NSW) was collected from the same sampling site, filtered at 50 pm, and
stored in the dark. The preliminary average water parameters were
monitored by a multiparameter (®Horiba) and were maintained during
all experimental periods (salinity: 34.2 ppt, Temperature: 23 °C, pH: 8.2,
dissolved oxygen: 9.22 mg/L). The collected snails were acclimated for
7 days and kept in laboratory conditions with a photoperiod of 12:12 h
dark/light in NSW-contained aquariums with constant aeration, water
was renewed daily during the acclimation period, and then every 48 h in
exposure periods.

2.4. Experimental design

S. haemastoma snails were randomly divided into groups of 20 in-
dividuals each, and each group was placed in identically sized boxes
containing 3 L of NSW. The snails were maintained in constant aeration
in bubbling conditions, mimicking their natural conditions. Marine
snails were exposed for a total of 28 days, with three assessment end-
points at 7, 14, and 28 days to either Cr,O3 or Al;03 NPs. Nano-powders
of Cry03 and Al;O3 were added to MilliQ water with stirring to prepare
stock solutions (1 g/L) of both NPs using a bath sonicator (50 kHz) for
30 min. Exposure was made by diluting equal volumes of stock solutions
into each box. The snail groups were set and exposed to nominal con-
centrations as follows: group 1 as control, group 2 exposed to 1 mg/L
Aly03 NPs, group 3 exposed to 2.5 mg/L Al,03 NPs, group 4 exposed to
5 mg/L Al,03 NPs, group 5 exposed to 1 mg/L CryO3 NPs, group 6
exposed to 2.5 mg/L Cro03 NPs, and group 7 exposed to 5 mg/L Crz03.
Gastropods were not fed during the exposure term, and experiments
were conducted with 3 independent replicates. NPs nominal concen-
trations in this study were selected following the previously applied
concentrations in prior studies, and the predicted concentrations in
sediments (Canesi et al., 2010a, 2010b; Hao and Chen, 2012; Gornati
et al., 2016; Xia et al., 2017; Caixeta et al., 2020). Exposure duration
was selected according to some criteria as follows: - The average expo-
sure periods reported in related previous studies and reviews, — periods
were selected to assess the potential effects evolution in a sub-acute term
(Canesi et al., 2012; Abdel-Latif et al., 2020; Roma et al., 2020).
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2.5. Biochemical analysis

2.5.1. Preparation of tissue homogenates

At the end of each exposure duration point (7, 14, and 28 days),
snails from the control and the exposed groups were euthanized by
instant freezing and carefully dissected. The gills were obtained for
oxidative stress biomarkers analysis, and 03 individuals were used for
analysis at each period from different replicates. Immediately, aliquot
samples were homogenized using an ultrasonicator bath and a vortex,
using 3 buffers, each specific to biomarkers. Briefly, aliquots samples
were homogenized in Tris-HCl buffer (10 mM, pH: 7.3, 1:3 w/v) for
reduced glutathione (GSH), glutathione peroxidase (GPx), glutathione-
S-transferase (GST), superoxide dismutase (SOD), catalase (CAT), and
malondialdehyde (MDA) assays (Zaidi et al., 2021). Aliquot samples
were homogenized in phosphate buffer (100 mM, pH, 7, 1:3 v/w) for
acetylcholinesterase (AChE) analysis. Homogenates were then centri-
fuged at 11250 x g for 15 min (4 °C) and supernatants were immediately
stored at —80 °C.

Tris-HCl (20 mM), saccharose (0.5 M), and leupeptin (0.006 mM)
were used as a buffer for the metallothionein (MT) assay, homogenates
were centrifuged at 20,000 xg for 30 min (4 °C) and instantly conserved
at —80 °C (Bouzahouane et al., 2018).

2.5.2. Protein quantification

The total protein rates were determined according to the Bradford
(1976) assay at 595 nm using Bovine serum Albumin (BSA) as a standard
(Sigma®).

2.5.3. Oxidative stress biomarkers

The Weckbecker and Cory (1988) method was used to monitor GSH
levels, based on the 5,5-dithio-bis-2-nitrobenzoic acid (DTNB) reduction
by thiol group (-SH) of glutathione absorbance assessment at 412 nm.
The GSH content was expressed as nanomole per milligram of protein
(nmol mg_1 protein).

The GST activity was assessed using 1-chloro-2,4-dinitrobenzene
(CDNB) as a substrate for reduced glutathione resulting in the forma-
tion of molecules from the conjugation reaction then monitored the
absorbance changes for 2 min at 340 nm according to Habig et al.
(1974) method, GST activity was expressed in units (U) of GST per
milligram of protein ((U) GST mg ™! protein).

The GPx activity was measured following the Chiu et al. (1976)
method, by absorbance assessment at 412 nm and GPx activity was
defined as the amount of enzyme oxidizing 1 pmol of GSH. GPx was
expressed as nanomoles of GSH oxidized mg™' protein
(Thirupurasundari et al., 2009; Wu et al., 2011).

The Marklund and Marklund (1974) method based on the pyro-
gallol oxidation inhibition by SOD in the presence of EDTA assay was
employed to assess SOD enzymatic activity by absorbance monitoring
for 5 min at 420 nm, SOD concentrations were represented in (U) SOD
mg ! protein.

CAT enzymatic activity was measured using the Hydrogen peroxide
(H205) rates decrease and monitored optical densities variation at 240
nm according to Beers and Sizer (1952) assay, one unit (U) of CAT is
equivalent to the amount of enzyme catalyzing the degradation of 1
pmol of HyO5 per min and was expressed as U min~! mg_1 protein.

2.5.4. Lipid peroxidation biomarker (LPO)

The evaluation of MDA rates in the gills of the marine snails was
measured as an indicator of Lipid peroxidation (LPO), MDA levels were
assessed by the thiobarbituric acid (TBA) reaction assay at 535 nm in a
final mixture composed of 1 mL of the supernatant, 1 mL TBA (0.67 %),
and 1 mL trichloroacetic acid (TCA, 5 %) according to the initial pro-
tocol reported by Fatima et al. (2000) with some modifications by Zhao
et al. (2009). An extinction coefficient of 1.56 x 10° M~ ! em~! was used
to calculate the MDA rates which was expressed as nmol MDA mg*
protein. More detailed procedures of the biomarkers analysis were
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previously reported by Zaidi et al. (2021).

2.5.5. Neurotoxicity biomarker

The AChE enzymatic activity was determined following the Ellman
et al. (1961) assay, based on acetylcholine (ACh) as a substrate for
(AChE) and the formation of yellow color molecules due to thiocholine
(SCh) reaction with DTNB, which can be monitored at 412 for 5 min for
the estimation of enzymatic activity, AChE activity was expressed in
nmol min~! mg™! protein.

2.5.6. Metallothionein (MT) analysis

Metallothionein (MT) content was evaluated according to the
method proposed by Viarengo et al. (1997) specifically adapted for
marine invertebrates and based on the monitoring of absorbance at 412
nm with Ellman's reagent (DTNB) for the determination of the thiols
(-SH) after obtaining a partially purified MT fraction from the cytosolic
content using an ethanol/chloroform treatment. The MT content was
measured by 1 mol Mt. = 20 mol GSH as an equation and was expressed
as nmol g~ ! tissue.

2.6. Histological study

The gills samples from each group (control, exposed to CroO3 and
Al,O3 NPs) were dissected immediately for histological observations
after 28 days of exposure, then preserved in 10 % formaldehyde. 2 in-
dividuals were pulled from different replicates for all groups and then
histological samples were dehydrated with a succession of graduated
ethanol and cleared using xylene, 3 to 5 pm sections were obtained by a
microtome after embedding gills samples in prepared paraffin wax
(®Sigma). Tissue cuts were then directly mounted in microscopic slides
and colored using Eosin (e) and Hematoxylin (H). Finally, the prepared
histological slides of gills samples were observed for alteration deter-
mination in a Leica DM1000 LED optical microscope, and photographic
shots of the histological slides were recorded (Hould, 1984; Zaidi et al.,
2021).

2.7. IBRv2 analysis

IBR is a method used to integrate multiple biomarker responses and
experimental factors into one single index. This helps to better frame the
key impacts and reactions of biomarkers. The method has been suc-
cessfully used to evaluate the effects of NPs on oxidative stress bio-
markers in bivalves (Beliaeff and Burgeot, 2002; Marigomez et al.,
2013). The term “v2” in IBRv2 typically stands for “version 2,” which
indicates an updated version of the original Integrated Biomarker
Response (IBR) index and is referred to as IBR in this study. This version
incorporates adjustments to improve its applicability, accuracy, or
sensitivity in environmental biomonitoring. In this study, IBRv2 was
applied to various biomarkers and exposure concentrations for each
exposure period to identify the potential impacts of NPs. The IBRv2
calculations are based according to Sanchez et al. (2013) modifications
to adapt IBR in oxidative stress biomarkers as follows:

Individual biomarkers data (X;) is compared to average biomarkers
references (Xp) to obtain (Yi), and log transformation is applied to
reduce variations.

Yi= lOg (XI/X())

Standardized biomarkers response (Z;) is obtained by estimating the
global mean (p) and standard deviation (o) of Yi.

Zi=(Yi—p)/o

A deviation index (Ai) is calculated to establish a basal line of 0 as a
center in which biomarkers' response changes are represented, by
applying the average reference biomarker data (Zp) and (Z)).

Ai= (Zl - Zo)
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Finally, the values of Ai parameters for each biomarker are calcu-
lated to obtain the IBR values.

IBR = |Ail

2.8. Statistical analyses

All statistical data analyses were conducted using R software (R Core
Team, 2023), and a two-way ANOVA permutation was performed to
compare groups, NPs concentrations, and duration. Exposure was
compared by applying the Post hoc test of Dunnett for Multiple Com-
parisons of Means; followed by the Dunn multiple comparison test with
p-values adjusted with the Bonferroni method. Descriptive statistics are
expressed as mean and standard deviation and statistical significance
was determined at a significance level of p < 0.05 for all analyses . The
percentage variation rates of biomarker activity in the gills of snails were
calculated to quantify the relative changes between the control and
exposed groups for each time duration. The formula used to calculate the
percentage increase or decrease is as follows:

Percentage Change (%) = ((X exposed — X control) x 100 )/X control)

Where:

X exposed represents the biomarker activity measured in the gills of
snails exposed to nanoparticles (NPs) at a given concentration and time.

X control represents the biomarker activity measured in the gills of
snails from the control group (not exposed to NPs).

The resulting percentage values indicate an increase (positive per-
centage) or decrease (negative percentage) in biomarker activity rela-
tive to the control.

3. Results
3.1. Cry03 and Al;03 NPs characterization

3.1.1. XRD analysis

The crystal structures and purity of both NPs were assessed by X-ray
diffraction (XRD) analysis., The diffraction peaks observed at 26 values
correspond to the lattice plane (012), (104), (110), (006), (113), (202),
(024), (116), (122), (214), (300), (119), (220), (306), (312), (0210) and
(134), indicating the rhombohedra phase for Cr,O3 (Fig. 1A) (space
group, R-3c). For a-AlyO3 the peaks correspond to the lattice plane
(012), (104), (110), (006), (024), (116), (211), (018), (214), (300),
(119), (220), (131), (128) and (0 2 10) (Fig. 1B) (space group, R-3c).
Both phase observations agree with the literature values (Kafi-Ahmadi
et al., 2022).

The average grain size (D) of Al,O3 NPs was determined to be 38 nm,
while for Cry03 NPs, it was calculated to be 42 nm, (D) using the Scherer
formula (Messai et al., 2018).

3.1.2. SEM analysis

SEM analysis was performed to investigate the morphology and
structure of both Al0O3 NPs and CrpO3 NPs. Both NPs samples exhibited
remarkably consistent sizes indicating a successful synthesis process.
The SEM images revealed that CryO3 NPs exhibit a spherical shape
(Fig. 1C), while Aly0, NPs showed plate-like a-Al,O03 (Fig. 1D).

3.1.3. EDS analysis

The presence of Cr,O3 and Al,O3 NPs in each sample was confirmed
along with high purity by the characteristic peaks corresponding to Cr,
O, and Al, O elements in the EDS analysis (supplementary).

3.1.4. DLS analysis

The zeta potential and the zeta average diameter of the NPs in this
study showed high variations depending on pH. The isoelectric points
(IEP) of Al,03 and Cry03 were 2.33 and 2.95, respectively, indicating an
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Fig. 1. XRD of Cr,03 (A) and Al,O3 (B) nanoparticles, SEM of spherical shape Cr,03 (C) and a-Al,O3 (D) NPs.

acidic character. Suspensions of AloO3 and CrpO3 NPs are stable only at
pH higher than 6.5, and optimal stability was noticed in a pH range of 7
to 7.6 (Fig. 2). Additionally, the optical properties of both NPs were also
evaluated and presented in the supplementary materials.

