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Mercury accumulation in Arctic marine mammals presents significant environmental and health concerns,
particularly for Indigenous communities relying on these animals as traditional food sources. This study
developed a protocol for quantifying and characterizing mercury selenide (HgSe) nanoparticles in seal livers
using single particle inductively coupled plasma time-of-flight mass spectrometry (spICP-ToF-MS). The
initial key challenge was the extraction of the nanoparticles from the biological tissue, using the least
perturbing means and simplest extraction matrix in order to preserve the HgSe nanoparticles. Five
extraction methods (formic acid, proteinase & lipase, lipase, tetramethylammonium hydroxide, and
ultrapure water) were compared by extracting HgSe nanoparticles from the liver of a bearded seal
(Erignathus barbatus). Metals and metalloids in individual nanoparticles were measured by splCP-ToF-MS.
Based on the particle number and the particle size distributions, formic acid was the best medium for the
extraction of the HgSe nanoparticles. The HgSe nanoparticles remained structurally stable in formic acid
extracts for extended periods (up to one month), with minimal changes in the particle numbers or particle
size distributions. splCP-ToF-MS allowed determination of the stoichiometry of the individual HgSe
nanoparticles and also revealed previously unreported trace amounts of silver (1%) and bismuth (0.5%)
associated with the nanoparticles. These results expand our understanding of selenium's protective role
beyond mercury sequestration, suggesting a conserved detoxification mechanism involving multi-element
selenide complexes. This study establishes a robust analytical methodology for investigating metal
detoxification at the nanoscale, providing insights into mercury cycling in Arctic ecosystems and exposure
risks for communities consuming marine mammals.

Mercury contamination in Arctic marine mammals poses direct health risks to Indigenous communities, some of which rely on these animals as traditional food

sources. This study uses single particle ICP-TOF-MS to characterize mercury selenide nanoparticles from the liver of a bearded seal, providing nanoscale insight
into selenium mediated mercury detoxification. The multi-elemental capability of single particle inductively coupled plasma time-of-flight mass spectrometry
revealed that some of the HgSe nanoparticles also contained trace amounts of silver and bismuth, suggesting a broader detoxification mechanism involving
multi-element selenide complexes. These findings advance our understanding of how biogenically produced nanomaterials can mediate mercury sequestration
in biota, with implications for assessing mercury bioavailability and dietary exposure risks in Arctic ecosystems.
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Introduction

Based on the latest global assessment of natural archive
records,’ inputs of atmospheric mercury (Hg) to the Arctic
have increased 5- to 9-fold compared to preindustrial times,

b Department of Biological Sciences, Université de Montréal, 1375 Thérése-Lavoie- leadlng to increased concern with respect to its potential
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effects on biota.” Indeed, several recent studies, in a variety
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of habitats, have determined high Hg levels in seabirds and
marine mammals (seals, belugas, whales), particularly in the
northern hemisphere.> These high concentrations have
been attributed to their position at the top of the trophic
level and to the significant role of biomagnification.* In
particular, seals, which can be an important food for First
Nations People, have been shown to have high Hg
concentrations. Among the Inuit, seal livers represent a
culturally significant food source that are often consumed
raw, shortly after hunting.

