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ABSTRACT: This study pioneers the reporting of Se isotopes in marine top predators and represents the most extensive Se
isotopic characterization in animals to date. A methodology based on hydride generation�multicollector inductively coupled plasma
mass spectrometry�was established for such samples. The study was conducted on various internal organs of giant petrels
(Macronectes spp.), encompassing bulk tissues (δ82/78Sebulk), distinct Se-specific fractions such as selenoneine (δ82/78SeSEN), and
HgSe nanoparticles (δ82/78SeNPs). The δ82/78Sebulk results (2.0−5.6‰) offer preliminary insights into the fate of Se in key internal
organs of seabirds, including the liver, the kidneys, the muscle, and the brain. Notably, the liver of all individuals was enriched in
heavier Se isotopes compared to other examined tissues. In nanoparticle fraction, δ82/78Se varies significantly across individuals
(δ82/78SeNPs from 0.6 to 5.7‰, n = 8), whereas it exhibits remarkable consistency among tissues and individuals for selenoneine
(δ82/78SeSEN, 1.7 ± 0.3‰, n = 8). Significantly, there was a positive correlation between the shift from δ82/78Sebulk to δ82/78SeSEN and
the proportion of Se present as selenoneine in the internal organs. This pilot study proves that Se species-specific isotopic
composition is a promising tool for a better understanding of Se species fate, sources, and dynamics in animals.
KEYWORDS: stable isotopes, selenoneine, HgSe nanoparticles, biota, HG-MC-ICP-MS, giant petrel

1. INTRODUCTION
Stable selenium (Se) isotopes present mass-dependent
fractionation (MDF) and their isotopic shifts are useful
indicators of Se fate, sources, and redox reactions in the
environment.1 Measurement of Se isotopic fractionation has
been mainly performed in geochemical samples, such as
sediments and soils.1−4 Reports of Se isotopic composition in
biological samples are scarce, limited to a few samples of
bacteria, yeast, algae, plants, and freshwater fish.5−8 It is well
established that metabolic processes such as uptake, organ
biodistribution, and excretion can result in MDF.9 The study
of Se stable isotopes and Se-compound dynamics in living
organisms could provide valuable insights on the sources, fate,
and reactivity of Se, whose metabolism remains incompletely
understood.

Selenium bioaccumulates in marine organisms and, in
certain cases, biomagnifies through aquatic food webs.10

Hence, the seabird’s long-life span and high trophic position
account for the notably high Se content observed in their
tissues, which can reach levels of up to 1000 μg g−1 dry weight
in the liver of giant petrels.11−13 Furthermore, due to their
wide-ranging foraging behavior, the examination of seabirds’
internal tissues and feathers provides information from distant
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marine areas. Seabirds are therefore efficiently used as spatial
and temporal bioindicators of trace elements and their
exposure in the marine environment.14−16

Selenium speciation in wild birds has been rarely reported.
Recent studies in apex predator seabirds, specifically giant
petrels, revealed the presence of mercury selenide nano-
particles (HgSe NPs)12,17 and selenoneine in several organs.18

HgSe NPs are considered to be a final product of
methylmercury (MeHg) demethylation, and they have been
identified in the liver, kidney, muscle, and brain tissue.12

Although the specific function of selenoneine remains
unknown, its strong antioxidant capacity, health benefits,19−21

and potential role in MeHg detoxification18,22,23 have raised
considerable interest in the research of this relevant Se species.
Despite the advances in understanding the role of Se species in
seabird metabolism, the protective and/or toxic effects, as well
as its role in the detoxification of Hg, are not fully understood.
Regardless of Se biological relevance, Se isotopic values of

animal samples have been exclusively reported in three
freshwater fishes from a Se-contaminated lake.5 The lack of
studies on Se isotopic composition in biological matrices could
be attributed to the multiple analytical difficulties associated
with measuring accurate and precise Se isotopic ratios.
Nowadays, hydride generation (HG) coupled to multicollector
inductively coupled plasma mass spectrometry (HG-MC-ICP-
MS) is recognized as the technique of choice for Se stable
isotope measurements.1,24 However, multiple isobaric interfer-
ences of Se stable isotopes can occur in plasma, such as
40Ar40Ar and 38Ar40Ar, that could hamper the measurement
precision. In addition, for complex biological matrices such as
animal tissues, nonspectral interferences due to some transition
metals (e.g., Cu, Co, Fe, and Ni) or hydride-forming elements
(e.g., As, Ge, and Sb) are expected to occur.25,26 Therefore, the
sample preparation and sample introduction methods should
be carefully optimized to minimize these drawbacks.
This work presents a pilot study of Se isotope dynamics in