3.2. Biochemical biomarkers

The percentage variation rates among the control and the groups
exposed to both NPs in the gills of snails were calculated at each time
duration. The percentage variation rates of biomarker activity in the
gills of snails were calculated to quantify the relative changes between
the control and exposed groups for each time duration, the multi-
biomarkers approach results will be presented by exposure periods.
The variations trends of all the studied biomarkers for the control groups
and the exposed groups (CrpO3 or Al;O3 NPs) are represented in Fig. 11,
in the gills of S. haemastoma the levels and activities of GSH, CAT, AChE,
MT, and MDA shoed significant difference (p < 0.05) among exposure
periods (7, 14, and 28 days). GST and SOD activities showed significant
differences (p < 0.05) among concentrations and control groups for both
NPs.

3.2.1. Following 7 days

The changes in GSH, GST, GPx, and CAT activity in the gills of snails
are represented in Fig. 3 and Fig. 4 for both NPs. After 7 days, exposure
to 1 mg/L (p < 0.05) and 2.5 mg/L of Aly03 NPs led to 55.9 % and 42.6
% increase in GSH, while 1 mg/L of Cr,03 caused 34.08 % GSH deple-
tion. GST showed an increase of 145 % and 290 % (p < 0.05) in groups
exposed to 1 mg/L and 5 mg/L of Al;03 and approximately 133.01 % in
the group exposed to 5 mg/L CryO3. GPx activity tended to increase in
the gills of all exposed groups, ranging from 105 to 170 % for Al,O3 NPs
and 117 to 385 % for groups treated with Cry0s3. CAT activity was
reduced by 70.9 % following exposure to 1 mg/L of CroO3, while groups
exposed to 2.5 mg/L and 5 mg/L of Al,03 showed higher (p < 0.05) CAT

activity, ranging from 37.4 % to 65.4 %. SOD, MDA, MT, and AChE
variations in the gills of snails for both NPs are represented in Fig. 5 and
Fig. 6. A significant decrease (p < 0.05) ranging from 50 % to 66 % in
SOD activity was observed in all groups treated with Al,O3, with similar
reduction (p < 0.05) of 71 % in the group exposed to 2.5 mg/L of Crz0s.
MDA in all exposed groups showed higher levels ranging from 156 % to
300 % for Al,03 and significant depletion (p < 0.05) in MT rates was
observed in the gills of all groups exposed to CrpO3 ranging from 45 % to
49 %. Exposure to 2.5 and 5 mg/L of Al,O3 induced significantly lower
MT levels (p < 0.05), ranging from 44 % to 109 %. AChE activity in the
gills of S. haemastoma was significantly (p < 0.05) decreased by 263.28
% due to 2.5 mg/L exposure to Cry03, while a 215 % significant increase
and a 75 % decrease at 2.5 mg/L and 1 mg/L was observed, respectively,
for A1203.

3.2.2. Following 14 days

After 14 days, the levels of GSH significantly increased (p < 0.05) by
65 % at 1 mg/L and 2.5 mg/L of AlyO3, while GSH depletion was
observed in all groups exposed to CrpO3 with a significant (p < 0.05)
decrease of 46 % observed at 2.5 mg/L. GST activity showed signifi-
cantly decreased concentrations in all groups, ranging from 33 % to 74
% for Al;03 and, 6 % to 45 % for Crp03. GPx activity decreased by 24 %
(1 mg/L) (p < 0.05) and 35 % (5 mg/L) due to Cro03 exposure. On the
other hand, GPx activity increased by 15.5 % (2.5 mg/L) and 24 % (5
mg/L) in gills exposed to Al,O3. CAT activity increased by 125 % at 1
mg/L and a significant decrease (p < 0.05) by 64 % at 5 mg/L was noted
in groups exposed to Cr,03 with decreases ranging from 46 % to 56 % at
2.5 mg/L and 5 mg/L of Al;O3. After 14 days, SOD was highly affected
by Al;03 (p < 0.05) NPs, with a significant decrease ranging from 45 %
to 55 % in all treated groups. In the same way, MDA levels were
significantly (p < 0.05) higher (95 %) at 5 mg/L of Al;03. The exposure
to 1 mg/L and 2.5 mg/L of Cry03 NPs caused significant (p < 0.05)
depletion of MT levels (76 % and 83 %, respectively), while 1 mg/L of
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Al03 induced reduced (183 %) MT rates. There was a significant in-
hibition (60 % to 81 %) of AChE activity in all groups treated with
Cr,03, and similarly, all groups exposed to Al,O3 presented decreased
enzymatic activity (36 % to 63 %).

3.2.3. Following 28 days

At the end of exposure duration (28 days), both NPs increased the
levels of GSH in all groups, with significant (p < 0.05) induction at 5
mg/L of Cry03 (239 %) and Al,O3 (268 %). There was a pronounced
induction in GST activity in all treated groups, with the most significant
increase (p < 0.05) at 2.5 mg/L of Cro03 (310.1 %) and 5 mg/L of Al,O3
(351 %). Similarly, all groups for both NPs showed increased GPx ac-
tivity with the most significant (p < 0.05) variations at 2.5 mg/L of
Cry03 (382 %) and 5 mg/L of Al,O3 (272 %). Likewise, CAT activity
increased for all groups at day 28, with significant (p < 0.05) induction
at 1 mg/L of Cry03 (65 %) and 5 mg/L of Al,03 (132 %). In contrast, SOD
activity was reduced in all exposed groups for both NPs with significant
inhibition observed at 5 mg/L of Cry03 (73 %). MDA levels in snails' gills
were highly affected by Al;O3 NPs, with increased rates ranging from
214 % to 41. Similarly, CrO3 exposure resulted in increased (p < 0.05)
MDA levels at 2.5 mg/L (81 %) and 5 mg/L (227 %). There was a sig-
nificant (p < 0.05) depletion of MT rates at 1 mg/L Cry03 (53 %) and a
significant (p < 0.05) induction at 1 mg/L of Al;03. AChE activity was
induced by both NPs, with a dose-dependent increase ranging from 5 %
to 46 % due to Cry03 exposure. An increase ranging from 152 % to 203
% was also observed after AloO3 exposure. Significant (p < 0.05) among
exposure duration points was observed for GSH, CAT, MDA, MT, and

ACHhE in the gills of snails treated with CryO3, and GSH, GST, CAT, and
MDA in individuals exposed to AlyOs.

3.3. IBRv2

Applying the multi-biomarkers approach is challenging for the
comparative aspects among biomarkers or even pollutants effects.
During this study, IBR v2 was used to analyze various biomarkers and
present their responses in graphical summaries with standardized
numeric values, allowing better identification of the impacts (Liu et al.,
2017; Li et al., 2021). IBR positive values indicate biomarker induction,
while negative ones are inhibition, following the recommendation of
IBR v2 conception (Sanchez et al., 2013). IBR values have been plotted
and, organized into two categories: 1- enzymatic biomarkers, and 2-
non-enzymatic biomarkers, providing a clearer understanding of the
results and specific identification. IBR v2 results are represented in Fig. 7
for individuals exposed to CryO3 and Fig. 8 for individuals exposed to
AlyOs. IBR v2 global evolution according to exposure periods and con-
centrations for each and both NPs are represented in Fig. 10 and could
serve as a summary tool to identify the potential biomarkers sensitivity
trend and thus biomarkers behavior and response to both NPs exposure.

3.3.1. At 7 days

After 7 days of exposure to CroO3 NPs at 1 mg/L, the IBR values
showed negative responses for SOD, CAT, MT, and positive responses for
MDA. At 2.5 mg/L, CAT and SOD had a more negative impact along with
MT. At 5 mg/L, IBR values highlighted negative AChE, GSH, and positive
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responses for GST and MDA. The IBR values highlighted positive values
for MDA and GPx, and negative responses for SOD and MT responses in
all groups exposed to AlyOs.

3.3.2. At 14 days

On day 14, IBR levels at 1 mg/L (Cro03) were related to CAT,
negative AChE, and MT response, and further highlighted negative GST,
MDA, and GSH response. SOD and GPx were the most affected bio-
markers at 5 mg/L. On the other hand, in individuals exposed to 1 mg/L
of Al,O3 the IBR values reflected SOD inhibition and GSH induction. At
2.5 mg/L, GST and SOD were mainly inhibited and GSH was inducted.
The IBR index represented positive MT, MDA, and negative AChE
response at 5 mg/L of Al;03. Overall, when setting the mean values of
the IBR index per NPs concentration, the trend was mostly dose-
dependent at all periods.

3.3.3. At 28 days

After 28 days, the IBR showed the co-action of all biomarkers in a
dose-dependent trend, showing high responses for all biomarkers for
both NPs. CAT < GST < GPx < AChE< MDA induction with SOD inhi-
bition represented the main response for both NPs with the higher IBR
values observed for Al;Os.

3.4. Histological analysis

The respiratory system anatomy of Muricidae like Stramonita hae-
mastoma is considered far-developed. However, there is limited infor-
mation available in the literature. According to our observations and
literature (Beesley et al., 1998), S. haemastoma gills are mainly
composed of a left ctenidium as a primary respiratory organ suspended

by membranes to the mantle cavity and a sensitive organ called
ospharidium which primarily plays a water-taster role. Gills are
composed mostly of leaflets (filaments) containing running blood ves-
sels. Histological shots as shown in Fig. 9, revealed that the control gills
exhibited a regular structure, normal filament organization, and a cen-
tral cavity (Fig. 9. A, B). However, after 28 days of exposure to 1 mg/L of
Cry03. There was a pluri-stratification of the goblet cells in the gills
filaments extremities. Exposure to 1 mg/L of Al;03 and 2.5 mg/L of both
NPs resulted in focal thickening of the gills epithelium and filaments,
with a progressive loss in structure organization (Fig. 9. G, H, I). Lamella
fusion was also observed (Fig. 9. F, I). On the other hand, exposure to 5
mg/L of Cry03 led to a high proliferation of goblet cells throughout the
whole gill blades and filaments, along with partial regression of the
filaments and signs of inflammation (Fig. 9. D, E). Exposure to 5 mg/L of
Al;03 induced focal thickening of the ctenidium epithelium and fila-
ments (Fig, 9. H, F). At all NPs exposure concentrations, there was
partial hypertrophy of the central cavity of the ctenidium and/or
ospharidium, accompanied by an increase in mucus cells compared to
the control. (See Fig. 9)

4. Discussion

In the present study, the toxicity of both NPs was assessed over time
in the gills of the marine snail Stramonita haemastoma using various
indicators. These indicators were employed to evaluate antioxidant re-
sponses, oxidative stress, cellular damage, disruption of neuronal ac-
tivity, and structural changes at the tissue level, providing a
comprehensive understanding of NPs toxicity in this marine snail.
Additionally, the size, shape, zeta potential, and other characterization
of Cry03 and Al;03 NPs were investigated as they are important factors
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that could enhance or reduce NPs stability in the medium and thus their
toxicity (Mezni et al., 2018; Arvidsson et al., 2020). Both NPs showed
zeta values allowing them to be more likely stable in the NSW with a zeta
average size ranging from 200 nm to 700 nm for Cr,0s3, and relatively
lower at a maximum of 300 nm for Al,O3 which could suggest their
higher bioavailability. NSW in this study was used to mimic natural
conditions and thus take into account the impact of natural organic
matter (NOM) (Canesi et al., 2017).

Enzymatic and non-enzymatic biomarkers are crucial cellular anti-
oxidant defenses against oxidative damages caused by NPs, they play a
key role in the detoxification process which could be by their direct
interaction with xenobiotic in biotransformation pathway, or indirectly
via maintaining the redox system hemostasis and elimination of ROS
(Valko et al., 2007; Forman et al., 2009; Board and Menon, 2013). Non-
enzymatic biomarkers like GSH and MT play an important role in NPs
detoxification by scavenging ROS as anion superoxide 02~ and other
radicals like HO, exhibiting metallic binding proprieties, and NPs
modulation, especially in the case of MT. GSH serves as an important
subtraction for antioxidants. Any imbalance in these biomarkers serves
as an indicator of NPs toxicity (Saad et al., 2016; Gulcin, 2020; Roma
et al., 2020). Enzymatic biomarkers that trigger or inhibit are considered
indicators of NPs toxicity occurrence mainly through oxidative stress
induction. The primary function of GST, GPx, CAT, and SOD is the
removal of many types of ROS, with each antioxidant targeting specific
types of ROS. Furthermore, AChE is crucial in neurotransmission by
inhibiting ACH and has been used as a marker of neurotoxicity in several
studies (Sedrati et al., 2024). In the same way, MDA is a molecule
resulting from the lipidic peroxidation process triggered by oxidative
stress, and it is also been widely applied as an effective marker of NPs
toxicity (Hu and Gao, 2010; Shaw and Handy, 2011; Brigelius-Flohé and

Maiorino, 2013; Vale et al., 2016).