Methylmercury (MeHg) is particularly toxic and can
accumulate in the tissues of biota, leading to serious health
effects.” However, selenium (Se) is known to play a crucial
role in mitigating the toxicity of MeHg through
demethylation.® Indeed, there is strong evidence
demonstrating direct interactions between metallothioneins
and selenoproteins in which Se, in the form of
selenocysteine, is used to generate mercury selenide (HgSe)
micro- and nanoparticles (NPs).”® Quantifying and
characterizing these HgSe NPs are therefore essential for
understanding the fate and potential toxicity of mercury in
marine and freshwater systems.
analytical  approaches for HgSe NP
characterization have included transmission electron
microscopy (TEM),’ laser ablation ICP-MS (LA-ICP-MS) and
elemental mapping using X-ray fluorescence (XRF),® each of
which has its limitations. For example, TEM requires
extensive sample preparation and must be conducted under
high vacuum, which can potentially alter the nanoparticles
via dehydration or structural modification.’® LA-ICP-MS
requires careful and difficult calibration and standardization,
with the smallest spot sizes being on the order of 1 um.
Furthermore, variations in ablation efficiency and atomic
ionization can affect the consistency of the results."* Single
particle inductively coupled plasma mass spectrometry
(spICP-MS) is a relatively recent technique that allows
determination of the inorganic content of nm-um sized
particles.'® It can directly analyze individual NPs in their
native state, with high sensitivity and without extensive
sample preparation. Furthermore, by rapidly measuring large
particle numbers, it can provide statistically useful particle
concentration data and particle size distributions.”® In a
recent study, HgSe nanoparticles were extracted from
seabirds and analyzed using a quadrupole-based spICP-MS.
However, a limitation of the quadrupole-based technique
spICP-MS is that it analyzes only a single element at a time,
meaning that determinations of elemental associations are
only correlative."* The use of a time-of-flight (ToF) device on
the ICP-MS additionally allows for the determination of
multiple elements in a single particle'® (i.e. single particle
inductively coupled plasma time-of-flight mass spectrometry
or spICP-ToF-MS).

A significant challenge in the development of single
particle techniques to analyze NPs in biological tissues is that
it is first necessary to develop extraction methods that
efficiently extract the nanoparticles, while preserving their
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integrity. Indeed, the extraction must be strong enough to
dissolve biological tissue and maximize particle yield, while
avoiding particle dissolution or agglomeration. Furthermore,
the extraction medium should be simple enough to minimize
matrix effects during the analysis by mass spectrometry.
Various extraction methods have been documented for
nanoparticles in biological tissue, including those based on
enzymes,'®'” tetramethylammonium hydroxide (TMAH)"®"
or formic acid," although these approaches have shown
variable efficiencies and abilities to preserve nanoparticles
from different tissue types.

The aim of this study was to first validate a protocol to
efficiently extract mercury selenide (HgSe) nanoparticles from
biological tissue, in this case, seal livers (Erignathus barbatus),
for use with spICP-MS techniques. Extraction methods were
verified for their ability to maximize the yield of HgSe NPs,
while preserving NP integrity. Particles then
characterized by spICP-ToF-MS, allowing us to distinguish
between Hg and HgSe nanodeposits, giving some insight into
their potential biological availability.

were

Materials and methods
Liver samples

While several individuals and a second seal species (Pusa
hispida) were analyzed during preliminary experiments (Table
S1), liver samples from a single individual only are presented
here in order to minimize the inter-sample variability and
enable robust validation of the method performance. Analysis
was focused on a male bearded seal (Erignathus barbatus) of
unknown age that was hunted near the Marralik River close
to Kangiqsualujjuaq in the Ungava Bay area (Fig. S1). This
specimen had the highest abundance of Hg-containing
nanoparticles, among all of the tested samples. The liver was
cut into small pieces and freeze dried for 3 days. Lyophilized
samples were then ground into powder using a glass mortar
and pestle, and the final products were stored in a freezer at
-20 °C until use.

Total digestion of the liver samples

Samples were digested using a concentrated acid mixture
consisting of ultra-pure nitric acid (67-70%; Plasma Pure
Plus, AnalytiChem) and hydrochloric acid (34-37%; Plasma
Pure, AnalytiChem) in volumes of 4 mL and 1 mlL,
respectively. Microwave-assisted digestion was performed
using a MARS 5 microwave system following the U.S.
Environmental Protection Agency (EPA) Method 3051.%°
Mercury Hg and Se concentrations were quantified in diluted
digests using a NexION 5000 triple quadrupole ICP-MS
(PerkinElmer Inc., Massachusetts, USA). Instrumental
operating conditions are summarized in Table S2. External
calibration curves for Hg and Se (1, 2, 5, 10, and 20 pg L™)
were prepared from single-element standards (AnalytiChem,
Montréal, Canada) obtained from 1000 mg L™ stock
solutions. Internal standards consisted of yttrium for
selenium and bismuth for mercury (10 pg L™"; AnalytiChem,

This journal is © The Royal Society of Chemistry 2026
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Montréal, Canada). A separate quality control standard
(AnalytiChem, Montréal, Canada) was analyzed to validate
the ICP-MS measurements, and analytical accuracy was
verified using the certified reference material DOLT-5
(dogfish liver).>" The isotopes ***Hg and ®*Se were monitored
in normal mode.