both bulk and Se species-specific fractions of key tissues of a
model seabird. A methodology based on HG-MC-ICP-MS was
developed for precise total Se and Se species-specific isotopic
characterization in biological samples of animal origin. Internal
tissues of giant petrels (liver, kidneys, muscle, and brain) and
two Se-specific fractions (selenoneine and Se NPs) were
studied. These preliminary results mark a key milestone in the
understanding of the Se biogeochemical cycle and its
interaction with Hg in biota.

2. MATERIALS AND METHODS
2.1. Standard and Reagents. Selenium isotopic standards

NIST SRM 3149 (LGC standards) containing 10.11 ± 0.02
mg g−1 of selenite [Se(IV)], MERCK Se standard (Merck),
and standard solutions of selenite and selenate [Se(VI)] from
Spectracer were used. All stock standard solutions were
prepared at 10 mgSe L−1 in 4% (v/v) HNO3 and stored at 4
°C. Working standard solutions were prepared by dilution in
ultrapure water (Milli-Q, 18.2 MΩ cm, Millipore Bedford, MA,
USA) daily. Certified reference materials were investigated
along with the samples: dogfish liver DOLT-5 (NRC, Canada),
trout muscle ERM-CE101 (JRC, European Union), tuna fish
muscle BCR-464 (JRC, European Union), lobster hepatopan-
creas TORT-2 (NRC, Canada), and Se-enriched yeast SELM-
1 (NRC, Canada). Trace Metal grade concentrated HNO3
(Fisher Chemical, Optima, 67% w/w) and analysis grade
concentrated HCl (JT Baker Instra, 36.0−38.5% w/w) were

used. Reagents for HG including sodium borohydride (>98%,
NaBH4) and reagent grade sodium hydroxide (>98%, NaOH)
were purchased from Sigma-Aldrich.

2.2. Sampling Set Description. This work studied
seabird samples belonging to two sibling species of giant
petrels, the northern (Macronectes halli) and southern
(Macronectes giganteus) giant petrels, which are the dominant
seabird scavengers of the Southern Ocean. Details on sample
collection and preservation methods are provided in the
Supporting Information (Text S1, Table S1). Isolation of HgSe
NPs,18 Hg isotopic characterization,11 and Se speciation have
been carried out in this set of samples. All data relevant to this
study are compiled in Table S2 (Text S2).

2.3. Sample Preparation. 2.3.1. Extraction of Se
Nanoparticles and Selenoneine-Containing Fractions. Both
Se species-specific fraction isolations were carried out as
described elsewhere.11,17,18 Briefly, fresh samples (conserved at
−80 °C) [0.1−0.3 g wet weight (ww)] were homogenized and
diluted in 3 mL of ultrapure water. Aqueous extraction was
performed using ultrasonication (30 s at 21% of 100 W),
followed by centrifugation at 14.5 rpm for 20 min. The water-
soluble fraction was removed, filtered with a 0.2 μm PTFE
filter, and kept at −4 °C for analysis. For nanoparticle isolation,
lyophilized samples were defatted with 3 mL of methanol and
softly digested with formic acid. The resulting extract was
filtrated using 50 kDa cutoff PTFE filters (Amicon Ultra) and
abundantly washed with ultrapure water until total removal of
soluble Hg and Se was achieved. Nanoparticles were then
recovered by centrifugation for 3 min at 1000g.17

2.3.2. Total Digestion. All samples, including Se species-
specific fractions, were acid digested in the UltraWAVE
(Milestone system, Italy) using the procedure outlined by
Queipo-Abad et al. (2022).11 Briefly, all samples (0.01 to 0.5
g) were predigested overnight with concentrated HNO3 (0.5−
5 mL) in a borosilicate-glass tube covered with Teflon caps.
The samples were then digested in a single-reaction chamber
system. Procedure blanks were also evaluated: concentrated
HNO3 (5 mL) was digested and processed following the same
steps as used for the samples. Digestion parameters (temper-
ature of 220 °C and 110 bar pressure) were fixed according to
the general method recommended by the manufacturer’s
application book.27

2.3.3. Matrix Prereduction for Isotopic Analysis. For Se
isotopic analysis, sample digestion was followed by a
prereduction step to guarantee that Se was exclusively present
as Se(IV), which is a requirement for HG as Se(VI) does not
form a hydride. Digested aliquots (0.5−2 mL) were reduced
with 2 mL of concentrated HCl in a closed polypropylene test
tube and heated for 2 h at 85 °C in a hot block. The samples
were allowed to cool down at room temperature and stored at
4−6 °C for the next preparation step.6 All Se(IV) standards
and prereduced sample solutions were prepared at a
concentration of 50 μgSe L−1 in 1.7 M HCl for Se isotopic
analysis.