The exposure of S. haemastoma to both types of NPs had varied effects
on biomarkers in the gills, depending on the concentrations and dura-
tion of exposure. Overall, after 7 days, CroO3 NPs caused MT, AChE, and
SOD activities to decrease with MDA levels to increase, on the other
hand, Al;03 NPs induced GST, CAT activities, GSH, MDA rates to in-
crease, SOD activity and MT rates to decrease. Suggesting the response
of marine snails to NPs exposure by activation of antioxidant defenses to
counteract the mitigated oxidative stress indicated by MDA rates in-
crease due to Al;O3 NPs (Fig. 5) as additionally, IBR results confirmed
the high induction of MDA rates (Fig. 8&9) and AChE inhibition due to
Cry03 NPs (Fig. 6) exposure. MT levels reduction point also the detox-
ification process of NPs. Puerari et al. (2016) reported the induction of
ROS-mediated toxicity by CrpO3 in Daphnia Magna. Our results observed
in the IBR analysis indicating the sensitivity of SOD, CAT activities and
MDA rates to CryO3 NPs (Fig. 8) were similar to the findings of Kanwal
et al. (2019) in fish Labeo rohita by CAT, SOD decrease, and MDA in-
duction due to 25 mg/L of Cry0s. Exposure to high concentrations of
Al,03 was found to decrease the levels of SOD while increasing the levels
of CAT and MDA in D. magna (Nogueira et al., 2020a, 2020b). Addi-
tionally, the induction of GST, MDA, CAT, and SOD was reported in the
fish Carassius auratus, at low concentrations (10 and 100 pg/L) after 7
days, while our results indicated that SOD activity was mostly decreased
at all exposure concentrations for both NPs (Benavides et al., 2016).
Furthermore, in zebrafish, Danio rerio, and clam Ruditapes decussatus, the
levels of CAT activity, MDA rates, and ROS content increased due to
exposure to Ag, ZnO, SiOq, and TiO2 NPs (Saidani et al., 2019; Rashidian
et al., 2023). The study by Nunes et al. (2020) reported an increase in
GST, CAT activities, and MDA contents accompanying the formation of
NPs- mucus filaments in the gills of the mussel Perna perna following
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exposure to TiO3 (48 h). In this study, similar phenomena were observed
with microfilaments with NPs accumulation, which was clearer in the
case of CroO3 potentially due to their green pigmentation. This obser-
vation is, to our best knowledge, the first report of such a case in gas-
tropods (Fig. 5 in supplementary) and could indicate NPs
bioavailability. Similar to the observed results in this study, De Oliveira
etal. (2014) and Katuli et al. (2014) reported AChE activity inhibition in
zebrafish D. rerio after acute exposure to high doses (20-200 mg/kg) of
iron oxide NPs (IOs NPs) and sub-acute exposure to Ag NPs. Moreover,
Nelson et al. (2018) reported neurotoxic effects on the gills functions of
bivalves due to metallic traces.

On day 14, both NPs induced a decrease in GST, SOD activities
(Fig. 4&5), and MT rates with AChE activity decrease due to CryO3
exposure (Fig. 6). GSH levels increased due to Al,O3 exposure while
Cry03 caused GSH content depletion at 2.5 mg/L (Fig. 3), MDA rates
showed lower rates (Figs. 5, 11). IBR results for the same identified the
higher response of CAT activity, GSH, and MT rates to Cr,O3 exposure
(Fig. 7), IBR results indicated also the sensitivity of MT rates and AChE
activity to Al,Os exposure (Fig. 8) which further could refer to the
limitation of standard classical biomarkers evaluation. These results
could suggest the onset of adaptive mechanisms in response to oxidative
damage. Continuous decreases in AChE activity and MT levels, varia-
tions in GSH, rates, and decrease in GST activity could indicate enzy-
matic consumption and detoxification process of NPs, while the decrease
in SOD further indicates the high production of 02~ resulting in cellular
redox instability. The differential response of biomarkers for each NP
exposure highlights the complexity of gastropods' interaction in
response to pollutant contamination. The up and down-regulation of
antioxidant system genes were reported, with similar findings in the
digestive gland of Mytilus galloprovincialis in response to TiO exposure

(Gornati et al., 2016). Marine organisms possess a diversity of complex
mechanisms and biochemical cascades as an adaptation to oxidative
stress, from gene expression to catalytic activities that could vary in
function of time and exposure doses (Regoli and Giuliani, 2014). Fed-
erici et al. (2007) reported GSH rates induction and NPs accumulation
after 14-day exposure to 1 mg/L of TiO, NPs in the gills of Rainbow trout
Oncorhynchus mykis, consistent with the finding of Ray et al. (2020)
which reported SOD and CAT activities reduction after 7 and 14 expo-
sure days to CuO NPs in the gills of the mussel Lamellidens marginalis at
0.5 to 5 mg/L. Cordeiro et al. (2021) reported the higher impact of TiO4
NPs (1 mg/L) on the digestive gland of the shrimp Litopenaeus vanname
compared to their gills, where GST activity decreased and GSH content
induction was reported. Ramsden et al. (2013) reported GSH rate in-
duction in the gills of D. rerio following 1 mg/L exposure to TiO5 NPs for
14 days.

Overall, at the end of the exposure period (28 days), both types of
NPs induced various changes in biomarkers response, showing some
similarities and differences. For instance, CroO3 NPs caused increased
GSH content, GPx, CAT (Fig. 3&4), and AChE activities (Fig. 6)
compared to the control, especially at higher exposure concentrations.
The group exposed to AloO3 NPs had increased activities of GSH, GST
(Fig. 3), MT (Fig. 6), and MDA (Fig. 6) rates in some exposure concen-
trations, along with a decrease in CAT activity (Fig. 4). IBR results
indicated the sensitivity and response of GST, CAT, GPx, AChE, MT and
MDA contents with the highest response factor recorded at 2.5 mg/L for
Cry03 (Fig. 7) and in a dose-dependent manner for AlyOg3 (Fig. 8). These
results suggest that oxidative damages accumulated over time, leading
to instability in the redox system. The imbalance in antioxidants and
MDA levels further confirms that the defensive systems were unable to
preserve the cellular stability from the action of ROS and further
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indicates that gills are a potential target of NPs toxicity. The induction of
GST activity and GSH rates suggests the continuous presence of NPs and
their uptake in gills thus acting in the detoxification process which could
potentially contribute to the release of NPs ions (Caixeta et al., 2020;
Dube and Okuthe, 2023). Huang et al. (2018) found that exposure to
TiO, exposure (2.5 mg/L- 10 mg/L) in the mussel Mytilus coruscus
caused CAT, GPx, GST activity induction, and an increase in MDA rates,
along with SOD activity inhibition. Similarly, another study by Canesi
et al. (2010b) reported that TiO exposure (0.05-5 mg/L) caused CAT
and GST activity induction in the gills of M. galloprovincialis. Consistent
with our findings, other studies have reported MT level induction,
depletion, and gene-up regulations in bivalves due to NPs exposure,
indicating that MT imbalance is a key marker of NPs toxicity, as our
results indicated the ability of both studied NPs to disturb MT rates
(Buffet et al.,, 2011 and 2012; Gomes et al., 2011 and 2012). The
exposure to TiOy, CuO, and Al;03 induced similar effects in biomarkers
with lesser impact for AlyOs3. This included CAT, SOD activity decrease,
and GST activity induction in the digestive gland and gills of the mussel
Unio tigridis (Canli and Canli, 2021). Al,O3 accumulation into gills was
also reported in U. tigridis (Canli et al., 2022), while Al;03 was reported
to induce higher toxicity than other NPs, including SOD activity
decrease and GPx activity induction in rats (Canli et al., 2019). Addi-
tionally, neurotoxic effects were reported in D. rerio due to Al,O3 NPs,
including (ACh) inhibition, Al;03 NPs accumulation, and memory ca-
pacity alteration resulting from oxidative damage (Chen et al., 2020).
The different responses observed of some biomarkers to each type of NPs
for instance SOD, GPx and, CAT could be interpreted as due potentially
to the intracellular pathways and locations in which those NPs could
induce oxidative stress and consequently unbalancing biomarkers ac-
tivities and rates.

10

Histological assessment is a crucial and reliable tool that could
provide evidence of NPs toxicity and impacts on the cellular to tissue
level (Cid et al., 2015; Leite et al., 2020). In the present study, the his-
tological evaluation results showed clear evidence of alterations in the
gills of S. haemastoma for both NPs. Various histological damage was
observed, ranging from lamella fusion to gills central cavities hyper-
trophy with signs of inflammation and tissue destruction. The gills of the
marine snails were sensitive to both NPs concentrations and, after 28
days, showed strong evidence of progressive histological alteration. The
findings further imply the failure of the redox system defenses in the
preservation from oxidative damage and suggest that both CroO3 and
Al,0O3 NPs were uptake and translocated through the gills of
S. haemastoma, thus, inducing harmful effects by direct interaction along
cell membranes or by their internalization (Canesi et al., 2008; Bonany
et al., 2022). The present results are consistent with previously reported
histological findings as several studies noted gills histological damage in
bivalves (Cuevas et al., 2015; Canli et al., 2022), gastropods (Arrighetti
etal., 2022), fish (Xiong et al., 2011), and Daphnia magna (Puerari et al.,
2016) due to NPs contamination. CroO3 NPs were reported to induce
inflammation and edema in the liver and kidneys of Labeo rohita after 21
days of exposure (Kanwal et al., 2019), and cellular dilatation and
degeneration were also reported in rats (Fatima and Ahmad, 2019).
Al;03 NPs induced Lipofuscin aggregates, lamellar fusion, and hemo-
lytic infiltration following 96 h exposure in the gills of
M. galloprovincialis (Ertiirk Giirkan and Giirkan, 2021). Similarly to our
findings, Al;0O3 was reported to induce lamella fusion and hyperplasia in
the gills of Carassius auratus, at low concentrations (10 and 100 pg/L)
(Benavides et al., 2016), necrosis, hyperplasia, and inflammation were
also observed in freshwater fish Oreochromis mossambicus (Murali et al.,
2018). The results obtained in the present studies pointed to the ability
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Fig. 7. IBR v2 Star plots of GST, GPx, CAT, SOD,and AChE activities (enzymatic biomarkers) and GSH, MT, MDA Contents (Non enzymatic biomarkers) in gills of of
Stramonita haemastoma treated with Cr,O3. For 7, 14, and 28 exposure days.
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Fig. 8. IBR v2 Star plots of GST, GPx, CAT, SOD,and AChE activities (enzymatic biomarkers) and GSH, MT, MDA Contents (Non enzymatic biomarkers) in gills of of
Stramonita haemastoma treated with Al,O3. For 7, 14, and 28 exposure days.
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Fig. 10. IBR v2 values evolution trough exposure periods (7, 14, and 28 days) and both Cry03, and Al,O3 NPs concentrations (control, 1, 2.5, and 5 mg/L) in
Stramonita haemastoma gills.
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Fig. 11. The trend variation of biomarkers (GSH, GST, GPx, CAT, SOD, MDA, AChE, and MT in the gills of Stramonita haemastoma exposed to Al,03 and Cr,03 NPs

thought exposure durations (* p < 0.05).

of both NPs to induce a large diversity of permanent histological dam-
ages and further prove that NPs have the potential to decrease the health
status of aquatic ecosystems including marine ones, for instance, NPs
concentrations will inevitably rise with their increased applications by
time thus, may cause direct harmful effects to aquatic organisms or in-
direct one as in the case of trophic web translocations.

The usage of a multi-biomarkers approach to evaluate the pollutant's
toxicity is crucial. However, interpreting various biomarkers responses
to contamination independently can be challenging, and researchers
face a dilemma in achieving proper results interpretation.

The integrated biomarkers response (IBR) is a valuable tool for
evaluating trends in oxidative stress biomarkers (Beliaeff and Burgeot,
2002; Sanchez et al., 2013; Roma et al., 2024). The IBRv2 analysis
provides an integrative assessment of multiple biomarkers, allowing us
to evaluate the overall stress response of snail organisms to nanoparticle
(NPs) exposure in a comprehensive manner. Unlike the individual
biomarker analyses, which focus on specific biochemical pathways or
enzymatic activities, the IBRv2 combines these responses into a single
index, offering a broader perspective on the cumulative effects of
stressors. This holistic approach adds significant value by facilitating
comparisons across experimental groups and identifying patterns that
may not be apparent from individual biomarker data alone. In this study,
IBR was used to further clarify and validate results obtained from
assessing numerous biomarkers. Briefly, the results of IBR showed clear
responses of biomarkers to different concentrations for both NPs and
exposure periods. Specifically at day 7 and day 14, IBRv2 indicated that
both NPs have a significant impact on biomarkers, with higher response
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observed in 2 to 3 biomarkers, namely after 7 days SOD, AChE, and MDA
due to Cro03 NPs exposure while the most sensitive biomarkers due to
Al,0O3 exposure were SOD, MT, and MDA. Following 14 exposure days,
IBRv2 results indicated that AChE and MT were the most sensitive to
Cry03 NPs exposure, and SOD, MT, MDA due to Al,O3 exposure. At 28
days, there was a higher global response in nearly all biomarkers,
indicating the onset of oxidative stress and the activation of mechanisms
to reduce damage. The results for both NPs confirm that effects triggered
at 7 days were slightly reduced at day 14, suggesting the early response,
with the activation of defensive mechanisms, and induced higher values
at day 28, indicating cumulative oxidative damages causing co-
regulation of all biomarkers' action IBRv2 global evolution according
to exposure periods and concentrations are shown in Fig. 10. Such re-
sults could not be detected when evaluating biomarkers individually,
highlighting the usefulness of IBR in the evaluation NPs toxicity. To our
best knowledge, the present study is the first to assess NPs toxicity using
IBR in marine gastropods. While IBR remains poorly used in the litera-
ture, several related studies have reported its successful application,
primarily to bivalves (Xia et al., 2013; Devin et al., 2017; Liu et al.,
2017; Li et al., 2021; Gongalves et al., 2022; Roma et al., 2024). Pre-
vious studies have reported time and dose-dependent impacts on IBR of
SOD, CAT, AChE, and MDA Xia et al. (2017) following exposure to 1 mg/
L of TiO5 NPs in the gills and digestive glands of the clam C. farreri. The
exposure to high concentrations of ZnOy NPs (1 to 100 mg/L) showed
high values after 5 days and then reduced IBR values in fluvial biofilm
bacteria of GPx, CAT, SOD, and GR (Hou et al., 2016). The present study
differs from previous ones as we use a variety of biomarkers, including
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AChE and MT responses.

