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Tritium (®H), an isotope of hydrogen, is a by-product of the nuclear industry. Decommissioning and normal
operations of nuclear facilities can generate tritiated stainless-steel particles (T-SSPs) that could be uninten-
tionally released into the environment. Considering tritium’s physicochemical properties and the proximity of
nuclear facilities to water bodies, assessing the behaviour and potential effects of these particles in the aquatic
environment is imperative. In the present study, marine mussels, Mytilus galloprovincialis, were exposed to: (a)
hydrogenated, non-radioactive stainless-steel particles (H-SSPs) (10 mg L1 (b) T-SSPs (1 and 10 MBq L™ Y and
(c) tritiated water (HTO) (0.50 and 5.0 MBq L) for 5 h and 7 d. Exposure to T-SSPs resulted in significant DNA
damage in mussel haemocytes. Tritium bioaccumulation was significantly higher in the digestive gland (DG),
regardless of the exposure duration to T-SSPs. Positive correlation between tritium in DG tissues and DNA in-
dicates that tritium is internalised in the cell. After 7 d, global DNA methylation increased in gills exposed to both
1 MBq L™} of T-SSPs and 5 MBq L™} of HTO treatments. In the DG tissue, DNA methylation increased following
exposure to tritium (water and particulate forms) compared to H-SSPs, suggesting a tissue-specific and pollutant-
dependent response. Our findings highlight the enhanced bioaccumulation of T-SSPs compared to HTO. Multi-
variate analyses of the results suggested an overall stress response in mussels exposed to T-SSPs compared to HTO
exposure and controls. Potential epigenetic effects will require more attention as they can bring knowledge
across levels of biological organisation and about the transgenerational impact of radionuclides.

1. Introduction systems, tritium is also involved in indistinguishable chemical reactions

like hydrogen and associates with biomolecules (e.g., carbohydrates,

Tritium (°H), a radioisotope of hydrogen, is present during fission
and fusion nuclear energy production systems (Grisolia et al., 2019; Nie
et al., 2021). About 99 % of tritium is discharged by nuclear facilities as
tritiated water (HTO), while HTO present in the atmosphere also reaches
the ocean (Oms et al., 2019). In the environment and in biological

proteins, DNA). Organically bound tritium (OBT) has the potential to
bioaccumulate in tissues, persist in tissues longer compared to HTO and
biomagnify in the food chain (Jaeschke et al., 2011; Jaeschke and
Bradshaw, 2013; Eyrolle et al., 2018). In nuclear facilities, some tritium
also has the potential to be associated and discharged with steel and
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cement particles resulting from normal operations as well as during
facility dismantling (Ferreira et al., 2023; Lamartiniere et al., 2022;
Liger et al., 2018).

Studies have shown p-particles emitted from >H to be efficient in
producing DNA strand breaks, the repair of which is critical for cell
survival (Adam-guillermin et al., 2012; Ferreira et al., 2023; Jha, 2008;
Jha et al., 2005; Koturbash et al., 2006; Reisz et al., 2014). Interestingly,
in vitro studies have suggested that when tritiated stainless-steel parti-
cles (T-SSPs) are deposited for 24 h on the surfaces of cells, a greater
DNA damaging effect is produced compared to HTO (Mentana et al.,
2022). Ionising radiation can also influence a tissue specific DNA
methylation pattern in mice and other aquatic species (Belli and
Tabocchini, 2020; Kong et al., 2016; Kovalchuk et al., 2004; Pogribny
et al., 2004; Trijau et al., 2018), but limited information is available for
marine invertebrates (Horemans et al., 2019). Genome-wide hypo-
methylation is often viewed as a sign of genome destabilisation, leading
to increased mutation rates (Jaenisch and Bird, 2003; Kovalchuk and
Baulch, 2008; Wei et al., 2019), while the regulation of gene tran-
scription by DNA methylation varies among taxa (Gavery and Roberts,
2010; Horemans et al., 2019; Wang et al., 2006).

Marine bivalves of the genus Mytilus, such as M. galloprovincialis,
represent ideal sentinel species in biomonitoring programmes such as
‘mussel watch’ (Barreira et al., 2024). As filter feeding organisms, they
tend to accumulate different pollutants, including tritium, in their tis-
sues (Jong et al., 2022; Wang et al., 2021a; Ward et al., 2019; Jha et al.,
2005; Jaeschke et al., 2011).

Our previous study has shown that M. galloprovincialis can bio-
accumulate hydrogenated (non-radioactive analogue) stainless-steel
particles (H-SSPs) after acute and sub-chronic exposures, although no
DNA damage was found in mussel haemocytes (Vernon et al., 2022). In
order to further understand the potential biological consequences of
radioactive stainless-steel particles, the present study aimed to (a)
characterise the behaviour of T-SSPs in seawater, (b) determine
tissue-specific bioaccumulation of T-SSPs in M. galloprovincialis, (c)
assess the potential genotoxic and epigenetic effects of these particles,
and (d) integrate biological or biomarker responses and bio-
accumulation data through multivariate analysis. Overall, the study
hypothesised that, compared to HTO and H-SSPs, exposure to T-SSPs
would result in higher bioaccumulation and more pronounced genotoxic
and epigenetic effects in marine mussels.