2.4. Monitoring of Se Prereduction. Transformation of
Se species to Se(IV) after prereduction was monitored by
using HPLC-ICP-MS. The HPLC system consisted of an
Agilent 1100 series HPLC pump equipped with an
autosampler and variable volume sample loop. The analytical
column was a Thermo Hypercarb, 5 μm particle size, 100 mm
× 4.6 mm I.D. Chromatographic parameters were established
according to Dauthieu et al. (2006),28 and detection
conditions are summarized in Table S3. Selenium species in
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the reduced extracts (Section 2.3.1) were tracked by retention
times matching with Se(IV) and Se(VI) standard solutions. All
solutions were prepared at 1 μgSe L−1 in the mobile phase.
The injection volume was 100 μL, and a mobile phase flow rate
of 1 mL min−1 was used. The mobile phase consisted of 240
mmol L−1 formic acid and 1% (v/v) methanol, adjusted to pH
2.5 with ammonia.

2.5. Quantification of Se and Other Element
Concentrations. Selenium and Hg concentrations were
determined by ICP-MS (Agilent 7500) and CV-AFS (PS
Analytical 10.025), respectively, as detailed elsewhere.11

Details are provided in the Supporting Information (Text S2,
Table S2).

2.6. Se Stable Isotopes Analysis by HG-MC-ICP-MS. Se
isotope ratios were measured with a Nu Plasma 1700 MC-ICP-
MS from Nu Instruments (Wrexham, UK). A sample
introduction was performed by coupling an online commercial
continuous flow HG system CETAC HGX-200 (Figure S1).
The instrumental parameters (Table S4) and details on the
experimental setup are presented in the Supporting Informa-
tion (Text S3). Daily optimization of gases and optical lens
voltages was performed for maximum stability and sensitivity
of the signal, as well as the best peak shape and alignment of
the Se peaks. The measurements were made for two 4 week
periods: April-2022, and September-October 2022. The overall
average sensitivity of 27 sessions was 67 V per 1 μg mL−1 of
78Se (67 V ppm−1). One session is defined by a reoptimization
of the instrument parameters followed by continuous measure-
ments during the day or overnight.
Selenium isotope ratios were measured by sample-standard

bracketing with “on peak zero” subtraction described in detail
elsewhere.29,30 The sequence analysis was as follows: washing,
blank, standard, washing, blank, sample, etc. The blank and
washing solutions were 1.7 M HCl (in ultrapure water), as
were the sample/standard solutions. Washing consisted of a
prerinse and then a wash from two different vials of 1.7 M HCl
to rapidly return the signal to baseline and limit contamination
of the blank solution. Blank measurements were subtracted
from sample/standard signals for “on peak zero”. The large
mass dispersion and the numerous collectors available on the
Nu1700 HR-MC-ICP-MS (16 Faraday cups and 5 SEMSs)

allowed to monitor simultaneously the intensities of a variety
of potential interferences of Se isotopes, such as Br, Kr, SeH, or
Ge, that were measured together with Se isotopes (Table S4).
Application of the interference corrections following Elwaer &
Hintelmann (2008)31 to a batch of biological sample
measurements for Se isotope ratio calculation resulted in no
significantly different results compared to direct Se ratio
determination. Therefore, we made the choice in this study to
not apply any interference corrections other than blank
subtraction, as interference corrections could also lead to an
overcorrection of the measurements and inaccuracy or lower
repeatability. However, the intensities of the possible
interferences and their variations among standards and samples
were carefully checked.

Results are reported in standard delta notation, as per mil
deviations of Se isotope ratios relative to the NIST SRM 3149
standard, and calculated according to the eq 1

= ×Se (‰)
Se

Se
1 100082/78 sample

82/78

NIST 3149
82/78

i

k
jjjjjjj

y

{
zzzzzzz (1)

where 82/78Sesample is the measured 82/78Se ratio of the sample
and 82/78Sestandard is the average of the 82/78Se ratios of the
NIST SRM 3149 standard measured before and after each
sample. Data reported for 82/77Se and 82/76Se ratios were
calculated according to analogue equations.