Several studies have identified ion release as a primary mechanism
for increasing ROS production (Yung et al., 2014; Peng et al., 2017).
Previous studies indicate that the toxicity of CroO3 NPs is attributed to
the liberation of Hexavalent Cr ions in A549 cells and other models,
leading to constantly increased intra and extra-cellular ROS levels
(Horie et al., 2013; Alarifi et al., 2016). In the same way, da Costa et al.
(2015) reported higher ROS production due to CroO3 NPs exposure in
the green alga Chlamydomonas reinhardtii. The results observed in this
study indicate the uptake of both NPs in the gills of S. haemastoma, as
gills are responsible for ensuring respiratory function in marine snails,
the contamination of both NPs caused their direct contact with gills. The
uptake of NPs agglomeration mainly through the gills of bivalves and
then their translocation to the digestive gland was previously identified
as a main pathway of NPs accumulation (Koehler et al., 2008; Ciacci
etal., 2012; Volland et al., 2015). Internalization of NPs could occur and
be influenced by several factors, including NPs size, zeta average
diameter, shape, and concentration (Barmo et al., 2013). Furthermore,
NPs toxicity could be amplified in the environment, as interaction with
other pollutants and their absorption on NPs' surface, significantly in-
creases their toxicity. Conversely, this aspect should also be considered
in future studies. The present study addressed this divergence by using
NSW, as potential interactions could be important factors (Canesi et al.,
2017; Latchere et al., 2023a, 2023b).

5. Conclusion

In this present work, the toxicity of CroO3 and Al;O3 NPs was
investigated over time in the gills of the marine gastropod Stramonita
haemastoma. The findings provided important novel insights into the
induction of oxidative stress by NPs and the adaptive mechanisms of
marine snails. Both NPs were able to induce various changes in the
antioxidant system, with the most marked effects observed in SOD, CAT,
AChE, MT, and MDA. In the same way, histological evaluation showed
clear evidence of both NPs' bioavailability in the gills of snails as dose-
dependent alterations including inflammation, hypertrophy, and
lamella fusion signs suggesting that CroO3 and Al;O3 NPs could trans-
locate through gills in marine gastropods. The use of IBR in this study
was crucial for identifying NPs toxicity patterns and further provided
evidence of the time-dependent impact of exposure on biomarkers and
induction of oxidative stress. IBR was applied to a battery of biomarkers
and appeared to be a potentially ideal tool to assess NPs toxicity and
compare impact trends in marine gastropods. The methodological
contribution of this paper could be extended to future related studies.
Additionally, the sensitivity of S. haemastoma to NPs exposure validates
this gastropod as a promising bioindicator of NPs contamination in
marine ecosystems. Future extended toxicological evaluations are
required to elucidate NPs uptake, translocation, and toxicity mecha-
nisms at the molecular level, especially for CroO3 which has received less
attention compared to other NPs in ecotoxicological studies. We strongly
suggest and recommend a more expanded assessment of the actual
coastal NPs contamination especially regarding specific NPs as CrpO3
due to the lack of studies involving this type of NPs and others compared
to their economic importance. Another important crucial point to
consider in perspective is as discussed the combined impacts and in-
teractions among several types of NPs and other pollutants and toxins.

CRediT authorship contribution statement

Fateh Sedrati: Writing — review & editing, Writing — original draft,
Methodology, Investigation, Conceptualization. Hana Bouzahouane:
Visualization, Validation, Supervision, Methodology. Mohcen Menaa:
Software, Formal analysis, Data curation. Fadila Khaldi: Validation,
Supervision. Tayeb Bouarroudj: Software, Investigation, Formal anal-
ysis. Lassaad Gzara: Visualization, Formal analysis. Mounira Bensa-
lem: Resources, Investigation. Omar Laouar: Methodology,

14

Comparative Biochemistry and Physiology, Part C 292 (2025) 110159

Investigation. Noomene Sleimi: Resources. Hichem Nasri: Resources.
Carla O. Silva: Writing — review & editing, Writing — original draft,
Visualization. Kheireddine Ouali: Validation, Resources.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors. Carla O.
Silva acknowledges the independent funding received from Fundacao
para a Ciéncia e a Tecnologia (FCT L.P., Portugal) within the framework
of the UID/04292/MARE-Centro de Ciéncias do Mar e do Ambiente and
the project LA/P/0069/2020 (https://doi.org/10.54499/LA/P/0069/
2020) granted to the Associate Laboratory ARNET - Aquatic Research
Network.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cbpc.2025.110159.

Data availability

Data will be made available on request.

References

Abdel-Latif, H.M.R., Dawood, M.A.O., Menanteau-Ledouble, S., El-Matbouli, M., 2020.
Environmental transformation of n-TiO2 in the aquatic systems and their ecotoxicity
in bivalve mollusks: a systematic review. Ecotoxicol. Environ. Saf. 200. https://doi.
org/10.1016/j.ecoenv.2020.110776.

Abramenko, N., Mashkin, P., Volkov, S., Olshanskiy, V., Kustov, L., 2021. Fresh-water
mollusks as biomonitors for ecotoxicity of nanomaterials. Nanomaterials 11 (4).
https://doi.org/10.3390/nano11040944.

Adnan, W.G., Mohammed, A.M., 2024. Green synthesis of chromium oxide nanoparticles
for anticancer, antioxidant, and antibacterial activities. Inorg. Chem. Commun. 159,
111683. https://doi.org/10.1016/j.inoche.2023.111683.

Alarifi, S., Ali, D., Alkahtani, S., 2016. Mechanistic investigation of toxicity of chromium
oxide nanoparticles in murine fibrosarcoma cells. Int. J. Nanomedicine 11,
1253-1259. https://doi.org/10.2147/IJN.S99995.

Arrighetti, F., Landro, S.M., Lavarias, S.M.L., 2022. Sensitivity of histopathological and
histochemical parameters in the digestive gland of the apple snail Pomacea
canaliculata exposed to cypermethrin. Aquat. Toxicol. 252, 106292. https://doi.org/
10.1016/j.aquatox.2022.106292.

Arvidsson, R., Hansen, S.F., Baun, A., 2020. Influence of natural organic matter on the
aquatic ecotoxicity of engineered nanoparticles: recommendations for
environmental risk assessment. NanoImpact 20. https://doi.org/10.1016/j.
impact.2020.100263.

Ates, M., Demir, V., Arslan, Z., Daniels, J., Farah, 1.0., Bogatu, C., 2015. Evaluation of
alpha and gamma aluminum oxide nanoparticle accumulation, toxicity, and
depuration in Artemia salina larvae: Al 2 O 3 NP and Artemia Salina larvae. Environ.
Toxicol. 30 (1), 109-118. https://doi.org/10.1002/tox.21917.

Baker, T.J., Tyler, C.R., Galloway, T.S., 2014. Impacts of metal and metal oxide
nanoparticles on marine organisms. Environ. Pollut. 186, 257-271. https://doi.org/
10.1016/j.envpol.2013.11.014.

Barmo, C., Ciacci, C., Canonico, B., Fabbri, R., Cortese, K., Balbi, T., Marcomini, A.,
Pojana, G., Gallo, G., Canesi, L., 2013. In vivo effects of n-TiO2 on the digestive
gland and immune function of the marine bivalve Mytilus galloprovincialis. Aquat.
Toxicol. 132-133, 9-18. https://doi.org/10.1016/j.aquatox.2013.01.014.

Becker, L.C., Boyer, L., Bergfeld, W.F., Belsito, D.V., Hill, R.A., Klaassen, C.D., Liebler, D.
C., Marks, J.G., Shank, R.C., Slaga, T.J., Snyder, P.W., Andersen, F.A., 2016. Safety
assessment of alumina and aluminum hydroxide as used in cosmetics. Int. J. Toxicol.
35 (3_suppl), 165-33S. https://doi.org/10.1177/1091581816677948.

Beers, R.F., Sizer, LW., 1952. A spectrophotometric method for measuring the
breakdown of hydrogen peroxide by catalase. J. Biol. Chem. 195 (1), 133-140.

Beesley, Pamela L., Beesley, P.L., Ross, G.J.B., Wells, A., Study, A.B.R., CSIRO, 1998.
Mollusca: The Southern Synthesis [Fauna of Australia. Vol. 5]. CSIRO Publishing.
https://www.biodiversitylibrary.org/bibliography/176878.

Beliaeff, B., Burgeot, T., 2002. Integrated biomarker response: a useful tool for ecological
risk assessment. Environ. Toxicol. Chem. 21 (6), 1316-1322.


https://doi.org/10.54499/LA/P/0069/2020
https://doi.org/10.54499/LA/P/0069/2020
https://doi.org/10.1016/j.cbpc.2025.110159
https://doi.org/10.1016/j.cbpc.2025.110159
https://doi.org/10.1016/j.ecoenv.2020.110776
https://doi.org/10.1016/j.ecoenv.2020.110776
https://doi.org/10.3390/nano11040944
https://doi.org/10.1016/j.inoche.2023.111683
https://doi.org/10.2147/IJN.S99995
https://doi.org/10.1016/j.aquatox.2022.106292
https://doi.org/10.1016/j.aquatox.2022.106292
https://doi.org/10.1016/j.impact.2020.100263
https://doi.org/10.1016/j.impact.2020.100263
https://doi.org/10.1002/tox.21917
https://doi.org/10.1016/j.envpol.2013.11.014
https://doi.org/10.1016/j.envpol.2013.11.014
https://doi.org/10.1016/j.aquatox.2013.01.014
https://doi.org/10.1177/1091581816677948
http://refhub.elsevier.com/S1532-0456(25)00040-7/rf0055
http://refhub.elsevier.com/S1532-0456(25)00040-7/rf0055
https://www.biodiversitylibrary.org/bibliography/176878
http://refhub.elsevier.com/S1532-0456(25)00040-7/rf0065
http://refhub.elsevier.com/S1532-0456(25)00040-7/rf0065

F. Sedrati et al.

Benavides, M., Fernandez-Lodeiro, J., Coelho, P., Lodeiro, C., Diniz, M.S., 2016. Single
and combined effects of aluminum (A1203) and zinc (ZnO) oxide nanoparticles in a
freshwater fish, Carassius auratus. Environ. Sci. Pollut. Res. 23 (24), 24578-24591.
https://doi.org/10.1007/511356-016-7915-3.

Blasco, J., Corsi, I., & Matranga, V. (2015). Particles in the oceans: implication for a safe
marine environment. Mar. Environ. Res., 111, 1-4. doi:https://doi.org/10.1016/j.
marenvres.2015.10.001.

Board, P.G., Menon, D., 2013. Glutathione transferases, regulators of cellular metabolism
and physiology. Biochim. Biophys. Acta Gen. Subj. 1830 (5), 3267-3288. https://
doi.org/10.1016/j.bbagen.2012.11.019.

Bonany, M., Pérez-Berna, A.J., Du¢i¢, T., Pereiro, E., Martin-Gémez, H., Mas-Moruno, C.,
van Rijt, S., Zhao, Z., Espanol, M., Ginebra, M.P., 2022. Hydroxyapatite
nanoparticles-cell interaction: new approaches to disclose the fate of membrane-
bound and internalised nanoparticles. Biomaterials Advances 142. https://doi.org/
10.1016/j.bioadv.2022.213148.

Bouarroudj, T., Aoudjit, L., Nessaibia, I., Zioui, D., Messai, Y., Bendjama, A., Mezrag, S.,
Chabbi, M., Bachari, K., 2023. Enhanced photocatalytic activity of Ce and ag co-
doped ZnO Nanorods of paracetamol and metronidazole antibiotics co-degradation
in wastewater promoted by solar light. Russ. J. Phys. Chem. A 97 (5), 1074-1087.
https://doi.org/10.1134/50036024423050278.

Bour, A., Mouchet, F., Silvestre, J., Gauthier, L., Pinelli, E., 2015. Environmentally
relevant approaches to assess nanoparticles ecotoxicity: a review. J. Hazard. Mater.
283, 764-777. https://doi.org/10.1016/j.jhazmat.2014.10.021.