2. Materials and methods
2.1. Particle behaviour in seawater

H-SSPs were prepared and used concurrently as a non-radioactive
control for the experiments while using T-SSPs as described by Slom-
berg et al. (2024). A stock solution of H-SSPs (1 mg mL ') was prepared
with 10 mg of H-SSPs in 10 mL deionised water in Falcon tubes (50 mL).
Non-filtered and 1 mL filtered water samples (0.22 pm) were processed
in duplicate using a nanoparticle tracking analysis (NTA, Nanosight®,
LM10, Version 2.2; Malvern Panalytical, UK) to study the concentration
and hydrodynamic diameters of H-SSPs particles in suspension. Samples
were collected to determine particle behaviour and dissolution in
seawater before performing the experiments with T-SSPs. Filtered
seawater samples were collected to determine potential release of
tritium as tritiated water and to determine small particle (<0.22 pm)
release.

2.2. Exposures of mussels to H-SSPs, T-SSPs and HTO

Mpytilus galloprovincialis (shell length ~ 45 mm) were collected from a
pristine site in Cornwall (UK) and maintained in accordance with earlier
studies carried out in our laboratory (Dallas et al., 2013; Pearson et al.,
2018; Ferreira et al., 2024). Briefly, mussels were maintained in
UV-treated, filtered (<10 pm), aerated, natural seawater (SW) (salinity
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= 31.8, pH = 7.9) under a 12:12 h photoperiod at 15 °C and were fed a
solution of Isochrysis galbana algae (1 x 10° cells mL™}, Reed Maricul-
ture, Campbell, CA, USA) every other day. Twenty, 2-L beakers con-
taining 1.5 L of filtered seawater at 20 °C and three mussels in each
beaker were used for the exposures (i.e., two beakers and six mussels per
treatment) and two different exposure scenarios, 5 h and 7 d.

The tritium activity concentration was selected based on projections
of the dose to be received by mussels, with the concentration 1000 pg
Lt equal to an activity level of 1 MBq L1, As noted in previous liter-
ature, our selected tritium levels, 1 and 10 MBq L%, result in dose rates
ranging from 3.13 to 7.90 pGy h™! and 15.13-18.49 pGy h™?, respec-
tively, for the selected exposure periods (Dallas et al., 2016b). This dose
range represents below and above the generic (all species) screening
value of 10 pGy h™! (Dallas et al., 2016b). The exposure periods used in
the present study were selected based on previous findings with
non-tritiated steel particles (i.e. H-SSPs), where the methodology was
also validated (Vernon et al., 2022). These periods also reflect realistic
scenarios of short-term effluent releases or accidental exposures
(Hanslik et al., 2017; Kaizer et al., 2024; Varlam et al., 2005). Each
beaker was covered and aeration was set up using a glass Pasteur pipette
connected to the aeration system. Evaporation rate was determined
previously in beakers containing SW only and <10 % was determined
after 7 d (data not shown).

Beakers were dosed once with 1 or 10 MBq L~! of T-SSPs. In addition,
a SW control, an H-SSPs control (10 mg L™ Y) and HTO (0.50, 5.0 MBq
L™1) were run in parallel to account for waterborne tritium release (~50
%) in SW from T-SSPs according to previous experiments (Jha et al.,
2022). During the exposure period, no water change was conducted.
Mussels were not fed during the exposure period, and there was no
mortality or spawning during the experiment. Filtered (<0.22 pm) and
non-filtered SW samples (1 mL) were collected every alternate day, with
filtered SW determining potential release of tritium as HTO and to
determine small particles (<0.22 pm) release as described in section 2.1.
Liquid scintillation cocktail (4 mL) (Ecosint, Scientific Laboratory Sup-
plies, UK) was added to each sample, and read using a PerkinElmer
Tricarb liquid scintillation counter, with a chemiluminescence quench
correction curve. There was no indication of a drop in tritium concen-
tration (activity) over the two exposure periods. (i.e., 5 h and 7 d).

At the end of both exposure periods, haemolymph samples were
collected from the adductor muscle (AM) to assess DNA damage in the
haemocytes using single cell gel electrophoresis (SCGE) or the comet
assay as described previously (Dallas et al. 2016 a; b; Ferreira et al.,
2023). Following collection of haemolymph samples, mussels were
dissected and individual tissues (AM, DG, gill, foot, mantle and other
soft tissues) were collected to assess bioaccumulation of the particles
and perform other biological assays. In addition, subsamples of dissected
tissues (i.e., 20 mg of gills and DG) from each mussel were blotted and
placed in individual Eppendorf tubes and stored at —80 °C until further
DNA extraction and determination of methylation patterns. These sub-
samples were only collected from mussels exposed for 7 d due to logistic
limitations.

2.3. Tissue-specific tritium bioaccumulation

Individual tissues were cut into finer pieces using scissors and freeze-
dried, re-weighed and solubilised using 1 mL of Soluene-350 (Perkin-
Elmer Inc., Waltham, MA, USA) at 50 °C for at least 48 h. Following
solubilisation, 10 mL of liquid scintillation cocktail (Ecosint, Scientific
Laboratory Supplies, UK) was added to each vial and the resulting so-
lution was acidified with 100 pL of glacial acetic acid. Samples were
then counted by liquid scintillation.