Extraction methods

For the extraction methods described below, we aimed to
find the best possible approach that would be the least
perturbing for the NPs. Protocols were taken from previously
published extraction protocols,®**'¢*822725 though only the
El Hanafi et al. paper'* previously analyzed HgSe particles,
albeit by SP ICP-MS. For each of the protocols, 5 mL of an
extraction solution was added to 20 mg of powdered, freeze-
dried seal liver in a 15 mL conical polypropylene tube.

(i) Lipase:"®'® at least 5250 units of lipase from Candida
rugosa (Sigma-Aldrich, USA, 1.5 mg mL ™) were added to 0.025%
(v/v) Triton-X-100 (Sigma-Aldrich, USA) in 5 mL of 5 mM HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic ~ acid)  (Fisher
Scientific, Montréal, Canada) adjusted to pH ~7.5 using NaOH.

(ii) Proteinase & lipase:'” the powdered sample was first
mixed with 5 mL of diethyl ether in a 15 mL tube. The
mixture was shaken at 150 rpm for 1 hour on a rotary
shaker, and then centrifuged. The ether phase containing
the lipids was transferred to a new tube, taking care to
remove the lipids completely. Twenty mg of proteinase
from Aspergillus melleus type XXIII (Sigma-Aldrich, USA, >3
units mg ' solid) and 10 mg of lipase from Candida rugosa
type VII (Sigma-Aldrich, USA) were added to 5 mL of 50
mM ammonium bicarbonate (pH adjusted to 7.4 with HCI).
Finally, 12.5 pL of Triton-X-100 was added to the mixture
to give a concentration of 0.025% (v/v).

(iii) Tetramethylammonium hydroxide (TMAH)
solution:"®'® the powdered seal liver was added to 5 mL of
10% TMAH (v/v) (Alfa Aesar, Massachusetts, USA) containing
0.025% (v/v) Triton-X-100.

(iv) Formic acid solution:"*'® five mL of a 50% HCOOH
(v/v) solution (J.T. Baker, USA) was mixed with the seal
liver; 0.025% (v/v) Triton-X-100 was added to the mixture.

(v) Milli-Q water: five mL of Milli-Q water containing
0.025% (v/v) Triton-X-100 was used both as a control and as
an extremely simplified matrix.

For all five extraction protocols, mixtures were initially
vortexed for 30 seconds to ensure a homogeneous
suspension. They were then sonicated for 15 minutes at 25%
amplitude in an ice bath using pulse mode (50 seconds on,
10 seconds off; QSONICA500 ultrasonicator, New Town, USA;
500 watts). Following sonication, samples were centrifuged at
1000 x g for five minutes to remove larger particles and
undigested tissue fragments. Supernatants were carefully
collected and diluted 100x for use with spICP-ToF-MS
analysis. Procedural blanks were processed identically to the
samples, in order to monitor contamination of the different
steps of the protocol.

This journal is © The Royal Society of Chemistry 2026
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Validation using commercial HgSe particles

To the best of our knowledge, reference materials containing
Hg and Se in known ratios are not available for purchase.
Therefore, in order to validate Se:Hg molar ratios that were
obtained from the different extraction methods, a sample of
bulk HgSe (PURATREM, USA) was suspended in ultrapure
water in the presence of 0.05% Triton X-100. The surfactant
was essential since without it, the nanoparticles strongly
adhered to the tube's walls. Samples were then centrifuged
(1000 x g, 5 minutes) in order to remove larger agglomerates.
The particles in the resulting supernatant were characterized
for their hydrodynamic diameters by dynamic light scattering
(DLS, Wyatt Technology), following validation using 60 nm
polystyrene nanospheres (Bangs Laboratories) (measured 64.0
+ 0.5 nm, %PDI 3.3 + 1.7%). The resulting well dispersed
HgSe particles were then used as a reference system for
measurements of the particle molar ratios in the different
extraction media.