Bouzahouane, H., Barour, C., Sleimi, N., Ouali, K., 2018. Multi-biomarkers approach to
the assessment of the southeastern Mediterranean Sea health status: preliminary
study on Stramonita haemastoma used as a bioindicator for metal contamination.
Chemosphere 207, 725-741. https://doi.org/10.1016/j.chemosphere.2018.05.118.

Bouzahouane, H., Kouki, R., Amri, S., Barour, C., Sleimi, N., Ouali, K., 2024.
Investigating seasonal metal impact on Stramonita haemastoma gastropod along the
Algerian East Coast: understanding through various pollution indicators. Mar. Pollut.
Bull. 199, 116006. https://doi.org/10.1016/j.marpolbul.2023.116006.

Bradford, M.M., 1976. A Rapid and Sensitive Method for the Quantitation of Microgram
Quantities of Protein Utilizing the Principle of Protein-Dye Binding. Analytical
Biochemistry 72, 248-254.

Brigelius-Flohé, R., Maiorino, M., 2013. Glutathione peroxidases. Biochim. Biophys. Acta
Gen. Subj. 1830 (5), 3289-3303. https://doi.org/10.1016/j.bbagen.2012.11.020.

Buffet, P.E., Amiard-Triquet, C., Dybowska, A., Risso-de Faverney, C., Guibbolini, M.,
Valsami-Jones, E., Mouneyrac, C., 2012. Fate of isotopically labeled zinc oxide
nanoparticles in sediment and effects on two endobenthic species, the clam
Scrobicularia plana, and the ragworm Hediste diversicolor. Ecotoxicol. Environ. Saf.
84, 191-198. https://doi.org/10.1016/j.ecoenv.2012.07.010.

Buffet, P.E., Tankoua, O.F., Pan, J.F., Berhanu, D., Herrenknecht, C., Poirier, L., Amiard-
Triquet, C., Amiard, J.C., Bérard, J.B., Risso, C., Guibbolini, M., Roméo, M., Reip, P.,
Valsami-Jones, E., Mouneyrac, C., 2011. Behavioural and biochemical responses of
two marine invertebrates Scrobicularia plana and Hediste diversicolor to copper
oxide nanoparticles. Chemosphere 84 (1), 166-174. https://doi.org/10.1016/j.
chemosphere.2011.02.003.

Caixeta, M.B., Aradjo, P.S., Gongalves, B.B., Silva, L.D., Grano-Maldonado, M.I.,

Rocha, T.L., 2020. Toxicity of engineered nanomaterials to aquatic and land snails: a
scientometric and systematic review. Chemosphere 260. https://doi.org/10.1016/].
chemosphere.2020.127654.

Canesi, L., Balbi, T., Fabbri, R., Salis, A., Damonte, G., Volland, M., Blasco, J., 2017.
Biomolecular coronas in invertebrate species: implications in the environmental
impact of nanoparticles. Nanolmpact 8, 89-98. https://doi.org/10.1016/j.
impact.2017.08.001.

Canesi, L., Ciacci, C., Balbi, T., 2015. Interactive effects of nanoparticles with other
contaminants in aquatic organisms: friend or foe? Mar. Environ. Res. 111, 128-134.
https://doi.org/10.1016/j.marenvres.2015.03.010.

Canesi, L., Ciacci, C., Betti, M., Fabbri, R., Canonico, B., Fantinati, A., Marcomini, A.,
Pojana, G., 2008. Immunotoxicity of carbon black nanoparticles to blue mussel
hemocytes. Environ. Int. 34 (8), 1114-1119. https://doi.org/10.1016/j.
envint.2008.04.002.

Canesi, L., Ciacci, C., Fabbri, R., Marcomini, A., Pojana, G., Gallo, G., 2012. Bivalve
molluscs as a unique target group for nanoparticle toxicity. Mar. Environ. Res. 76,
16-21. https://doi.org/10.1016/j.marenvres.2011.06.005.

Canesi, L., Ciacci, C., Vallotto, D., Gallo, G., Marcomini, A., Pojana, G., 2010a. In vitro
effects of suspensions of selected nanoparticles (C60 fullerene, TiO2, SiO2) on
Mytilus hemocytes. Aquat. Toxicol. 96 (2), 151-158. https://doi.org/10.1016/j.
aquatox.2009.10.017.

Canesi, L., Fabbri, R., Gallo, G., Vallotto, D., Marcomini, A., Pojana, G., 2010b.
Biomarkers in Mytilus galloprovincialis exposed to suspensions of selected
nanoparticles (Nano carbon black, C60 fullerene, Nano-TiO2, Nano-SiO2). Aquat.
Toxicol. 100 (2), 168-177. https://doi.org/10.1016/j.aquatox.2010.04.009.

Canli, E.G., Canli, M., 2021. Antioxidant system biomarkers of freshwater mussel (Unio
tigridis) respond to nanoparticle (A1203, CuO, TiO2) exposures. Biomarkers 26 (5),
434-442. https://doi.org/10.1080/1354750X.2021.1909655.

Canli, E.G., Celenk, A., Canli, M., 2022. Accumulation and distribution of nanoparticles
(Al203, CuO, and Ti0O2) in tissues of freshwater mussel (Unio tigridis). Bull. Environ.
Contam. Toxicol. 108 (4), 702-707. https://doi.org/10.1007/s00128-021-03410-5.

Canli, E.G., Ila, H.B., Canli, M., 2019. Response of the antioxidant enzymes of rats
following oral administration of metal-oxide nanoparticles (Al1203, CuO, TiO2).
Environ. Sci. Pollut. Res. 26 (1), 938-945. https://doi.org/10.1007/s11356-018-
3592-8.

Chen, J., Fan, R., Wang, Y., Huang, T., Shang, N., He, K., Zhang, P., Zhang, L., Niu, Q.,
Zhang, Q., 2020. Progressive impairment of learning and memory in adult zebrafish

15

Comparative Biochemistry and Physiology, Part C 292 (2025) 110159

treated by Al203 nanoparticles when in embryos. Chemosphere 254. https://doi.
org/10.1016/j.chemosphere.2020.126608.

Chiu, D.T.Y., Stults, F.H., Tappel, A.L., 1976. Purification and properties of rat lung
soluble glutathione peroxidase. Biochimica et Biophysica Acta (BBA) - Enzymology
445 (3), 558-566. https://doi.org/10.1016/0005-2744(76)90110-8.

Ciacci, C., Canonico, B., Bilanicova, D., Fabbri, R., Cortese, K., Gallo, G., Marcomini, A.,
Pojana, G., Canesi, L., 2012. Inmunomodulation by different types of N-oxides in the
hemocytes of the marine bivalve Mytilus galloprovincialis. PLoS One 7 (5). https://
doi.org/10.1371/journal.pone.0036937.

Cid, A., Picado, A., Correia, J.B., Chaves, R., Silva, H., Caldeira, J., de Matos, A.P.A.,
Diniz, M.S., 2015. Oxidative stress and histological changes following exposure to
diamond nanoparticles in the freshwater Asian clam Corbicula fluminea (Miiller,
1774). J. Hazard. Mater. 284, 27-34. https://doi.org/10.1016/j.
jhazmat.2014.10.055.

Cordeiro, L., Miiller, L., Manske Nunes, S., Kist, L.W., Bogo, M.R., Ruas, C.P., Gelesky, M.,
Wasielesky, W., Fattorini, D., Regoli, F., Monserrat, J.M., Ventura-Lima, J., 2021. Co-
exposure to nTiO2 impairs arsenic metabolism and affects antioxidant capacity in
the marine shrimp Litopenaeus vannamei. Drug Chem. Toxicol. 44 (1), 30-38.
https://doi.org/10.1080/01480545.2018.1563610.

Corsi, 1., Bergami, E., Grassi, G., 2020. Behavior and bio-interactions of anthropogenic
particles in marine environment for a more realistic ecological risk assessment.
Front. Environ. Sci. 8, 60. https://doi.org/10.3389/fenvs.2020.00060.

Cuevas, N., Zorita, L., Costa, P.M., Franco, J., Larreta, J., 2015. Development of
histopathological indices in the digestive gland and gonad of mussels: integration
with contamination levels and effects of confounding factors. Aquat. Toxicol. 162,
152-164. https://doi.org/10.1016/j.aquatox.2015.03.011.

da Costa, C.H., Perreault, F., Oukarroum, A., Melegari, S.P., Popovic, R., Matias, W.G.,
2015. Effect of chromium oxide (III) nanoparticles on the production of reactive
oxygen species and photosystem II activity in the green alga Chlamydomonas
reinhardtii. Sci. Total Environ. 565, 951-960. https://doi.org/10.1016/].
scitotenv.2016.01.028.

De Felice, B., Parolini, M., 2020. Can proteomics be considered as a valuable tool to
assess the toxicity of nanoparticles in marine bivalves? Journal of Marine Science
and Engineering 8 (12), 1-16. https://doi.org/10.3390/jmse8121033.

De Oliveira, G.M.T., Kist, L.W., Pereira, T.C.B., Bortolotto, J.W., Paquete, F.L., De
Oliveira, E.M.N., Leite, C.E., Bonan, C.D., De Souza Basso, N.R., Papaleo, R.M.,
Bogo, M.R., 2014. Transient modulation of acetylcholinesterase activity caused by
exposure to dextran-coated iron oxide nanoparticles in brain of adult zebrafish.
Comp. Biochem. Physiol., Part C: Toxicol. Pharmacol. 162, 77-84. https://doi.org/
10.1016/j.cbpc.2014.03.010.

Deng, Y., Yang, F., Cocco, E., Song, E., Zhang, J., Cui, J., Mohideen, M., Bellone, S.,
Santin, A.D., Saltzman, W.M., 2016. Improved i.p. drug delivery with bioadhesive
nanoparticles. Proc. Natl. Acad. Sci. 113 (41), 11453-11458. https://doi.org/
10.1073/pnas.1523141113.

Devin, S., Buffet, P.E., Chatel, A., Perrein-Ettajani, H., Valsami-Jones, E., Mouneyrac, C.,
2017. The integrated biomarker response: a suitable tool to evaluate toxicity of
metal-based nanoparticles. Nanotoxicology 11 (1), 1-6. https://doi.org/10.1080/
17435390.2016.1269374.

Devin, S., Burgeot, T., Giambérini, L., Minguez, L., Pain-Devin, S., 2014. The integrated
biomarker response revisited: optimization to avoid misuse. Environ. Sci. Pollut. Res.
21 (4), 2448-2454. https://doi.org/10.1007/511356-013-2169-9.

Di Bella, G., Pizzullo, G., Bua, G.D., Potorti, A.G., Santini, A., Giacobbe, S., 2018.
Mapping toxic mineral contamination: the southern oyster drill, S. Haemastoma (L.,
1767), as evaluable sentinel species. Environ. Monit. Assess. 190 (1), 7. https://doi.
org/10.1007/s10661-017-6380-x.

Dube, E., Okuthe, G.E., 2023. Engineered nanoparticles in aquatic systems: toxicity and
mechanism of toxicity in fish. Emerging Contaminants 9 (2), 100212. https://doi.
org/10.1016/j.emcon.2023.100212.

El Ayari, T., Bierne, N., El Menif, N.T., 2018. Imposex incidence in Stramonita
haemastoma (Gastropoda: Muricidae) from the Mediterranean and Atlantic coast
after tributyltin global ban. J. Sea Res. 134, 10-15. https://doi.org/10.1016/].
seares.2017.12.004.

Ellman, G. L., Courtney, K. D., Andres, V., & Featherstone, R. M. (1961). A NEW AND
RAPID COLORIMETRIC DETERMINATION OF ACETYLCHOLINESTERASE
ACTIVITY (Biochemical Pharmacology, Vol. vols. 7, pp. 88-95). Pergamon Press Ltd.

Ertiirk Giirkan, S., Giirkan, M., 2021. Toxicity of gamma aluminium oxide nanoparticles
in the Mediterranean mussel (Mytilus galloprovincialis): histopathological
alterations and antioxidant responses in the gill and digestive gland. Biomarkers 26
(3), 248-259. https://doi.org/10.1080/1354750X.2021.1878558.

Fan, X., Wang, C., Wang, P., Hu, B., Wang, X., 2018. TiO2 nanoparticles in sediments:
effect on the bioavailability of heavy metals in the freshwater bivalve Corbicula
fluminea. J. Hazard. Mater. 342, 41-50. https://doi.org/10.1016/j.
jhazmat.2017.07.041.

Fatima, M., Ahmad, ., Sayeed, L., Athar, M., Raisuddin, S., 2000. Pollutant-induced over-
activation of phagocytes is concomitantly associated with peroxidative damage in
fish tissues. Aquatic Toxicology 49, 243-250. www.elsevier.com/locate/aquatox.

Fatima, R., Ahmad, R., 2019. Hepatotoxicity and chromosomal abnormalities evaluation
due to single and repeated oral exposures of chromium oxide nanoparticles in Wistar
rats. Toxicol. Ind. Health 35 (8), 548-557. https://doi.org/10.1177/
0748233719863632.