2.4. Tritium activity in the DNA

DNA was extracted from DG and gill samples using the DNeasy Blood
& Tissue Kit (Qiagen) and according to the manufacturer’s standard
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protocol. DNA concentrations were measured using a NanoDrop®
Spectrophotometer ND-1000. The quality of samples was assessed
through the absorbance ratio (A260/280) and samples were considered
pure when the ratio was around 1.8 (Desjardins and Conklin, 2010).
Each sample was diluted to a final concentration of 25 ng pL ™! using
Milli-Q water (Jaeschke et al., 2011). Briefly, an aliquot of the DNA
solution (40 pL) was taken from each sample for scintillation counting.
These were placed in clean scintillation vials with 5 mL of scintillation
cocktail. Samples were kept in the dark for 90 min before scintillation
counting to a fixed precision of 5 %. The mass of DNA was estimated and
used to calculate the activity concentration of tritium within the DNA.

2.5. Oxidative and non-oxidative DNA damage in the haemocytes

The comet assay was performed using haemocytes of mussels (Dallas
et al.,, 2016a,b). As a prerequisite, health status in terms of cellular
viability was determined using the Trypan Blue exclusion dye assay
(Strober, 2015). Samples showed >90 % viability (data not shown) and
were subsequently used to determine DNA damage using the comet
assay.

Oxidative damage to the DNA was performed using modified comet
assay which involves adding an additional incubation step with the
bacterial enzyme, formamidopyrimidine DNA glycosylase (FPG, New
England Biolabs), to target oxidised purine bases (Dallas et al. 2016 a; b;
Pearson et al., 2018). A single concentration of hydrogen peroxide
(H20-) was used as a positive control for the assay. Briefly, haemolymph
samples collected from three healthy mussels were exposed under in
vitro conditions to 500 pM H;0; in phosphate buffer saline (1 h, in dark)
and processed along with samples collected from the SW control and
exposed (i.e., H-SSPs, T-SSPs, HTO) mussels. Haemolymph (150 pL)
samples from six mussels were centrifuged (775 g, 2 min), the super-
natant removed and the remaining cellular pellets (~10 pL) used for the
assay. Cells were stained with GelRed® (10X, Cambridge Bioscience)
and scored using an epifluorescent microscope (DMR; Leica Micro-
systems, Milton Keynes, UK). Comet IV imaging software (Perceptive
Imaging, Bury St Edmunds, UK) was used to measure % tail DNA in 100
cells per slide (50 cells per microgel) (Kumaravel and Jha, 2006).

2.6. Determination of DNA methylation

Methylation levels of genomic DNA from DG and gill tissues were
measured using a MethylFlash Global DNA methylation (5-mC) Quan-
tification Kit (EpiGentek Group Inc., Farmingdale, NY, USA). A total of
100 ng of DNA was used to quantify 5-mC content following the man-
ufacturer’s protocol (EpiGentek). All samples, controls and standards
were run in duplicate. The methylated fraction of DNA was detected
using capture and detection antibodies and then quantified by reading
the colorimetric absorbance (OD) at 450 nm using a Spectramax Plus
384 plate reader (Molecular Devices) (Teng et al., 2020; Wang et al.,
2023).

To calculate percentage of methylated DNA, the standard curve was
generated, and the OD values were plotted versus the positive control at
each percentage point. The slope (OD/1 %) of the standard curve was
determined using linear regression. The percentage of 5-methylcytosine
(5-mC%) was determined using the following formula:

Sample OD - Negative control OD)

(
5—mC% =
meo Slope x 2

x 100%

where the factor of 2 was used to normalise 5-mC in the positive control
to 100 % (the positive control contains only 50 % of 5-mC).

2.7. Statistical analyses

2.7.1. Univariate analyses
Statistical analysis was performed using R (version 2.6.1, 2007, The
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R Foundation for Statistical Computing) after data were checked for
normality (Shapiro-Wilk test) and equal variance (Levene’s test). These
assumptions were met for the water sample data, and paired Student’s t-
tests were performed to test differences between filtered and non-
filtered samples. Kruskal Wallis followed by Dunn’s test for multiple
comparisons was performed to assess differences between time and
treatments for each tissue since data did not meet the assumptions
above. After confirming normality and homoscedasticity, one-way
ANOVA was performed to assess tritium concentration in the DNA
samples and DNA methylation differences among the treatments. When
significant differences were found, the analyses were followed by
Tukey’s post-hoc tests. Correlations between biological responses were
assessed through Spearman correlation tests. In all analyses, a p-value
<0.05 was considered statistically significant.