SpICP-ToF-MS

Nanoparticles were analyzed using a time-of-flight ICP-MS
(Vitesse, Nu Instruments, Wrexham, UK) run in high speed
(single particle) mode. The instrument sensitivity for '*’Au
(used to convert signal intensity to analyte mass) was
determined using a series of ionic standards purchased from
AnalytiChem (Canada) and prepared in 2% v/v HNO; for Au
(1, 2, 5, 10, and 20 pg LY. Two ultra-uniform gold
nanoparticle  suspensions (50 nm and 100 nm;
NanoComposix, San Diego, CA, USA) were used to determine
transport efficiency. Measurements were validated by
analyzing the particle size distribution of a uniform
suspension of silver nanoparticles (60 nm; NanoComposix,
San Diego, CA, USA). Multi-elemental standard curves were
prepared from a commercial standard (IV-ICPMS-71A;
Inorganic Ventures, Christianburg, VA, USA) with added Bi
and Hg (AnalytiChem; Canada) at 1, 2, 5, 10, and 20 pg L™ in
2% v/v HNO;3; + 0.5% v/v HCIl. To ensure maximum accuracy
and stability, all Hg standards were freshly prepared from a
1000 mg L™ stock solution on the same day as the analysis.

Prior to spICP-ToF-MS analysis, all samples and calibration
solutions were vortexed for 30 seconds, and then placed in an
ultrasonic bath (5510R-DTH Bransonic®, DANBURY USA) for
ten minutes in order to disperse agglomerated particles.
Depending on the concentration, multiple dilutions were
performed (50x to 1000x) by diluting samples in ultrapure
Elemental compositions of the samples
determined over the mass range 60-210 amu. Three replicates
were analyzed for each sample. Data were collected over 60
seconds using two dwell times (80 and 190 psec). The
complete operating conditions for the spICP-ToF-MS are
provided in Table S2.

water. were

Data analysis

Raw data were processed using IsotopeTrack®® application
that implemented the SPCal algorithm, which assumed a

Environ. Sci.. Nano, 2026, 13, 2541-2552 | 2543
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compound Poisson lognormal ion distribution.”” CSV files
containing information on the ion counts, masses and moles
of each element in each particle, were processed using a
custom script that was prepared in Python 3.11.5 using the
Streamlit app TOFVision.”® Particle concentrations were
determined from eqn (1):

Px
c=t*S
nxt

1)

where C represents the concentration of particles mL™, P is
the particle count or the number of peaks observed in the
time scan, 7 is the calibrated transport rate (uL s™*), ¢ is the
total acquisition time (s) and f is the dilution factor. Particle
mass distributions were determined directly by the spICP-
ToF-MS based on the ionic calibrations. A one-way ANOVA
followed by Tukey's HSD post-hoc test was used for statistical
comparisons between the extraction methods.

Results and discussion
Optimization of the extraction conditions

Total mercury and selenium concentrations were first
determined in the livers of several seal species using
quantitative ICP-MS following complete acid digestion (Table
S3). Of the different samples examined, the bearded seal liver
contained exceptionally high concentrations of both mercury
(425.9 + 5.1 pg g~ dry weight) and selenium (172.6 + 2.5 pg
g™ dry weight) with a molar ratio of Se: Hg of 1.03, making it
an ideal candidate for further investigation. In addition,
MeHg concentrations were determined and found to be quite
low (2.015 pg g~ " dry weight) (SI Text S1).