Federici, G., Shaw, B., Handy, R., 2007. Toxicity of titanium dioxide nanoparticles to
rainbow trout (Oncorhynchus mykiss): gill injury, oxidative stress, and other
physiological effects. Aquat. Toxicol. 84 (4), 415-430. https://doi.org/10.1016/j.
aquatox.2007.07.009.

Metal nanoparticles global market to reach $4.2 bn by 2026 at a CAGR of 11.5%. (2023).
Focus on Catalysts, 2023(1), 4. doi:https://doi.org/10.1016/j.focat.2022.12.013.


https://doi.org/10.1007/s11356-016-7915-3
https://doi.org/10.1016/j.marenvres.2015.10.001
https://doi.org/10.1016/j.marenvres.2015.10.001
https://doi.org/10.1016/j.bbagen.2012.11.019
https://doi.org/10.1016/j.bbagen.2012.11.019
https://doi.org/10.1016/j.bioadv.2022.213148
https://doi.org/10.1016/j.bioadv.2022.213148
https://doi.org/10.1134/S0036024423050278
https://doi.org/10.1016/j.jhazmat.2014.10.021
https://doi.org/10.1016/j.chemosphere.2018.05.118
https://doi.org/10.1016/j.marpolbul.2023.116006
http://refhub.elsevier.com/S1532-0456(25)00040-7/rf0105
http://refhub.elsevier.com/S1532-0456(25)00040-7/rf0105
http://refhub.elsevier.com/S1532-0456(25)00040-7/rf0105
https://doi.org/10.1016/j.bbagen.2012.11.020
https://doi.org/10.1016/j.ecoenv.2012.07.010
https://doi.org/10.1016/j.chemosphere.2011.02.003
https://doi.org/10.1016/j.chemosphere.2011.02.003
https://doi.org/10.1016/j.chemosphere.2020.127654
https://doi.org/10.1016/j.chemosphere.2020.127654
https://doi.org/10.1016/j.impact.2017.08.001
https://doi.org/10.1016/j.impact.2017.08.001
https://doi.org/10.1016/j.marenvres.2015.03.010
https://doi.org/10.1016/j.envint.2008.04.002
https://doi.org/10.1016/j.envint.2008.04.002
https://doi.org/10.1016/j.marenvres.2011.06.005
https://doi.org/10.1016/j.aquatox.2009.10.017
https://doi.org/10.1016/j.aquatox.2009.10.017
https://doi.org/10.1016/j.aquatox.2010.04.009
https://doi.org/10.1080/1354750X.2021.1909655
https://doi.org/10.1007/s00128-021-03410-5
https://doi.org/10.1007/s11356-018-3592-8
https://doi.org/10.1007/s11356-018-3592-8
https://doi.org/10.1016/j.chemosphere.2020.126608
https://doi.org/10.1016/j.chemosphere.2020.126608
https://doi.org/10.1016/0005-2744(76)90110-8
https://doi.org/10.1371/journal.pone.0036937
https://doi.org/10.1371/journal.pone.0036937
https://doi.org/10.1016/j.jhazmat.2014.10.055
https://doi.org/10.1016/j.jhazmat.2014.10.055
https://doi.org/10.1080/01480545.2018.1563610
https://doi.org/10.3389/fenvs.2020.00060
https://doi.org/10.1016/j.aquatox.2015.03.011
https://doi.org/10.1016/j.scitotenv.2016.01.028
https://doi.org/10.1016/j.scitotenv.2016.01.028
https://doi.org/10.3390/jmse8121033
https://doi.org/10.1016/j.cbpc.2014.03.010
https://doi.org/10.1016/j.cbpc.2014.03.010
https://doi.org/10.1073/pnas.1523141113
https://doi.org/10.1073/pnas.1523141113
https://doi.org/10.1080/17435390.2016.1269374
https://doi.org/10.1080/17435390.2016.1269374
https://doi.org/10.1007/s11356-013-2169-9
https://doi.org/10.1007/s10661-017-6380-x
https://doi.org/10.1007/s10661-017-6380-x
https://doi.org/10.1016/j.emcon.2023.100212
https://doi.org/10.1016/j.emcon.2023.100212
https://doi.org/10.1016/j.seares.2017.12.004
https://doi.org/10.1016/j.seares.2017.12.004
https://doi.org/10.1080/1354750X.2021.1878558
https://doi.org/10.1016/j.jhazmat.2017.07.041
https://doi.org/10.1016/j.jhazmat.2017.07.041
http://www.elsevier.com/locate/aquatox
https://doi.org/10.1177/0748233719863632
https://doi.org/10.1177/0748233719863632
https://doi.org/10.1016/j.aquatox.2007.07.009
https://doi.org/10.1016/j.aquatox.2007.07.009
https://doi.org/10.1016/j.focat.2022.12.013

F. Sedrati et al.

Forman, H.J., Zhang, H., Rinna, A., 2009. Glutathione: overview of its protective roles,
measurement, and biosynthesis. Mol. Asp. Med. 30 (1-2), 1-12. https://doi.org/
10.1016/j.mam.2008.08.006.

Garcia-Saucedo, C., Field, J.A., Otero-Gonzalez, L., Sierra-Alvarez, R., 2011. Low toxicity
of HfO2, Si02, A1203 and CeO2 nanoparticles to the yeast, Saccharomyces cerevisiae.
J. Hazard Mater. 192 (3), 1572-1579. https://doi.org/10.1016/j.jhazmat.2011.06.0
81.

Gomes, T., Pereira, C.G., Cardoso, C., Pinheiro, J.P., Cancio, L., Bebianno, M.J., 2012.
Accumulation and toxicity of copper oxide nanoparticles in the digestive gland of
Mytilus galloprovincialis. Aquat. Toxicol. 118-119, 72-79. https://doi.org/
10.1016/j.aquatox.2012.03.017.

Gomes, T., Pinheiro, J.P., Cancio, 1., Pereira, C.G., Cardoso, C., Bebianno, M.J., 2011.
Effects of copper nanoparticles exposure in the mussel Mytilus galloprovincialis.
Environ. Sci. Technol. 45 (21), 9356-9362. https://doi.org/10.1021/es200955s.

Gongalves, J.M., Sousa, V.S., Teixeira, M.R., Bebianno, M.J., 2022. Chronic toxicity of
polystyrene nanoparticles in the marine mussel Mytilus galloprovincialis.
Chemosphere 287, 132356. https://doi.org/10.1016/j.chemosphere.2021.132356.

Gornati, R., Longo, A., Rossi, F., Maisano, M., Sabatino, G., Mauceri, A., Bernardini, G.,
Fasulo, S., 2016. Effects of titanium dioxide nanoparticle exposure in Mytilus
galloprovincialis gills and digestive gland. Nanotoxicology 10 (6), 807-817. https://
doi.org/10.3109/17435390.2015.1132348.

Gulcin, 1., 2020. Antioxidants and antioxidant methods: an updated overview. Arch.
Toxicol. 94 (3), 651-715. https://doi.org/10.1007/500204-020-02689-3.

Habig, W. H., Pabst, M. J., And, ~, & Jakoby, W. B. (1974). Glutathione S-Transferases
THE FIRST ENZYMATIC STEP IN MERCAPTURIC ACID FORMATION* (THE
JOURNAL OP Broma~Cn~ CHEMISTRY, Vol. vol. 249, Issue 22, pp. 7130-7139).
http://www.jbc.org/.

Handy, R.D., Henry, T.B., Scown, T.M., Johnston, B.D., Tyler, C.R., 2008. Manufactured
nanoparticles: their uptake and effects on fish—a mechanistic analysis.
Ecotoxicology 17 (5), 396-409. https://doi.org/10.1007/510646-008-0205-1.

Hao, L., Chen, L., 2012. Oxidative stress responses in different organs of carp (Cyprinus
carpio) with exposure to ZnO nanoparticles. Ecotoxicol. Environ. Saf. 80, 103-110.
https://doi.org/10.1016/j.ecoenv.2012.02.017.

Hichem, N., Hadjer, Z., Fateh, S., Feriel, L., Wang, Z., 2022. The potential exposure and
hazards of zirconia nanoparticles: a review. Ecotoxicology and environmental
contamination 17 (1), 1-21. https://doi.org/10.5132/eec.2022.01.01.

Horie, M., Nishio, K., Endoh, S., Kato, H., Fujita, K., Miyauchi, A., Nakamura, A.,
Kinugasa, S., Yamamoto, K., Niki, E., Yoshida, Y., Iwahashi, H., 2013. Chromium(III)
oxide nanoparticles induced remarkable oxidative stress and apoptosis on culture
cells. Environ. Toxicol. 28 (2), 61-75. https://doi.org/10.1002/tox.20695.

Hou, J., Wang, L., Wang, C., Zhang, S., Liu, H., Li, S., Wang, X., 2019. Toxicity and
mechanisms of action of titanium dioxide nanoparticles in living organisms.

J. Environ. Sci. (China) 75, 40-53. https://doi.org/10.1016/].jes.2018.06.010.

Hou, J., You, G., Xu, Y., Wang, C., Wang, P., Miao, L., Dai, S., Lv, B., Yang, Y., 2016.
Antioxidant enzyme activities as biomarkers of fluvial biofilm to ZnO NPs
ecotoxicity and the integrated biomarker responses (IBR) assessment. Ecotoxicol.
Environ. Saf. 133, 10-17. https://doi.org/10.1016/j.ecoenv.2016.06.014.

René Hould. (1984). Techniques d'histopathologie et de cytopathologie (1984 Montréal :
Décarie, Ed.; p. 400 p).

Hu, Y.L., Gao, J.Q., 2010. Potential neurotoxicity of nanoparticles. Int. J. Pharm. 394
(1-2), 115-121. https://doi.org/10.1016/j.ijpharm.2010.04.026.

Huang, X., Liu, Z., Xie, Z., Dupont, S., Huang, W., Wu, F., Kong, H., Liu, L., Sui, Y.,
Lin, D., Lu, W., Hu, M., Wang, Y., 2018. Oxidative stress induced by titanium dioxide
nanoparticles increases under seawater acidification in the thick shell mussel Mytilus
coruscus. Mar. Environ. Res. 137, 49-59. https://doi.org/10.1016/j.
marenvres.2018.02.029.

Kafi-Ahmadi, L., Khademinia, S., Poursattar Marjani, A., Nozad, E., 2022. Microwave-
assisted preparation of polysubstituted imidazoles using Zingiber extract synthesized
green Cr203 nanoparticles. Sci. Rep. 12 (1). https://doi.org/10.1038/541598-022-
24364-6.

Kanwal, Z., Raza, M.A., Manzoor, F., Riaz, S., Jabeen, G., Fatima, S., Naseem, S., 2019.
A comparative assessment of nanotoxicity induced by metal (silver, nickel) and
metal oxide (cobalt, chromium) nanoparticles in Labeo rohita. Nanomaterials 9 (2).
https://doi.org/10.3390/nano9020309.

Katuli, K.K., Massarsky, A., Hadadi, A., Pourmehran, Z., 2014. Silver nanoparticles
inhibit the gill Na+/K+-ATPase and erythrocyte AChE activities and induce the
stress response in adult zebrafish (Danio rerio). Ecotoxicol. Environ. Saf. 106,
173-180. https://doi.org/10.1016/j.ecoenv.2014.04.001.

Khan, L., Saeed, K., Khan, I., 2019. Nanoparticles: properties, applications and toxicities.
Arab. J. Chem. 12 (7), 908-931. https://doi.org/10.1016/j.arabjc.2017.05.011.
Koehler, A., Marx, U., Broeg, K., Bahns, S., Bressling, J., 2008. Effects of nanoparticles in
Mytilus edulis gills and hepatopancreas—a new threat to marine life? Mar. Environ.

Res. 66 (1), 12-14. https://doi.org/10.1016/j.marenvres.2008.02.009.

Latchere, O., Roman, C., Métais, 1., Perrein-Ettajani, H., Mouloud, M., Georges, D.,
Feurtet-Mazel, A., Gigault, J., Catrouillet, C., Baudrimont, M., Chatel, A., 2023a.
Toxicity assessment of environmental MPs and NPs and polystyrene NPs on the
bivalve Corbicula fluminea using a multi-marker approach. Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology 273, 109714.
https://doi.org/10.1016/j.cbpc.2023.109714.

Latchere, O., Roman, C., Métais, 1., Perrein-Ettajani, H., Mouloud, M., Georges, D.,
Feurtet-Mazel, A., Gigault, J., Catrouillet, C., Baudrimont, M., Chatel, A., 2023b.
Toxicity assessment of environmental MPs and NPs and polystyrene NPs on the
bivalve Corbicula fluminea using a multi-marker approach. Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology 273, 109714.
https://doi.org/10.1016/j.cbpc.2023.109714.

16

Comparative Biochemistry and Physiology, Part C 292 (2025) 110159

Leite, C., Coppola, F., Monteiro, R., Russo, T., Polese, G., Louren¢o, M.A.O., Silva, M.R.F.,
Ferreira, P., Soares, A.M.V.M., Freitas, R., Pereira, E., 2020. Biochemical and
histopathological impacts of rutile and anatase (TiO2 forms) in Mytilus
galloprovincialis. Sci. Total Environ. 719. https://doi.org/10.1016/j.
scitotenv.2019.134886.