2.7. Validation of the Methodology for Se Isotopic
Analysis. Quality control assessment of precise Se isotope
ratio measurements was performed by repeated measurements
of NIST SRM 3149 (n = 213), and two MERCK standard
solutions (MERCK-1 (n = 74) and MERCK-2 (n = 12)).
Measurement precision is represented as two times the
standard deviation (±2SD) of a minimum of three analytical
replicates. The repeated measurements of these standards
during the different sessions yielded a long-term external
reproducibility of ±0.20‰ (δ82/78Se, 2SD). Selenium isotopic
ratios determined in Se standard solutions and a CRM sample
were compared with previously reported values.

Considering the lack of CRMs and reported values for Se
isotopes in animal-derived biological samples, we assessed the
matrix effect using a standard addition (SA) method. This

Table 1. Measurement Accuracy and Reproducibility by the Proposed Methodology Compared to Previous Studiesf

sample reference δ82/78Se δ82/77Se δ82/76Se n

NIST SRM 3149 this study −0.00 ± 0.26 −0.01 ± 0.30 0.01 ± 0.35 159
MERCK solutiona this studyc −0.80 ± 0.21 −1.02 ± 0.24 −1.26 ± 0.29 54

this studyd 0.92 ± 0.21 1.27 ± 0.25 1.41 ± 0.33 11
Far et al.,6 201029d 0.99 ± 0.14 1.34 ± 0.16 1.53 ± 0.21 104
Lanceleur et al., 201534 (unpublished results)d 0.93 ± 0.22 22
Carignan & Wen, 200730d 1.03 ± 0.20 1.36 ± 0.20 1.54 ± 0.20 16
Pons et al., 202035 −0.99 ± 0.04 93
Rouxel et al., 200229 0.01 ± 0.21 0.04 ± 0.32 0.01 ± 0.24 61
Chang et al., 201736e −0.69 ± 0.07 −0.87 ± 0.10 −1.05 ± 0.16 24
Zhu et al., 200837e −1.01 ± 0.10 5

SELM-1b this study −0.69 ± 0.06 −0.87 ± 0.11 −1.24 ± 0.15 3
Far et al., 20106 −0.66 ± 0.29 −0.79 ± 0.39 −0.97 ± 0.30 9
Lanceleur et al., 201534 (unpublished results) −0.42 ± 0.17 3
Karasinśki et al., 202033 −0.54 ± 0.02 3

aMERCK solutions correspond to different lots of the standard solutions. Equal suffice has been assigned to those corresponding to the same lot.
bSELM-1 Se-enriched yeast certified reference material. cCorresponding to standard solution named MERCK-1. dCorresponding to standard
solution named MERCK-2. eCorresponding to Merck standard solution (Lot: HC44698550). The lot number is included in the table when
described in the cited reference. fMean isotope ratios in Se standard solutions and reference materials (average δ values ±2SD).
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involved adding a certified Se isotopic solution (NIST SRM
3149) to various animal samples.32 The spiked samples were:
(1) a fish liver (commercial) as a bulk tissue, (2) the water-
soluble fraction of a giant petrel liver (where Se is principally
found as selenoneine), and (3) a Se NPs extract from a giant
petrel liver. Multielemental quantification of the evaluated
matrices is presented in Tables S5 and S6 for the complete set
of samples. This was carried out in order to monitor a variety
of potential interferences that could hamper the formation of
SeH2(g).

3. RESULTS AND DISCUSSION
3.1. Evaluation of Se Recovery during Sample

Preparation. HG is the preferred method for precise Se
isotope ratio measurements in complex matrices,24 relying on
quantitative Se recovery, reduced interference, and Se
concentration preservation.1 Selenium recovery and matrix
composition were evaluated during each step of the sample
preparation procedure (Figure S2).
Total matrix digestion (step 1 in Figure S2) was validated by

using two CRMs of animal origin. This included a dogfish liver
(DOLT-5) and trout muscle tissue (ERM-CE101). In
addition, a Se-enriched yeast CRM (SELM-1) was also used.
The measured concentrations of the CRMs after the first step
were within the certified ranges, thus validating the proposed
digestion step for a variety of biological matrices (Table S7).
The Se mass balance during the sample preparation (steps 1

and 2 in Figure S2) showed an overall Se recovery higher than
98%, independent of the matrix (Table S8). In all the reduced
extracts (step 2 in Figure S2), corresponding to a variety of
matrices which differed in Se and other element concentrations
(Table S2), an efficient reduction to Se(IV) was achieved
(Figure S3). Consequently, the proposed reduction step
guaranteed the complete conversion of Se to its reduced
form Se(IV) across a diverse array of biological matrices.