During method development, sample mass,
ultrasonication conditions (time, amplitude, mode),
temperature and post-treatment methods were tested in
order to identify the method that gave the greatest number of
particles (Table S4) as determined from the number of spICP-
ToF-MS peaks. Indeed, the time-resolved signals revealed
distinct peaks for both mercury and selenium, with frequent
co-localization of the elements within individual particle
events (Fig. 1).

Particle numbers were considered to be the most
important criteria for optimization of the extraction, as they
reflect not only the efficiency of the extraction, but also the
detection limits for spICP-ToF-MS analysis. Indeed, in
spICP-ToF-MS, reduced background will normally result in
greater numbers of particles being detected® since
dissolved forms of the metal(loid)s can mask the
particulate forms of the metals, especially for the smallest
nanoparticles. Comparison of the extraction protocols
revealed significant differences in the extraction
efficiencies. The formic acid protocol yielded the highest
number of mercury-containing particles ((5.5 = 0.1) x 10°
particles mL™"), followed by the lipase-based protocol ((6.5
+ 0.2) x 10° particles mL™), ultrapure water ((5.3 + 0.1) x
10° particles mL™"), TMAH ((4.6 + 0.8) x 10° particles
mL™"), and finally proteinase & lipase ((2.2 + 0.1) x 10°
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Fig. 1 Ten seconds of the transient signal obtained by spICP-ToF-MS
following the extraction of the bearded seal livers using formic acid.
Inset: Expanded scale (3085-3088 ms) is for a single peak where both
selenium (green) and mercury (blue) can be observed in a single ion
cloud (i.e. single nanoparticle).

particles mL™") (Table $5). This was a strong indication that
the formic acid protocol was the best of the five, though
the lipase protocol was also observed to have performed
well.

Recovery of selenium and mercury by spICP-ToF-MS relative
to total acid digestion and analysis by ICP-MS

The sum of particulate and dissolved concentrations
determined by spICP-ToF-MS were compared to Se and Hg
concentrations obtained by quantitative acid digestion for
each extraction protocol (Table 1). The concentrations of Se
and Hg in the nanodeposits were also compared with the
acid digested samples in order to quantify their
importance.

With respect to the recoveries of Se and Hg, the formic
acid and TMAH protocols performed best for both elements,
with recoveries near 100% for Se (formic acid: 99.7 + 5.2%;
TMAH: 110.1 + 8.2%) and ~80% for Hg (formic acid: 76.0 +
6.9%; TMAH: 85.7 + 3.7%). While the selenium recovery by
TMAH slightly exceeded 100%, this is reasonable given the
high efficiency of the TMAH extraction for dissolving
biological matter'® (even with respect to acid digestion).
However, while TMAH gave high recoveries for Hg and Se,
very few particles were detected, suggesting that they were
dissolved by the more aggressive alkaline chemistry of the
treatment. In addition, there is some analytical uncertainty
inherent to all spICP-MS techniques, as samples are generally
not acidified during analysis and adsorptive losses are
possible.

This journal is © The Royal Society of Chemistry 2026
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Table 1 Mean * SD for the recovery of selenium and mercury by spICP-ToF-MS relative to total acid digestion for each extraction protocol. Values are
calculated from 3 biological replicates, each analyzed in triplicate. Total recovery includes both particulate Hg and Se and contributions from the
dissolved background. The fraction of Se and Hg that was in the form of nanodeposits was also calculated by dividing the nanoparticle signal by the

values obtained by total acid digestion

Extraction method Se recovery (%) Hg recovery (%)

Fraction of Se in particulate form (%)

Fraction of Hg in particulate form (%)

HCOOH 99.7 £ 5.2 76.0 £ 6.9 6.4 +0.4
TMAH 110.1 + 8.2 85.7 + 3.7 1.9£0.2
Lipase 7.9+1.2 4.1+0.2
Proteinase + lipase 7.0 £4.0 1.7 £0.6
Ultrapure water 5.7 £ 0.6 5.0+ 0.3