2.7.2. Multivariate analyses

Biomarker data for mussels exposed to H-SSPs, T-SSPs and HTO were
analysed using non-parametric multivariate analysis software, PRIMER
v6 (PRIMER-E Ltd., Plymouth, UK; Clarke, 1999; Clarke & Warwick,
2001; Moore et al., 2021). All data were log transformed [logn(1+x)]
and standardised to the same scale. A single value for DNA methylation
in the T-SSPs treatment (7-d exposure) for the DG was clearly an extreme
outlier; this value was replaced with a value obtained from the PRIMER
EM (environmental) algorithm for estimating missing data values with a
maximum of 1000 iterations.

Correlations between genotoxic biomarkers and tritium concentra-
tions in DNA were tested using a scatter plot matrix (PRIMER v 6,
Draftsman Plot). Principal component analysis (PCA) and hierarchical
cluster analysis, derived from Euclidean distance similarity matrices,
were used to visualise dissimilarities between sample groups. The results
were further tested for significance using analysis of similarity (PRIMER
v6 - ANOSIM), which is an approximate analogue of the univariate
ANOVA and reflects on differences between treatment groups in contrast
to differences among replicates within samples (the R statistic). Under
the null hypothesis Hy (“no difference between samples™), R = 0 and this
was tested by a non-parametric permutations approach; there should be
little or no effect on the average R value if the labels identifying which
replicates belong to which samples are randomly rearranged.

Finally, Pearson’s correlation coefficients for the biomarkers
comprising the first principal component (PC1) for the integrated
biomarker data from the various experimental treatments were derived.
PC1 was used as an integrated measure of cellular well-being (Moore
et al., 2021).

3. Results
3.1. Particles in seawater

The H-SSPs filtered stock solution showed that the most abundant
particle diameter was ~140 nm. In the non-filtered stock solution,
however, particle populations centred around ~250 nm and ~500 nm
and a broad distribution around 1500 nm were evident (Fig. 1).

3.2. Tritium activity in seawater samples

No significant difference between filtered (0.20 pm) and non-filtered
SW samples was evident with respect to tritium activities
(Supplementary material 1). This suggested that tritium was released
from the particles into solution or released as nanosized products after 5
h and 7 d in the presence of mussels.

3.3. Tritium bioaccumulation
Tritium concentrations in tissues of mussels collected from SW con-

trols and H-SSPs samples were negligible or undetectable. The maximum
concentrations from control and H-SSPs exposed mussels were 0.34 x
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Fig. 1. The hydrodynamic diameters of hydrogenated stainless-steel particles (H-SSPs) filtered (0.22 pm) and non-filtered stock solutions in seawater (SW) measured
with nanoparticle tracking analysis (Nanosight®). The shaded area corresponds to the standard deviation (SD) of measurement and the dashed line shows the most

abundant particle size in the H-SSPs filtered stock solution (~140 nm).

10" MBq kg™! in DG and 5.7 x 1077 MBq kg™! in other tissues,
respectively. Therefore, these data were not included in Fig. 2. Some
significant differences in tritium activity were found between treatments
and time for each tissue (Fig. 2). No differences were observed in tissues
from control mussels and those exposed to HTO for 5 h or 7 d, except in
the AM of mussels exposed to 5 MBq L™ after 5 h.

In DG, there was a significant increase of tritium activity after
mussels were exposed to both concentrations of T-SSPs after 5 h and 7
d in comparison to the controls. The maximum concentration of tritium
was found in DG after 5 h exposure to T-SSPs, showing a significant
difference with mussels exposed to SW (controls) and HTO. In the AM,
mussels exposed to 10 MBq L' T-SSPs for 5 h and 7 d showed an

increase of tritium accumulation in comparison to controls. In the foot,
mantle and ‘other’ tissues no significant difference was found between 5
h and 7 d exposure to 10 MBq L™}, but the latter treatment resulted in a
higher concentrations of tritium activity when compared to all other
treatments.

3.4. Oxidative and non-oxidative DNA damage

The results indicated that oxidative DNA damage (DNA oxidation) in
mussel haemocytes increased on exposure to low (1 MBq L™1) and high
(10 MBq L’l) concentrations of T-SSPs after 5 h. Non-oxidative DNA
damage was only increased after the exposure to the highest

[ JosmagLHTO (5h) ] 1MBqL*TSSPs(5h) [ | 5mBqLtHTO (5h) [I] 10 MBq L™ T-SSPs (5 h)
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Fig. 2. Tritium activity in different tissue samples of M. galloprovincialis after 5 h and 7 d exposures to tritiated stainless-steel particles (T-SSPs; 1 and 10 MBq L)
and tritiated water (HTO; 0.50 and 5.0 MBq L~1). Differences (Kruskal-Wallis, P < 0.05) between treatments for the same tissue are indicated by different lower-case
letters whereas same letters show no statistical difference (e.g., after 0.50 MBq L~! treatment, AM tissue showed no difference between 5 h and 7 d exposure groups
[‘a’ and ‘a’ above the corresponding bars] but they were different to AM tissue exposed 5 h to 10 MBq L™! [‘a” and ‘c’ letters above the corresponding bars]. Errors

bars are standard deviations for the mean of six independent determinations.
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concentrations of T-SSPs and HTO after 5 h (Fig. 3 A).