3.2. Se Isotopic Composition in Standard Solutions. A
first approach to the evaluation of the method performance
was carried out using NIST SRM 3149 as a sample. Table 1
shows that for all Se isotope ratios all δ values are close to zero,
with a long-term standard deviation of 0.2 to 0.3‰.
Validation of the method was then achieved by analyzing a

commercial Se standard solution (MERCK) and a reference
material (SELM-1). This approach is commonly used among
different research groups due to the lack of reference materials
which have been certified for Se isotopic compositions.6,33

Two batches of standard solution purchased at different times
were measured, named MERCK-1 and MERCK-2. MERCK-2
corresponds to a solution for which delta values have been
reported from two studies which have utilized two different
MC-ICP-MS instruments.6,30 All delta values obtained in the
present study (Table 1) are within the uncertainties of those
previously reported.
Measurements of MERCK-1 over a 6 month period allowed

the assessment of its long-term reproducibility (Figure S4).
The developed methodology yielded to an average 2SD value
of 0.2 to 0.3‰ for all three δ values, similar to the average 2SD
reported using different instruments equipped with a collision
cell.29,30 The 2SD values for δ82/76Se in our study and those
reported in the literature are higher than those for δ82/77Se and
δ82/78Se, despite the larger mass difference between these two
Se isotopes. This result can be explained by the combined
effect of a higher abundance of the isobaric interferent
40Ar36Ar+ compared to 40Ar38Ar+ and 40Ar36ArH+, and a

much lower abundance of the isotope 76Se. Previously, similar
findings have been reported for both SSB6 and double spike
methodologies,36 independently of the mass bias correction
strategy.

Although the preparation procedure (Figure S2) resulted in
complete Se recovery (>98%) and total transformation to
Se(IV), Se reduction has been reported to be the major driver
of Se isotopic fractionation.1 Therefore, the potential isotopic
fractionation induced by this step was evaluated. The two
MERCK Se standard solutions were prepared following the
preparation procedure (step 2 in Figure S2). The Se ratios of
the resulting solutions were measured before and after sample
reduction. The isotopic values (Table S9) showed a small shift
(< −0.2‰) with an apparent enrichment in lighter isotopes in
the reduced extract, most probably due to MDF during this
reaction step. This apparent systematic shift remains low and
negligible considering the average long-term precision of our
isotopic measurements’ method (2SD = 0.2‰).

3.3. Assessment of the Matrix Effect. Measurement of
Se isotopic values by HG-MC-ICP-MS is known to be
potentially hampered by the presence of nonspectral
interferences due to some transition metals (e.g., Cu, Co, Fe,
and Ni) or hydride-forming elements (e.g., As, Ge, and
Sb),25,26 commonly found in animal tissues. Due to the lack of
reference materials with available Se isotopic data in biological
matrices of animal origin, matrix effects were investigated by
the SA method. The mentioned approach has been successfully
exploited for Mg and Ca isotopic characterization.38 This aims
to analyze the isotopic compositions of a variety of matrices
spiked with the certified Se isotopic solution NIST SRM 3149
in different proportions (Section 2.7). Specifically, the samples
used were a fish liver (bulk tissue), the water-soluble fraction
(containing >95% of Se as selenoneine) and Se NPs extracted
from giant petrel liver (Table S5). These samples have
relatively low Se contents (lower than 30 μgSe g−1) in
comparison with seabird tissues (up to 445 μgSe g−1) and
element/Se molar ratios in the same range (Table S6).

NIST SRM 3149 standard additions were plotted for each of
the matrices, with sample to NIST 3149 Se molar ratios
ranging from 0.1 to 0.8. Linear regression with R2 > 0.9 values
was obtained. Calibration curves were used for the calculation
of SA δ values in the samples. A theoretical representation is
shown in Figure S5.