Even though the formic acid extraction yielded the highest
particle numbers ((5.5 + 0.1) x 10° particles mL™", Table S5),
the proportion of Hg and Se that were detected as
nanoparticles remained low (Se: 6.4 + 0.4%; Hg: 7.8 + 0.7%).
Admittedly, without the ability to spike the samples with a
reference material, the presence of particles is not sufficient
evidence to indicate that the extraction was performed under
optimal conditions. For example, the extraction conditions
could hypothetically allow for an artifactual precipitation of
dissolved Hg and Se into nanoparticulate forms, leading to
an overestimation. Nonetheless, when ionic Hg and Se were
mixed in formic acid and processed through the same
analytical workflow, no nanoparticle events were detected,
supporting the interpretation that the particles detected in
the formic acid extraction media were largely native to the
tissue. On the other hand, underestimations of HgSe
particles are also possible, given that a non-negligible
fraction of particles, particularly the smallest ones, will
inevitably fall below the size detection limits of the
instrument (SDL: Se 110.2 nm, Hg 79.1 nm for formic acid;
Table S5). This implies that particles with sizes that were
below the SDL will contribute to the bulk element signal but
will not be counted as discrete particle events. Indeed, even
with marginally lower SDLs for the enzymatic and water-
based protocols (Se ~100 nm and Hg ~67-70 nm), few
particles were detected (2.2-6.5 x 10° particles mL ™" vs. 5.5 x
10° particles mL™ for formic acid), consistent with the
incomplete degradation of the tissue matrix. Indeed, for the
water, lipase and proteinase/lipase extractions, only 5.7-7.0%
of the total Se and 1.7-5.0% of the total Hg were recovered,
indicating that these gentler protocols were unable to liberate
the majority of the tissue-bound Hg and Se. In other words, a
marginally better SDL is of limited benefit when the
extraction itself fails to release particles in sufficient numbers
from the biological tissue.

Validation of the protocols based on measured particle
masses, particle contents and molar ratios

Given the dual role of the media on the extraction efficiency
and the instrumental detection limits, the use of particle
masses and particle contents is necessarily more nuanced for
optimizing the particle extractions. In this case, particle
masses and particle contents were compared with the

This journal is © The Royal Society of Chemistry 2026

(5.0 +1.2) x 107*
(2.4 +0.7) x 107"
(5.2 +1.5)x 107"

7.8+ 0.7
1.0 + 0.0

(6.0 +1.5) x 107*
(3.4 +1.0)x107*
(5.4 £1.0)x10™*

assumed least aggressive extraction, i.e. ultrapure water. Our
hypothesis was that, with respect to the extraction in water,
particle mass gains would indicate an agglomeration, while
particle mass losses would be indicative of dissolution.
Similarly, changes to the proportions of Hg:HgSe NP with
respect to what was observed in water or variations in the Se:
Hg ratios would be indicative of selective perturbations of the
Hg species.

Significant differences were observed among the particle
mass distributions obtained using the different extraction
methods (one-way ANOVA, Tukey's HSD post-hoc testing, a =
0.05) (Table 2). While all methods showed some differences,
when compared to the particle masses in water, the mass of
Hg single element particles was closest for the lipase
extraction, differing by only -6.7 fg (p = 0.375), while the
proteinase protocol showed a moderate deviation from the
water protocol (-14.7 fg, p = 0.017). Formic acid showed a
moderate increase (+20.3 fg, p = 0.002), while TMAH showed
the largest differences with respect to water, with much
larger (but far fewer) particles being observed (+72.5 fg, p <
0.001). On the other hand, for determinations of the HgSe
particle mass, the lipase protocol (-5.8 fg, p = 0.803) and the
proteinase protocol (-14.3 fg, p = 0.202) showed apparent
decreases, which were not significant. Finally, formic acid
showed a substantial increase compared to water (+33.1 fg, p
< 0.001). The largest positive deviation with respect to water
(+96.2 fg, p < 0.001) was observed when extracting the HgSe
particles with TMAH. Indeed, the TMAH extraction yielded
distributions with fewer but substantially larger particles,
suggesting that agglomeration was occurring. Such
observations are consistent with a recent study,*® which
suggested that the TMAH extraction of tissues can
substantially alter particle number and particle mass
distributions, resulting in significant transformations of the
target nanomaterials.