After 7 d, mussels exposed to a low (1 MBq LY and high (10 MBq
L.~1) concentration of T-SSPs showed a significative increase of oxidative
DNA damage compared to the controls (Fig. 3 B). Interestingly, mussels
exposed to HTO (0.50 and 5.0 MBq L™1) presented no significant
oxidative DNA damage after 7 d (Fig. 3 B).

3.5. Tritium activity in the DNA

Significant differences were only found between DNA from mussel’s
DG exposed to T-SSPs 10 MBq L™! when compared to samples from
mussels exposed to H-SSPs and 0.50 MBq L~} HTO (Fig. 4). The con-
centration of tritium in DNA was positively and significantly correlated
with the tritium concentration in tissue, but no significant increase in
radioactivity was observed in the DNA from gills compared to controls.

3.6. DNA methylation

In the DG after 7 d mussels exposed to H-SSPs and 0.50 HTO pre-
sented significantly higher % of DNA methylation compared to controls.
However, DNA from gills obtained from mussels exposed to 1 and 5 MBq
L7! presented a higher percentage of DNA methylation compared to
controls (Fig. 5). Interestingly, mussels exposed to H-SSPs showed a
significant lower percentage of methylation compared to all other
groups including the controls.

3.7. Multivariate analysis of biomarker responses

Correlation analysis (Scatter Plot matrix) of the biomarker data
indicated that DNA damage and oxidative DNA damage (haemocytes)
were strongly correlated after 5 h (r = 0.560, p < 0.001). PCA and hi-
erarchical cluster analysis of the biomarkers for DNA damage and
oxidative DNA damage in haemocytes following 5 h exposure showed
that SSPs and HTO had a detrimental effect (Table 1; ANOSIM, p < 0.01)
on the haemocytes of mussels (Fig. 6A), and that the first principal
component (PC1) captured 54.6 % of the variation. T-SSPs and HTO

D Control (5 h)
. Control (7 d)

60 A
C
b
a c
b 2
40 c
g : ,
< c a ¢ b
Z b B c
a
K
a
20 ——mM8 3
ShIH 5h 5h 5 5h
0.0
Control H-SSPs 0.5 HTO 1T-SSPs 5HTO 10 T-SSPs Hzo2
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treatment for 5 h induced a shift to the right (PC1) and vertically second
principal component (PC2) in Euclidean Distance in the PCA that was
indicative of a stress reaction (Fig. 6 A). PC1 and PC2 were both strongly
correlated with DNA damage and oxidative DNA damage (PCl, r =
0.739 for both, p < 0.001; PC2, r = 0.674 and —0.674 respectively, p <
0.001).

Results showed that there were significant correlations between DNA
damage and both oxidative DNA damage and DNA methylation in the
gill, oxidative DNA damage and both DNA methylation in the DG (in-
verse) and the gill; radioactivity in the DG and both oxidative DNA
damage and DNA methylation in the DG (Supplementary material 1).

ANOSIM after 7 d showed significant differences between the con-
trols and T-SSPs 1 and T-SSPs 10 MBq L~} treatment groups for DNA
damage + oxidative DNA damage, controls and all experimental treat-
ments for DNA damage + oxidative DNA damage + DNA methylation
(DG and gill) (Table 1). When radioactivity (DG and gill) was included
with the biomarkers, all treatments except for HTO 5 h were signifi-
cantly different from the controls (Table 1). PCA and hierarchical cluster
analysis of DNA damage and oxidative DNA damage showed that T-SSPs
1 and 10 MBq L™} treatment groups were shifted to the right (PC1) in
Euclidean Distance in the PCA that was indicative of a stress reaction
(Fig. 6D).

Inclusion of DNA methylation in the MVA showed a more complex
pattern with all experimental treatments being significantly different
from the controls (Fig. 6C; Table 1). H-SSPs and HTO 0.5 MBq L!
treatment groups were shifted vertically (PC2) and to the left (PC2),
while HTO 5 and T-SSPs 1 and 10 MBq L™! treatment groups were
shifted horizontally to the right (PC1) and vertically (PC2) that was
indicative of a stress reaction (Fig. 6 C). Further inclusion of radioac-
tivity (DG and gill) within the combination of variables produced a
similar pattern (Fig. 6 C to D), although HTO 5 h treatment was no
longer significantly different from the controls (Fig. 6 D; Table 1).

Correlations between the PC1 and PC2 and the variables (biomarkers
and radioactivity) following 7 d exposure are shown in Table 2. DNA
damage, oxidative DNA damage and DNA methylation (DG and gill)
showed very strong correlations with PC1 (Table 2).