The comparison of δ values obtained by direct measurement
of the matrix samples and those determined using the SA
calibration (Table S10) revealed that the differences lie within
the methodology’s reproducibility (2SD = 0.2‰), indicating
that matrix effects affecting the accuracy of the isotopic
measurements for these biological samples were not significant.
It is interesting to note that the slight divergences of direct δSe
measurements from the SA δ values were raised with the
increasing presence of potential interferences and element/Se
molar ratios in the following order: standard solutions < Se
water-soluble fractions < Se NP extracts < bulk liver tissue
(Table S5). In the case of both Se species-specific fractions, Se
NPs extracts are characterized by a higher abundance of
elements such as Br, Fe, and Zn in comparison to Se (Table
S6). This difference in matrix complexity could explain the
smaller shift between directly measured and standard δSe
values that is observed for water-soluble Se fractions compared
to Se NP extracts (Table S10).

It is important also to point out the singular characteristics
of this set of samples, for which the measurement of Se
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isotopic composition was possible using a simple two-step
sample preparation. Indeed, the high Se concentration
permitted the analysis of largely diluted aliquots of sample,
where the interferences/Se molar ratios were minimal (Table
S5). To guarantee the precise characterization of Se isotopes in
biological samples with lower Se concentrations, further
optimization of the sample preparation methodology must be
performed, including additional steps to remove the matrix and
isolate Se.

3.4. Bulk Se Isotope Distribution in Seabird Tissues.
Selenium stable isotopic compositions for a variety of tissues
from giant petrels were measured in this study with the
validated method summarized in Table S11. The average δSe
values obtained were plotted in three-isotope plots,39 showing
linear trends with slopes that matched the theoretical MDF
line (95% confidence), as shown in Table S12 and Figure S6.
The intercepts found for the experimental MDF lines were
close to zero (absolute values <0.036, Table S12) and
negligible with respect to the long-term reproducibility of the
measurements (2SD = 0.2‰).
Selenium isotope compositions (δ82/78Sebulk) in the seabird

tissues vary significantly, ranging from 2.0 to 5.6‰ (Table
S11). In contrast to the earlier and limited published results for
biological samples, much heavier Se isotopic values were
observed in our study (Figure 1). This can be related to the
different dietary Se sources and/or to the higher trophic
position of seabirds. The measured δ82/78Sebulk values did not
exhibit clear distribution tendencies across organs, possibly
attributed to the limited number of individuals/tissues
analyzed and the inherent variability among these individuals
(e.g., in terms of provenance, age, etc., Tables S1 and S6).
However, this work represents, so far, the largest set of Se

isotopic ratios in biota. Previous data on Se isotopic
composition in biological matrices are predominantly limited
to a few samples from Se-contaminated lakes,5,7,37,40 and
commercial Se-enriched yeast (Figure 1).6 Consequently,
interpreting and integrating our results remains challenging
due to the limited Se isotopic data in general, especially within
biological systems.

In living organisms, Se isotopic fractionation is expected to
be induced by metabolic processes affecting Se distribution
and molecular fate. Selenium species are involved in multiple-
step reactions, and these still need to be fully characterized.

In general, at equilibrium, isotope fractionation is driven by
thermodynamic processes, where the phase or site with higher
energy bonds (stiff and short bonds) will be preferentially
enriched in heavier isotopes.41 For reactions driven by kinetic
processes, isotopic fractionation arises from differences in the
vibrational energies of the chemical bonds: those involving
lighter isotopes are more easily broken and display a faster
reaction rate than those involving heavier isotopes.1

The liver consistently exhibits the highest δ82/78Sebulk value
(i.e., heavier Se isotopic composition) within each individual
studied (Table S11). This organ acts as a primary target for
dietary Se intake, where it is used for various metabolic
processes, such as the synthesis of selenoproteins or the
production of excretory metabolites.42 In Se-deficient con-
ditions, it can also distribute Se to other organs.43 The
mechanisms and the extent to which Se is allocated to each of
these processes (retention, synthesis, excretion, and redis-
tribution) are not known. However, the enrichment in heavier
isotopes in this organ compared to other tissues (Table S11)
could be a consequence of the storage of residual Se, which is