Li, L., Gu, H., Chang, X., Huang, W., Sokolova, .M., Wei, S., Sun, L., Li, S., Wang, X.,
Hu, M., Zeng, J., Wang, Y., 2021. Oxidative stress induced by nanoplastics in the
liver of juvenile large yellow croaker Larimichthys crocea. Mar. Pollut. Bull. 170,
112661. https://doi.org/10.1016/j.marpolbul.2021.112661.

Liu, H., Zhang, W., Fang, Y., Yang, H., Tian, L., Li, K., Lai, W., Bian, L., Lin, B., Liu, X.,
Xi, Z., 2020. Neurotoxicity of aluminum oxide nanoparticles and their mechanistic
role in dopaminergic neuron injury involving p53-related pathways. J. Hazard.
Mater. 392. https://doi.org/10.1016/j.jhazmat.2020.122312.

Liu, Y., Yan, Z., Xia, J., Wang, K., Ling, X., Yan, B., 2017. Potential toxicity in crucian
carp following exposure to metallic nanoparticles of copper, chromium, and their
mixtures: a comparative Study. Pol. J. Environ. Stud. 26 (5), 2085-2094. https://doi.
org/10.15244/pjoes/69251.

Madeira, C., Mendonga, V., Flores, A.A.V., Diniz, M.S., Vinagre, C., 2018. High thermal
tolerance does not protect from chronic warming — a multiple end-point approach
using a tropical gastropod, Stramonita haemastoma. Ecol. Indic. 91, 626-635.
https://doi.org/10.1016/j.ecolind.2018.04.044.

Marigémez, 1., Garmendia, L., Soto, M., Orbea, A., Izagirre, U., & Cajaraville, M. P.
(2013). Marine ecosystem health status assessment through integrative biomarker
indices: A comparative study after the Prestige oil spill “Mussel Watch.”
Ecotoxicology, 22(3), 486-505. doi:https://doi.org/10.1007/s10646-013-1042-4.

Marklund, S., Marklund, G., 1974. Involvement of the superoxide anion radical in the
autoxidation of Pyrogallol and a convenient assay for superoxide dismutase. Eur. J.
Biochem. 47 (3), 469-474. https://doi.org/10.1111/j.1432-1033.1974.tb03714.x.

Matranga, V., Corsi, 1., 2012. Toxic effects of engineered nanoparticles in the marine
environment: model organisms and molecular approaches. Mar. Environ. Res. 76,
32-40. https://doi.org/10.1016/j.marenvres.2012.01.006.

Messai, Y., Vileno, B., Martel, D., Turek, P., Mekki, D.E., 2018. Milling effect on the
photo-activated properties of TiO2 nanoparticles: electronic and structural
investigations. Bull. Mater. Sci. 41 (2). https://doi.org/10.1007/512034-018-1572-
8.

Mezni, A., Alghool, S., Sellami, B., Ben Saber, N., Altalhi, T., 2018. Titanium dioxide
nanoparticles: synthesis, characterisations and aquatic ecotoxicity effects. Chem.
Ecol. 34 (3), 288-299. https://doi.org/10.1080/02757540.2017.1420178.

Minetto, D., Libralato, G., Volpi Ghirardini, A., 2014. Ecotoxicity of engineered TiO2
nanoparticles to saltwater organisms: an overview. Environ. Int. 66, 18-27. https://
doi.org/10.1016/j.envint.2014.01.012.

Minetto, D., Volpi Ghirardini, A., Libralato, G., 2016. Saltwater ecotoxicology of ag, au,
CuO, TiO2, ZnO and C60 engineered nanoparticles: an overview. Environ. Int.
92-93, 189-201. https://doi.org/10.1016/j.envint.2016.03.041.

Mouneyrac, C., Buffet, P.-E., Poirier, L., Zalouk-Vergnoux, A., Guibbolini, M.,
Faverney, C.R., Gilliland, D., Berhanu, D., Dybowska, A., Chatel, A., Perrein-
Ettajni, H., Pan, J.-F., Thomas-Guyon, H., Reip, P., Valsami-Jones, E., 2014. Fate and
effects of metal-based nanoparticles in two marine invertebrates, the bivalve mollusc
Scrobicularia plana and the annelid polychaete Hediste diversicolor. Environ. Sci.
Pollut. Res. 21 (13), 7899-7912. https://doi.org/10.1007/511356-014-2745-7.

Mui, J., Ngo, J., Kim, B., 2016. Aggregation and colloidal stability of commercially
available AI203 nanoparticles in aqueous environments. Nanomaterials 6 (5), 90.
https://doi.org/10.3390/nano6050090.

Murali, M., Athif, P., Suganthi, P., Sadiq Bukhari, A., Syed Mohamed, H.E., Basu, H.,
Singhal, R.K., 2018. Toxicological effect of A1203 nanoparticles on histoarchitecture
of the freshwater fish Oreochromis mossambicus. Environ. Toxicol. Pharmacol. 59,
74-81. https://doi.org/10.1016/j.etap.2018.03.004.

Nam, D.-H., Lee, B., Eom, L., Kim, P., Yeo, M.-K., 2014. Uptake and bioaccumulation of
titanium- and silver-nanoparticles in aquatic ecosystems. Mol. Cell. Toxicol. 10 (1),
9-17. https://doi.org/10.1007/513273-014-0002-2.

Nelson, M., Adams, T., Ojo, C., Carroll, M.A., Catapane, E.J., 2018. Manganese toxicity is
targeting an early step in the dopamine signal transduction pathway that controls
lateral cilia activity in the bivalve mollusc Crassostrea virginica. Comparative
Biochemistry and Physiology Part - C: Toxicology and Pharmacology 213, 1-6.
https://doi.org/10.1016/j.cbpc.2018.07.002.

Nogueira, D.J., Arl, M., Koerich, J.S., Simioni, C., Ouriques, L.C., Vicentini, D.S.,
Matias, W.G., 2019. Comparison of cytotoxicity of a-Al203 and n-Al203
nanoparticles toward neuronal and bronchial cells. Toxicology in Vitro 61, 104596.
https://doi.org/10.1016/j.tiv.2019.104596.

Nogueira, D. J., Vaz, V. P, Neto, O. S., Silva, M. L. N. da, Simioni, C., Ouriques, L. C.,
Vicentini, D. S., & Matias, W. G. (2020a). Crystalline phase-dependent toxicity of
aluminum oxide nanoparticles toward Daphnia magna and ecological risk
assessment. Environ. Res., 182. doi:https://doi.org/10.1016/j.envres.2019.108987.

Nogueira, D. J., Vaz, V. P, Neto, O. S., Silva, M. L. N. da, Simioni, C., Ouriques, L. C.,
Vicentini, D. S., & Matias, W. G. (2020b). Crystalline phase-dependent toxicity of
aluminum oxide nanoparticles toward Daphnia magna and ecological risk
assessment. Environ. Res., 182. doi:https://doi.org/10.1016/j.envres.2019.108987.

Nunes, S.M., Miiller, L., Simioni, C., Ouriques, L.C., Gelesky, M.A., Fattorini, D.,
Regoli, F., Monserrat, J.M., Ventura-Lima, J., 2020. Impact of different crystalline
forms of nTiO2 on metabolism and arsenic toxicity in Limnoperna fortunei. Sci. Total
Environ. 728. https://doi.org/10.1016/j.scitotenv.2020.138318.

Peng, C., Zhang, W., Gao, H., Li, Y., Tong, X., Li, K., Zhu, X., Wang, Y., Chen, Y., 2017.
Behavior and potential impacts of metal-based engineered nanoparticles in aquatic
environments. Nanomaterials 7 (1). https://doi.org/10.3390/nano7010021.

Puerari, R.C., da Costa, C.H., Vicentini, D.S., Fuzinatto, C.F., Melegari, S.P., Schmidt, E.
C., Bouzon, Z.L., Matias, W.G., 2016. Synthesis, characterization and toxicological


https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1016/j.jhazmat.2011.06.081
https://doi.org/10.1016/j.jhazmat.2011.06.081
https://doi.org/10.1016/j.aquatox.2012.03.017
https://doi.org/10.1016/j.aquatox.2012.03.017
https://doi.org/10.1021/es200955s
https://doi.org/10.1016/j.chemosphere.2021.132356
https://doi.org/10.3109/17435390.2015.1132348
https://doi.org/10.3109/17435390.2015.1132348
https://doi.org/10.1007/s00204-020-02689-3
http://www.jbc.org/
https://doi.org/10.1007/s10646-008-0205-1
https://doi.org/10.1016/j.ecoenv.2012.02.017
https://doi.org/10.5132/eec.2022.01.01
https://doi.org/10.1002/tox.20695
https://doi.org/10.1016/j.jes.2018.06.010
https://doi.org/10.1016/j.ecoenv.2016.06.014
https://doi.org/10.1016/j.ijpharm.2010.04.026
https://doi.org/10.1016/j.marenvres.2018.02.029
https://doi.org/10.1016/j.marenvres.2018.02.029
https://doi.org/10.1038/s41598-022-24364-6
https://doi.org/10.1038/s41598-022-24364-6
https://doi.org/10.3390/nano9020309
https://doi.org/10.1016/j.ecoenv.2014.04.001
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.marenvres.2008.02.009
https://doi.org/10.1016/j.cbpc.2023.109714
https://doi.org/10.1016/j.cbpc.2023.109714
https://doi.org/10.1016/j.scitotenv.2019.134886
https://doi.org/10.1016/j.scitotenv.2019.134886
https://doi.org/10.1016/j.marpolbul.2021.112661
https://doi.org/10.1016/j.jhazmat.2020.122312
https://doi.org/10.15244/pjoes/69251
https://doi.org/10.15244/pjoes/69251
https://doi.org/10.1016/j.ecolind.2018.04.044
https://doi.org/10.1007/s10646-013-1042-4
https://doi.org/10.1111/j.1432-1033.1974.tb03714.x
https://doi.org/10.1016/j.marenvres.2012.01.006
https://doi.org/10.1007/s12034-018-1572-8
https://doi.org/10.1007/s12034-018-1572-8
https://doi.org/10.1080/02757540.2017.1420178
https://doi.org/10.1016/j.envint.2014.01.012
https://doi.org/10.1016/j.envint.2014.01.012
https://doi.org/10.1016/j.envint.2016.03.041
https://doi.org/10.1007/s11356-014-2745-7
https://doi.org/10.3390/nano6050090
https://doi.org/10.1016/j.etap.2018.03.004
https://doi.org/10.1007/s13273-014-0002-2
https://doi.org/10.1016/j.cbpc.2018.07.002
https://doi.org/10.1016/j.tiv.2019.104596
https://doi.org/10.1016/j.envres.2019.108987
https://doi.org/10.1016/j.envres.2019.108987
https://doi.org/10.1016/j.scitotenv.2020.138318
https://doi.org/10.3390/nano7010021

F. Sedrati et al.

evaluation of Cr203 nanoparticles using Daphnia magna and Aliivibrio fischeri.
Ecotoxicol. Environ. Saf. 128, 36-43. https://doi.org/10.1016/j.
ecoenv.2016.02.011.

R Core Team, 2023. R: A Language and Environment for Statistical Computing_. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Ramsden, C.S., Henry, T.B., Handy, R.D., 2013. Sub-lethal effects of titanium dioxide
nanoparticles on the physiology and reproduction of zebrafish. Aquat. Toxicol. 126,
404-413. https://doi.org/10.1016/j.aquatox.2012.08.021.

Rashidian, G., Mohammadi-Aloucheh, R., Hosseinzadeh-Otaghvari, F., Chupani, L.,
Stejskal, V., Samadikhah, H., Zamanlui, S., Multisanti, C.R., Faggio, C., 2023. Long-
term exposure to small-sized silica nanoparticles (Si02-NPs) induces oxidative stress
and impairs reproductive performance in adult zebrafish (Danio rerio). Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology 273, 109715.
https://doi.org/10.1016/j.cbpc.2023.109715.

Ray, A., Gautam, A., Das, S., Pal, K., Das, S., Karmakar, P., Ray, M., Ray, S., 2020. Effects
of copper oxide nanoparticle on gill filtration rate, respiration rate, hemocyte
associated immune parameters and oxidative status of an Indian freshwater mussel.
Comparative Biochemistry and Physiology Part - C: Toxicology and Pharmacology
237. https://doi.org/10.1016/j.cbpc.2020.108855.

Regoli, F., Giuliani, M.E., 2014. Oxidative pathways of chemical toxicity and oxidative
stress biomarkers in marine organisms. Mar. Environ. Res. 93, 106-117. https://doi.
org/10.1016/j.marenvres.2013.07.006.

Rocha, T.L., Gomes, T., Sousa, V.S., Mestre, N.C., Bebianno, M.J., 2015. Ecotoxicological
impact of engineered nanomaterials in bivalve molluscs: an overview. Mar. Environ.
Res. 111, 74-88. https://doi.org/10.1016/j.marenvres.2015.06.013.