H-ssps (5h) [[losmeqLHTO (5h) || 1mBqL Tssps (5 h) [l smeqLtHTo(5h) [ 10mBa Lt Tssps (5h)
H-ssps (7d) [ 05 Meq L HTO (7¢) [l 1mBa L Tssps (7d) [l smBaLtHTO (70) [ 20MBa L2 TssPs (74)

60 B
b
c
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a
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5h 5h 5h Sh
0.0
Control H-SSPs 0.5HTO 1T-SSPs 5HTO 10T-SSPs H,0,

Fig. 3. Non-oxidative (A) and oxidative DNA damage (B) in M. galloprovincialis haemocytes after 5 h and 7 d exposures to hydrogenated (non-radioactive) stainless-
steel particles (H-SSPs, 10 mg L’l), tritiated stainless-steel particles (T-SSPs; 1 and 10 MBq L’l), tritiated water (HTO; 0.5, 5 MBq LY and H>0- (positive control).
Errors bars are standard deviations for the mean of six independent determinations. Comparisons were performed between all experimental treatments for each data
set (buffer or FPG). Differences (Kruskal-Wallis, p < 0.05) between treatments for the same tissue are indicated by different lower-case letters whereas same letters

show no statistical difference (e.g., ‘a
among the groups, such as controls and 10 MBq L~! exposed groups).

*and ‘a’ in controls and H-SSPs exposed groups, show no significant differences but ‘a’ and ‘b’ show significant differences
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Fig. 4. Tritium activity in DNA from digestive gland (A) and gill (B) samples of mussels exposed to H-SSPs, and two different concentrations of HTO (0.5 and 5 MBq
L™Y) and T-SSPs (1 and 10 MBq L™}) for 7 d. Differences (Kruskal-Wallis, p < 0.05) between treatments for the same tissue are indicated by different lower case letters
whereas same letters show no statistical difference (e.g., ‘a’ and ‘a’ in controls and H-SSPs exposed groups show no significant differences but ‘a’ and ‘b’ show

significant differences among the groups, such as controls and 10 MBq L' exposed groups). Errors bars are standard deviations for the mean of six independent
determinations.
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Fig. 5. DNA methylation determined as the percentage of 5-methylcytosine in digestive gland (A) and gill (B). DNA samples from mussel tissues were collected
following 7 d exposure to H-SSPs and two different concentrations of HTO (0.5 and 5 MBq L) and T-SSPs (1 and 10 MBq L~1). Differences (Kruskal-Wallis, p < 0.05)
between treatments for the same tissue are indicated by different lower-case letters whereas same letters show no statistical difference (e.g., ‘b’ and ‘b’ in H-SSPs and
0.5 MBq L ! exposed groups show no significant differences but ‘b’ and ‘c’ show significant differences among the groups, such as H-SSPs and 10 MBq L~ exposed
groups). Errors bars are standard deviations for the mean of six independent determinations.

4. Discussion

Little is known about the behaviour, fate and toxicity of T-SSPs
generated in nuclear facilities (Grisolia et al., 2019; Mentana et al.,
2022; Sharpe et al., 2019). Moreover, there is limited information on
toxicological and toxicokinetic studies assessing the Absorption, Distri-
bution, Metabolism and Excretion (ADME) of stainless-steel particles in
animal models (Hedberg and Odnevall Wallinder, 2016; Midander et al.,
2007; Stockmann-Juvala et al., 2013). The current study provides the
first elements of knowledge on T-SSPs transformation and bio-
accumulation in an ecologically and economically important marine
organism.

There is also a paucity of information regarding tritium concentra-
tions in anthropogenically-impacted coastal environments (e.g., Ferreira
et al., 2023). For example, following the Fukushima Daiichi nuclear
power plant accident, the average tritium concentration within 1.5-30
km increased most significantly from 111.5 + 91.1 Bq m™° to approxi-
mately 513.2 & 812.5 Bq m > but remained within the safety limits
established by internationally recognized standards (Yu et al., 2025). As
mentioned earlier, (section 2.2), the tritium activity concentration in the
present study was selected based on projections of the dose to be
received by mussels as the radiation impact is assessed in terms of dose
and not on the concentrations in the environment.

Our results show that tritium can be released in nanosized particles
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Table 1

Analysis of Similarity (ANOSIM) determined significance levels for the experi-
mental treatments versus the controls after 7 d exposure for DNA damage,
oxidative DNA damage, DNA methylation (DG and gill) and radioactivity (DG
and gill).

ANOSIM Pairwise  Probability Probability Probability Probability
tests % % % %
Group Variables A Variables B Variables C Variables D
Control (SW) v NS NS 0.2 3.7
H-SSPs
Control (SW) v 0.4 NS 0.4 1.5
0.5 HTO
Control (SW) v 1 0.4 1.5 0.6 0.4
T-SSPs
Control (SW)v5 0.2 NS 3.2 NS
HTO
Control (SW) v 0.2 0.4 0.2 0.2
10 T-SSPs

Combinations of Variables: A - DNA & Oxid DNA Damage (5h); B - DNA & Oxid
DNA Damage (7d); C - DNA & Oxid DNA Damage & DNA Methylation (7d); D -
DNA & Oxid DNA Damage, DNA Methylation & Radioactivity (7d). NS - not
significant.
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(<0.22 pm) from the original T-SSPs, as determined by the Nanosight®
and supported by scintillation counting of filtered and non-filtered
seawater samples. The presence of nanosized products and/or tritium
released can have been favoured for filtration and metabolic processing
activities of mussels. A previous study in a freshwater mesocosm showed
that a small quantity of tritium was desorbed into the freshwater column
from the same batch of T-SSPs used in the present study (~16 % after 28
d; Slomberg et al., 2024). The difference observed in this study might be
explained by the elevated ionic strength in the seawater coupled with
tritium being weakly associated with the surface of steel particles
(Slomberg et al., 2024; Sharpe et al., 2019). It might be assumed that
mussels were mainly exposed to trititum as HTO and/or a nanosized
particulate fraction, although it is not possible to quantify the relative
importance of each form (i.e., HTO and nanosized). This is particularly
so as the the concentrations, particle size distributions, hydrodynamic
behaviour, uptake and tissue specific accumulation of stainless-steel
particles are influenced by a range of physiochemical and biological
factors.