Figure 1. Compilation of published δ82/78Se isotopic ratios for biological samples, including yeast, plants (in green), fish (in blue), and seabird
tissues (in red). Selenium values reported by Chang et al. (2022),40 and Chang et al. (2017)36 were calculated using the relation: δ82/78 = 4/6 δ82/76.
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itself enriched in heavier isotopes, originating from metabolic
reactions which are either thermodynamic or kinetic in nature.
Compared to the hepatic Se isotopic signature, a relatively

small depletion of δ82/78Sebulk in the brain (0.56‰, n = 2) and
muscle (1.7‰, n = 1) was observed, while the kidneys
exhibited enrichment in lighter isotopes ranging from 1.0 to
2.3‰ (n = 4) (Table S11). These results could be understood
as a redistribution of Se species from or controlled by the liver
pool to other tissues, which consequently are enriched in
lighter Se isotopes.
The presence of heavier Se isotopes in the liver compared to

other internal organs of giant petrels is in agreement with
findings from a prior study conducted on fish:5 a depletion of
heavier isotopes (0.50‰ δ82/78Se) was observed in the fish
muscles (n = 4) and eggs (n = 1) relative to the liver. In the
current work, the shift between the Se isotopic signature in
muscle and liver seems to be larger (1.7‰ δ82/78Se) (Table
S11). Analyses on a larger set of animals would help to better
understand such Se isotopic pattern. The enrichment of
heavier Hg isotopes in the liver due to their redistribution to
other organs has been also described in fish and seabirds.11,44,45

Mercury and Se levels in the liver reach values up to 933
μgHg g−1 and 445 μgSe g−1, respectively (Table S2), which are
among the highest values ever reported for seabirds.11 In
vertebrates, the liver serves as the primary detoxification and
storage organ for Hg, making hepatic concentrations an
indirect indicator of an animal’s age.11,46 An increase in hepatic
Se concentration with age has been documented in other
marine animal species, attributed to the bioaccumulation of
this essential element over their lifespan.47,48 The δ82/78Seliver
values ranged between 2.9 and 4.6‰ (Figure 2). Interestingly,
a depletion in heavier Se isotopes (1.1‰) was observed in the
livers of animals exhibiting the lowest levels of these elements
(Figure 2A). The enrichment in heavier Se isotopes (∼5‰)
observed in older individuals supports the hypothesis of Se
bioaccumulation in the liver across lifetime.18

In the liver, Se is primarily associated with the insoluble
fraction of the tissue, accounting for more than 55% of the
total Se content. The Se/Hg molar ratios in the studied
individuals range from 1 to 3 (Table S2), which aligns with the
presence of HgSe nanoparticles, constituting over 93% of the
total Hg content.12 The metabolic pathways governing the
biomineralization of HgSe nanoparticles are still not fully
understood. In this set of samples, selenoneine is the dominant

Se species in the water-soluble fraction.18 The dramatic
decrease of selenoneine (from 68 to 3%) with an increase of
Hg concentrations in the liver strongly supports the hypothesis
of its key role in Hg detoxification.18 In the current study, we
observed Se isotopic signatures with higher δ82/78Se values in
livers with a lower proportion of selenoneine and higher total
Hg and Se contents (Figure 2A).

Regarding Se isotopic composition in the brain, there was an
enriched heavier isotope ratio on the chick compared to those
of older individuals (Figure 3). In this crucial organ,

selenoneine represents more than 78% of the total Se content.
Interestingly, with age, the fraction of selenoneine increases,
while the level of Se associated with other biomolecules
remains stable.18 Considering this singular Se species
distribution in relation to age, the 3.1‰ depletion in
δ82/78Se in adults compared to chicks could be attributed to
the higher concentrations of selenoneine in the brains of older
seabirds, which in turn influences the resulting Se isotopic
signature. A more extensive data set involving a larger number
of individuals would be required to identify clear trends and
selenium pathway dynamics.

Figure 2. Variation of liver Se isotope ratios (A) and % of selenoneine (B) with the total Se and Hg content. In figure (A), total Hg and Se content
are represented by black circles and red triangles, respectively. Figure (B) corresponds to data obtained from El Hanafi et al. (2022).18

Figure 3. Selenium isotope ratios (δ82/78Se) in bulk (solid color) and
water-soluble fractions (clear pattern) of brain tissues are represented
in orange bars. Error bars correspond to methodology precision (2SD
= 0.2‰). Blue bars correspond to the proportion of selenoneine in
brain tissues (data obtained from El Hanafi et al., 202218).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c02319
Environ. Sci. Technol. 2024, 58, 13434−13443