Roma, J., Matos, A.R., Vinagre, C., Duarte, B., 2020. Engineered metal nanoparticles in
the marine environment: a review of the effects on marine fauna. Mar. Environ. Res.
161. https://doi.org/10.1016/j.marenvres.2020.105110.

Roma, J., Missionario, M., Madeira, C., Matos, A.R., Vinagre, C., Costa, P.M., Duarte, B.,
2024. Comparative responses and effects of exposure to metallic and nanoparticle
zinc in the mussel Mytilus galloprovincialis. Estuar. Coast. Shelf Sci. 297, 108616.
https://doi.org/10.1016/j.ecss.2024.108616.

Saad, A.A., El-Sikaily, A., Kassem, H., 2016. Metallothionein and glutathione content as
biomarkers of metal pollution in mussels and local fishermen in Abu Qir Bay. Egypt.
Journal of Health and Pollution 6 (12), 50-60. https://doi.org/10.5696,/2156-9614-
6-12.50.

Saidani, W., Sellami, B., Khazri, A., Mezni, A., Dellali, M., Joubert, O., Sheehan, D.,
Beyrem, H., 2019. Metal accumulation, biochemical and behavioral responses on the
Mediterranean clams Ruditapes decussatus exposed to two photocatalyst
nanocomposites (TiO2 NPs and AuTiO2NPs). Aquat. Toxicol. 208, 71-79. https://
doi.org/10.1016/j.aquatox.2019.01.003.

Sanchez, A., Recillas, S., Font, X., Casals, E., Gonzalez, E., Puntes, V., 2011. Ecotoxicity
of, and remediation with, engineered inorganic nanoparticles in the environment.
TrAC Trends Anal. Chem. 30 (3), 507-516. https://doi.org/10.1016/j.
trac.2010.11.011.

Sanchez, W., Burgeot, T., Porcher, J.-M., 2013. A novel “integrated biomarker response”
calculation based on reference deviation concept. Environ. Sci. Pollut. Res. 20 (5),
2721-2725. https://doi.org/10.1007/5s11356-012-1359-1.

Sedrati, F., Bouzahouane, H., Khaldi, F., Menaa, M., Bouarroudj, T., Gzara, L., Zaidi, H.,
Bensalem, M., Laouar, O., Sleimi, N., Nasri, H., Ouali, K., 2024. In vivo assessment of
oxidative stress, neurotoxicity and histological alterations induction in the marine
gastropod Stramonita haemastoma exposed to Cra03 and Al;O3 nanoparticles.
Chemosphere 366, 143434. https://doi.org/10.1016/j.chemosphere.2024.143434.

Sharma, A., Vishwakarma, K., Singh, N.K., Prakash, V., Ramawat, N., Prasad, R., Sahi, S.,
Singh, V.P., Tripathi, D.K., Sharma, S., 2022. Synergistic action of silicon
nanoparticles and indole acetic acid in alleviation of chromium (CrVI) toxicity in
Oryza sativa seedlings. J. Biotechnol. 343, 71-82. https://doi.org/10.1016/j.
jbiotec.2021.09.005.

Shaw, B.J., Handy, R.D., 2011. Physiological effects of nanoparticles on fish: a
comparison of nanometals versus metal ions. Environ. Int. 37 (6), 1083-1097.
https://doi.org/10.1016/j.envint.2011.03.009.

Singh, S.P., Chinde, S., Kamal, S.S.K., Rahman, M.F., Mahboob, M., Grover, P., 2016.
Genotoxic effects of chromium oxide nanoparticles and microparticles in Wistar rats

17

Comparative Biochemistry and Physiology, Part C 292 (2025) 110159

after 28 days of repeated oral exposure. Environ. Sci. Pollut. Res. 23 (4), 3914-3924.
https://doi.org/10.1007/s11356-015-5622-0.

Thirupurasundari, C.J., Padmini, R., Devaraj, S.N., 2009. Effect of berberine on the
antioxidant status, ultrastructural modifications and protein bound carbohydrates in
azoxymethane-induced colon cancer in rats. Chem. Biol. Interact. 177 (3), 190-195.
https://doi.org/10.1016/j.cbi.2008.09.027.

Tou, F., Wu, J., Fu, J., Niu, Z., Liu, M., Yang, Y., 2021. Titanium and zinc-containing
nanoparticles in estuarine sediments: occurrence and their environmental
implications. Sci. Total Environ. 754, 142388. https://doi.org/10.1016/j.
scitotenv.2020.142388.

Turan, N.B., Erkan, H.S., Engin, G.O., Bilgili, M.S., 2019. Nanoparticles in the aquatic
environment: usage, properties, transformation and toxicity—a review. Process. Saf.
Environ. Prot. 130, 238-249. https://doi.org/10.1016/j.psep.2019.08.014.

Vale, G., Mehennaoui, K., Cambier, S., Libralato, G., Jomini, S., Domingos, R.F., 2016.
Manufactured nanoparticles in the aquatic environment-biochemical responses on
freshwater organisms: a critical overview. Aquat. Toxicol. 170, 162-174. https://
doi.org/10.1016/j.aquatox.2015.11.019.

Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T.D., Mazur, M., Telser, J., 2007. Free
radicals and antioxidants in normal physiological functions and human disease. Int.
J. Biochem. Cell Biol. 39 (1), 44-84. https://doi.org/10.1016/j.biocel.2006.07.001.

Viarengo, A., Ponzano, E., Dondero, F., Fabbri, R., 1997. A simple spectrophotometric
method for metallothionein evaluation in marine organisms: an application to
Mediterranean and Antarctic molluscs. Mar. Environ. Res. 44 (1), 69-84. https://doi.
0rg/10.1016/50141-1136(96)00103-1.

Volland, M., Hampel, M., Martos-Sitcha, J.A., Trombini, C., Martinez-Rodriguez, G.,
Blasco, J., 2015. Citrate gold nanoparticle exposure in the marine bivalve Ruditapes
philippinarum: uptake, elimination and oxidative stress response. Environ. Sci.
Pollut. Res. 22 (22), 17414-17424. https://doi.org/10.1007/s11356-015-4718-x.

Weckbecker, G., Cory, J.G., 1988. Ribonucleotide reductase activity and growth of
glutathione-depleted mouse leukemia L1210 cells in vitro. Cancer Lett. 40 (3),
257-264. https://doi.org/10.1016,/0304-3835(88)90084-5.

Wu, H., Zhang, R., Liu, J., Guo, Y., Ma, E., 2011. Effects of malathion and chlorpyrifos on
acetylcholinesterase and antioxidant defense system in Oxya chinensis (Thunberg)
(Orthoptera: Acrididae). Chemosphere 83 (4), 599-604. https://doi.org/10.1016/j.
chemosphere.2010.12.004.

Xia, B., Zhu, L., Han, Q., Sun, X., Chen, B., Qu, K., 2017. Effects of TiO 2 nanoparticles at
predicted environmental relevant concentration on the marine scallop Chlamys
farreri: an integrated biomarker approach. Environ. Toxicol. Pharmacol. 50,
128-135. https://doi.org/10.1016/j.etap.2017.01.016.

Xia, J., Zhao, H.Z., Lu, G.H., 2013. Effects of selected metal oxide nanoparticles on
multiple biomarkers in Carassius auratus. Biomedical and Environmental Sciences:
BES 26 (9), 742-749. https://doi.org/10.3967,/0895-3988.2013.09.005.

Xiong, D., Fang, T., Yu, L., Sima, X., Zhu, W., 2011. Effects of nano-scale TiO2, ZnO and
their bulk counterparts on zebrafish: acute toxicity, oxidative stress and oxidative
damage. Sci. Total Environ. 409 (8), 1444-1452. https://doi.org/10.1016/j.
scitotenv.2011.01.015.

Yung, M.M.N., Mouneyrac, C., Leung, K.M.Y., 2014. Ecotoxicity of zinc oxide
nanoparticles in the marine environment. In: Encyclopedia of Nanotechnology.
Springer, Netherlands, pp. 1-17. https://doi.org/10.1007/978-94-007-6178-0_
100970-1.

Zaidi, H., Amrani, A., Sedrati, F., Maaref, H., Leghrib, F., Benamara, M., Amara, H.,
Wang, Z., Nasri, H., 2021. Histological and chemical damage induced by
microcystin-LR and microcystin-RR on land snail Helix aspersa tissues after acute
exposure. Comparative Biochemistry and Physiology Part - C: Toxicology and
Pharmacology 245. https://doi.org/10.1016/j.cbpc.2021.109031.

Zatgska-Radziwilt, M., Doskocz, N., Affek, K., Muszynski, A., 2020. Effect of aluminum
oxide nanoparticles on aquatic organisms — a microcosm study. Desalin. Water Treat.
195, 286-296. https://doi.org/10.5004/dwt.2020.25882.

Zhao, Y., Xie, P., Zhang, X., 2009. Oxidative stress response after prolonged exposure of
domestic rabbit to a lower dosage of extracted microcystins. Environ. Toxicol.
Pharmacol. 27 (2), 195-199. https://doi.org/10.1016/j.etap.2008.10.005.


https://doi.org/10.1016/j.ecoenv.2016.02.011
https://doi.org/10.1016/j.ecoenv.2016.02.011
https://www.R-project.org/
https://doi.org/10.1016/j.aquatox.2012.08.021
https://doi.org/10.1016/j.cbpc.2023.109715
https://doi.org/10.1016/j.cbpc.2020.108855
https://doi.org/10.1016/j.marenvres.2013.07.006
https://doi.org/10.1016/j.marenvres.2013.07.006
https://doi.org/10.1016/j.marenvres.2015.06.013
https://doi.org/10.1016/j.marenvres.2020.105110
https://doi.org/10.1016/j.ecss.2024.108616
https://doi.org/10.5696/2156-9614-6-12.50
https://doi.org/10.5696/2156-9614-6-12.50
https://doi.org/10.1016/j.aquatox.2019.01.003
https://doi.org/10.1016/j.aquatox.2019.01.003
https://doi.org/10.1016/j.trac.2010.11.011
https://doi.org/10.1016/j.trac.2010.11.011
https://doi.org/10.1007/s11356-012-1359-1
https://doi.org/10.1016/j.chemosphere.2024.143434
https://doi.org/10.1016/j.jbiotec.2021.09.005
https://doi.org/10.1016/j.jbiotec.2021.09.005
https://doi.org/10.1016/j.envint.2011.03.009
https://doi.org/10.1007/s11356-015-5622-0
https://doi.org/10.1016/j.cbi.2008.09.027
https://doi.org/10.1016/j.scitotenv.2020.142388
https://doi.org/10.1016/j.scitotenv.2020.142388
https://doi.org/10.1016/j.psep.2019.08.014
https://doi.org/10.1016/j.aquatox.2015.11.019
https://doi.org/10.1016/j.aquatox.2015.11.019
https://doi.org/10.1016/j.biocel.2006.07.001
https://doi.org/10.1016/S0141-1136(96)00103-1
https://doi.org/10.1016/S0141-1136(96)00103-1
https://doi.org/10.1007/s11356-015-4718-x
https://doi.org/10.1016/0304-3835(88)90084-5
https://doi.org/10.1016/j.chemosphere.2010.12.004
https://doi.org/10.1016/j.chemosphere.2010.12.004
https://doi.org/10.1016/j.etap.2017.01.016
https://doi.org/10.3967/0895-3988.2013.09.005
https://doi.org/10.1016/j.scitotenv.2011.01.015
https://doi.org/10.1016/j.scitotenv.2011.01.015
https://doi.org/10.1007/978-94-007-6178-0_100970-1
https://doi.org/10.1007/978-94-007-6178-0_100970-1
https://doi.org/10.1016/j.cbpc.2021.109031
https://doi.org/10.5004/dwt.2020.25882
https://doi.org/10.1016/j.etap.2008.10.005

	Histological and biochemical evidence of Cr2O3 and Al2O3 nanoparticles toxicity in the marine gastropod Stramonita haemasto ...
	1 Introduction
	2 Materials and methods
	2.1 Nanoparticle synthesis
	2.2 Nanoparticle characterization
	2.3 Animal sampling and conservation
	2.4 Experimental design
	2.5 Biochemical analysis
	2.5.1 Preparation of tissue homogenates
	2.5.2 Protein quantification
	2.5.3 Oxidative stress biomarkers
	2.5.4 Lipid peroxidation biomarker (LPO)
	2.5.5 Neurotoxicity biomarker
	2.5.6 Metallothionein (MT) analysis

	2.6 Histological study
	2.7 IBRv2 analysis
	2.8 Statistical analyses

	3 Results
	3.1 Cr2O3 and Al2O3 NPs characterization
	3.1.1 XRD analysis
	3.1.2 SEM analysis
	3.1.3 EDS analysis
	3.1.4 DLS analysis

	3.2 Biochemical biomarkers
	3.2.1 Following 7 ​days
	3.2.2 Following 14 ​days
	3.2.3 Following 28 ​days

	3.3 IBR v2
	3.3.1 At 7 ​days
	3.3.2 At 14 ​days
	3.3.3 At 28 ​days

	3.4 Histological analysis

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