The highest bioaccumulation of tritium was observed in the DG in
line with previous studies with mussels exposed to HTO (Dallas et al.,
2016a; Jha et al., 2005). In particular, tritium bioaccumulation followed
a similar pattern to the accumulation of H-SSPs observed in our previous
study (Vernon et al., 2022). This suggests that tritium remains at least
partially associated with the particle, thereby mimicking the
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Fig. 6. Principal Component and superimposed Cluster Analysis of: A. DNA damage and oxidative DNA damage in haemocytes following 5 h exposure to H-SSPs, T-
SSPs and HTO; B. DNA damage (haemocytes), oxidative DNA damage (haemocytes) following 7 d exposure; C. DNA methylation (digestive gland and gill), DNA
damage (haemocytes) and oxidative DNA damage (haemocytes) following 7 d exposure; D. DNA methylation (digestive gland and gill), DNA damage (haemocytes),
oxidative DNA damage (haemocytes) and radioactivity (digestive gland and gill) following 7 d exposure to H-SSPs, T-SSPs and HTO. Red arrows indicate the direction
in Euclidian Space of increased cell stress and dysfunction. Blue ovals indicate the results of Cluster Analysis. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Table 2

Environmental Pollution 384 (2025) 127002

Correlations for Principal Components (PC1 and PC2) and the biomarkers and radioactivity determined in two tissues following 7 d exposure.

DNA damage Oxid DNA damage % DNA Meth DG % DNA Meth Gill Radioactivity DG Radioactivity Gill
PC1 —0.7049%** —0.7894%** 0.6660*** —0.5744%** —0.6900%** —0.2974*
PC2 0.4003** 0.1578 0.5829%** 0.3736* —0.5611%** 0.5178%***

*p < 0.05; **p < 0.01; ***p < 0.001.

bioaccumulation behaviour of its non-tritiated counterpart. Moreover,
the highest concentration was observed after 5 h exposure, as evidenced
in our study using chromium (Cr) as a tracer of H-SSPs (Vernon et al.,
2022). This study also showed that particles are rapidly processed and
egested as feces or pseudofeces within 5 h, as indicated by an increase in
Cr in faeces and pseudofaeces after longer exposure periods. This further
supports the observed decrease in tritium concentration in tissue and the
bioaccumulation pattern across different exposure durations.

Notably, tritium bioaccumulation was higher after mussels had been
exposed to the particles regardless of the concentration and time of
exposure when compared to mussels exposed to HTO. Results suggest
that tritium bioaccumulation is facilitated when associated with parti-
cles. Cellular uptake and digestion within the acidic endosomal/lyso-
somal compartments and liberation of tritium in aqueous or smaller
particles might explain the enhanced bioaccumulation observed when
mussels were exposed to T-SSPs. A higher retention time have been
observed of nanoparticles than microparticles in mussels DG (Goncalves
et al., 2022; Wang et al., 2021b). Moreover, a small size and the rela-
tively large surface area have been suggested to result in increased
toxicity, as compared to micrometre-sized particles (Song et al., 2012;
Singh et al., 2009). If the nanoparticles were to locate within the nu-
cleus, then direct interaction between them and the DNA or DNA-related
enzymes or proteins may lead to damage to the genetic material (Chen
et al., 2022; Song et al., 2012). Unless particles present a lower size
(<50 nm) after mussel processing, DNA damage may arise through in-
direct mechanisms where the nanomaterial does not physically interact
with the DNA, but with other cellular proteins such as those involved in
the cell division or DNA repair processes or through lipid or protein
oxidation products. Additionally, they may induce oxidative stress
related other cellular responses that in turn lead to genotoxicity,
inflammation and aberrant signalling responses (i.e., altered transcrip-
tion of genes involved in maintenance of genome integrity) (Chen et al.,
2022; Moller et al., 2013; Singh et al., 2009; Song et al., 2012). More-
over, positive correlation between tritium in DG tissue and DNA in-
dicates that tritium is internalised in the cell, providing a valuable
information for further investigation in radiation dose ranges for indi-
vidual cells and dose-effect relationships.