13439

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c02319/suppl_file/es4c02319_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c02319/suppl_file/es4c02319_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c02319/suppl_file/es4c02319_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c02319/suppl_file/es4c02319_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c02319/suppl_file/es4c02319_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c02319?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c02319?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c02319?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c02319?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c02319?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c02319?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c02319?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c02319?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c02319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.5. Selenium Species-Specific Isotope Distribution in
Seabird Tissues. This study marks the first-ever Se species-
specific fraction isotopic characterization (Figure 4). In the

current study, we investigated two key seleno-compounds,
considering their relevance in biota and their role in Hg
detoxification, specifically Se NPs (δ82/78Se NPs) and
selenoneine (δ82/78SeSEN) recovered from seabird tissues.
Interestingly, irrespective of tissues or individuals studied,

the isotopic signature of selenoneine (δ82/78SeSEN) consistently
shows a relatively uniform value (Figure 4), averaging 1.7 ±
0.3‰ (n = 8) (Table S11). Figure 5 illustrates the correlation
between the Se fraction present in selenoneine form and the
resulting Se isotopic signature in three distinct organs: liver,
kidney, and brain.

The shift in Se isotopic composition between selenoneine
fractions and bulk tissues is positively correlated with the
proportion of this specific Se species within the internal organs
(Figure 5). Liver samples exhibit the highest shift, in absolute
terms, between bulk and selenoneine [2.8 ± 0.5‰ (n = 3)], in
contrast to the brain, where the isotopic composition in the
bulk perfectly matched that of selenoneine (Figure 3).

The described trend not only strongly supports the earlier
hypothesis regarding the influence of the Se species-specific
δ82/78SeSEN in δSe of bulk tissues (Section 3.4), but also
supports the validation of the methodology employed for the
Se-species specific isotopic characterization.

Selenoneine had previously been found in a limited number
of biological samples.18,23,49,50 The sources, biosynthesis, and
physiological role of this Se species in biota are still not
elucidated.20−22 This seleno-compound is acknowledged as a
potent antioxidant19,21 and its potential role in HgSe
biomineralization has been evoked.18,23,51 Specific isotopic
characterization of Se in this compound could shed light on its
reactivity and the mechanisms in which it is involved. Although
the data presented here correspond to a limited set of animal
samples, they offer preliminary trends in these apex predator
seabirds and highlight the necessity of more extensive studies.

Regarding Se NPs extracts, a wide range of δ82/78Se NPs
values (Figure 4) from 0.6 to 5.7‰ (n = 8) was observed
(Table S11). Despite the limited number of samples in which
both Se NPs and selenoneine were simultaneously analyzed, in
all organs/individuals, the Se-organic species was depleted by
approximately ∼2‰ in comparison to the Se NPs fraction. In
the investigated set of samples, any trend was identified
regarding the Se isotopic pattern between the bulk and Se NPs.

Similar to how the isotopic composition of Hg in HgSe NPs
has recently unveiled new insights into the steps of Hg species
biomineralization to HgSe,11,52 it is expected that character-
izing the isotopes of Se within these NPs and along with other
Se metabolites, will help elucidate the complex Hg
detoxification process. For the moment, this pilot study
provides preliminary values, specifically associated with
seabirds, and calls for the extension of the isotopic character-
ization of Se and its species in biota to better understand the
fate of Se and its interaction with Hg.

In summary, this work reports for the first time the isotopic
composition of Se in Se species-specific fractions in biota. It
pioneers the documentation of Se isotopes in seabird tissues
and represents the most extensive Se isotopic characterization
in animals and organs within biota to date. The Se isotopic
signature in the different organs provided preliminary insights
on the fate of Se in the key internal organs of seabirds, such as
the liver, kidneys, and brain. The specific Se isotopic
characterization of relevant seleno-compounds, Se NPs and
selenoneine, revealed that while Se in NPs displays great
variability between individuals, it remains homogeneous for
selenoneine. This pilot isotopic characterization of species-
specific fractions of Se in the organs of marine top predators
opens new perspectives for the understanding of the fate,
sources, and dynamics of Se and its species. Future studies
including, individuals of different ages and other Se species, are
needed to provide further insights into Se metabolic and
biogeochemical pathways in living organisms.

Figure 4. Selenium species isotopic ratios (δ82/78SeSEN and
δ82/78SeNPS) as a function of total Se content in the tissues of
seabirds. Error bars correspond to methodology precision (2SD =
0.2‰).

Figure 5. Relation between the selenoneine percent in the tissues and
the δ82/78Se shift between water-soluble fraction and bulk tissue,
calculated as ε(SEN-bulk) = δ82/78SeSEN − δ82/78Sebulk. Error bars
correspond to methodology precision (2SD = 0.2‰).
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