Our results also showed time and concentration dependence of
genotoxic effects. After a 5 h exposure period, both concentrations of T-
SSPs and a 5.0 MBq L~ concentration of HTO elicited observable
oxidative DNA damage in mussel haemocytes, and non-oxidative DNA
damage in mussels exposed to 5 and 10 MBq L!. However, upon
extending the exposure duration to 7 d, significant DNA damage was not
observed in most treatments, except for mussels exposed to the lower
concentration of T-SSPs. These results align with a prior report of genetic
damage in human lung cells following in vitro exposure to different
concentrations of T-SSPs (5-100 MBq L’l) after 2 and 24 h exposures
(Lamartiniere et al., 2022). The authors highlighted that while T-SSPs
may induce DNA double-strand breaks (DSBs) in affected cells, most
cells in the population may remain “unexposed,” resulting in a low ex-
pected yield of radiation-induced DSBs. Moreover, the onset of repair
mechanisms may contribute to the observed lack of DNA damage after 7
d in most treatments or loss of heavily damaged cells. Praveen Kumar
et al. (2014) assessed DNA damage in haemocytes of clams using the
comet assay at various time points (24, 48 and 72 h) post-irradiation
with different doses of gamma radiation (2-10 Gy). The highest DNA
damage was observed at 24 h post-treatment, followed by a considerable
decrease in damage over time and reaching a minimum at 72 h

post-treatment for all doses. This decrease in genetic damage at later
times may indicate either repair of damaged DNA or loss of heavily
damaged cells, or both, as suggested by Banu et al. (2001) and Revankar
and Shyama (2009). Further exploration of these repair mechanisms and
their temporal cellular dynamics is crucial for comprehensive under-
standing of the genotoxic response of the organisms to T-SSPs and HTO.

DNA methylation patterns showed an increase in gill tissues after
mussels were exposed to 1 and 5 MBq L™! of T-SSPs and HTO, respec-
tively. Conversely, mussels exposed to H-SSPs exhibited decreased DNA
methylation compared to the controls, suggesting differential effects of
pollutants on epigenetic regulation. This response was positively
correlated with oxidative and non-oxidative DNA damage. In the DG,
however, no difference was observed between treatments and the
response was negatively correlated with oxidative DNA damage and the
tritium concentration in DNA. This can be explained by the induction of
demethylation process through the presence of ROS (Belli and Taboc-
chini, 2020; Kong et al., 2016), and suggests that DNA methylation
response is concentration and tissue-specific as previously reported in
bivalves and mice (Akcha et al., 2021; Koturbash et al., 2006; Pogribny
et al., 2004; Siegfried and Simon, 2010; Tawa et al., 1998).

Toxicity or cellular injury induced by any environmental agent is a
tissue-specific phenomenon. This is attributed to metabolic capacity of
the tissues, which also include differential generation of ROS and DNA
repair capabilities (Jha, 2008). The variability in tissue specific DNA
methylation pattern could also result from these inherent differential
properties of the of the tissues. Previous studies have shown that DNA
methylation can regulate the expression of gene families involved in
stress and environmental responses (Gavery and Roberts, 2010). Akcha
et al. (2021) observed that oysters exposed to diuron herbicide
(0.20-0.30 pg L ~! for 7d) presented a decrease in global DNA methyl-
ation of oyster tissues. However, hypermethylation was detected in the
digestive gland, whereas diuron exposure had no effect on gill and
gonadal tissues. The study reinforces the premise that these epigenetic
changes are tissue specific as observed in the present study.

Tritium concentration in the DG was positively correlated with the
oxidative DNA damage in haemocytes. This is expected considering the
generation of ROS by radiation, the enhanced tritium bioaccumulation
in DG and the fact that haemocytes as circulating cells are exposed to
tritium during the water filtration process.

The use of PCA as an indicator of cell health status space was clearly
demonstrated in the present study, where a very strong inverse corre-
lation of PC1 for DNA damage and oxidative DNA damage was indicated
after 5 h and 7 d exposures. Moreover, the combination of DNA damage,
oxidative DNA damage and DNA methylation was the most effective set
of biomarkers (variables) for elucidating the adverse effects of the H-
SSPs, T-SSPs and HTO treatments. The application of MVA to the
biomarker data has shown that the various experimental treatments
differed from the controls. Furthermore, this investigation has indicated
that PCA can be used effectively as an integrated indicator of cell health
status when using appropriate combinations of molecular and cell bio-
markers such as DNA damage and oxidative DNA damage (Sforzini et al.,
2018, 2020; Moore et al., 2021).

5. Conclusions
Our work represents the first study of T-SSPs, an environmentally

relevant contaminant, in a representative marine organism. It also pre-
sents the first report of epigenetic effects of a globally significant
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radioactive particles in marine bivalves. Our results showed the
importance of considering tritium form (HTO versus tritium associated
with particles) to determine its behaviour in SW as well as tritium bio-
accumulation and genotoxic effects. Moreover, assessing tissue-specific
bioaccumulation is essential for understanding potential epigenetic ef-
fects that have been shown to vary among the tissues with wider bio-
logical significance in relation to radiation exposures. Epigenetic effects,
which link genotype and phenotype by influencing gene expression, can
be passed through generations (Horemans et al., 2019; Kamstra et al.,
2018; Trijau et al., 2018). These heritable DNA methylation patterns
may regulate stress responses and facilitate adaptation to local stressors
with significant implications for environmental risk assessment. Further
investigation is needed to disentangle the relationship and mechanisms
of epigenetic effects induced by radiation to understand the impact of
radionuclides at higher levels of biological organisation.
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