Based on the particle masses, the method using
proteinase would appear to induce slight particle dissolution,
while the formic acid would appear to cause some particle
agglomeration. Both the enzymatic and formic acid protocols
appeared to be superior to the TMAH extraction. Based on
the limited data on previously reported sizes of the Hg
nanodeposits'* (formic acid 215 + 90 nm; enzymatic 148 + 58
nm), all of the particle sizes found here (formic acid: Hg 172
+ 41 nm; lipase: Hg 121 + 31 nm; proteinase + lipase: Hg 100

Environ. Sci.. Nano, 2026, 13, 2541-2552 | 2545
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Table 2 Differences between particle masses in the extraction media with respect to the ultrapure water control (one-way ANOVA, Tukey's HSD post-
hoc testing, o = 0.05). 3 biological replicates and 3 analytical replicates were analyzed per method. For the values in bold, masses and diameters were

not significantly different from water extracted values

Method Hg mass vs. water (fg) HgSe mass vs. water (fg)
TMAH +72.5 (p < 0.001) +96.2 (p < 0.001)
Formic acid (HCOOH) +20.3 (p = 0.002) +33.1 (p < 0.001)
Lipase -6.7 (p < 0.375) -5.8 (p = 0.803)

Proteinase + lipase

+ 19 nm; ultrapure water: Hg 142 + 28 nm) appear
reasonable, for all of the extraction media. A final
consideration: it is possible that the observed deviations
resulted from the ICP-ToF-MS measurement (matrix effects,
e.g. in ref. 31) and not from the extraction. This possibility
was minimized by analyzing samples that were diluted 100x
prior to their analysis by spICP-ToF-MS.

With respect to the individual particle types, the formic
acid extraction recovered substantially more Hg particles
(2107 vs. 254 in water, ~8.3-fold increase) and dramatically
more HgSe particles (1707 vs. 112 in water, ~15.2-fold
increase). In contrast, the proteinase/lipase extraction showed
reduced Hg particle recovery compared to water (50 particles,
0.20-fold) and a similar extraction of HgSe particles (99
particles, 0.88-fold). The lipase protocol showed slightly
enhanced extraction for both particle types (Hg: 280 particles,
1.1-fold; HgSe: 178 particles, 1.6-fold). TMAH extracted
similar numbers of Hg particles compared to water (246
particles, 0.97-fold) but fewer HgSe particles (77 particles,
0.69-fold).
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In order to further validate the spICP-ToF-MS technique
for the determination of HgSe NPs, each extraction medium
was spiked with the same volume (100 pL) of a reference
suspension of HgSe in the absence of the biological tissue.
The suspension was then sonicated continuously for 15
minutes, and aliquots were immediately diluted 100x and
analyzed. The analyzed (diluted) samples contained between
approximately 350 and 800 detected particles for a 3-minute
acquisition.

One of the motivations for quantifying HgSe NPs involves
the determination of the Se:Hg molar ratios within
individual particles. Analysis of the reference suspensions of
HgSe (Fig. 2) revealed that a Se:Hg molar ratio close to 1:1
(1.0 + 0.3), as expected for stoichiometric HgSe nanoparticles,
was only obtained in ultrapure water. The 1:1 stoichiometry
was independently confirmed by the total acid digestion of
the HgSe powder, followed by analysis using both ICP-ToF-
MS (Nu Vitesse) and ICP-MS (NeXION 5000) (Text S3, SI). In
contrast, all other extraction media showed varying degrees
of selenium enrichment. TMAH and formic acid yielded

aﬂ?ﬁﬁm _

3.0

2.0 25

70 E) a

Fig. 2 The Se:Hg molar ratio (3°Se/?°>Hg) measured in the powder HgSe particle suspension after exposure to different extraction solutions: A)
TMAH (tetramethylammonium hydroxide), B) formic acid (HCOOH), C) lipase, D) proteinase + lipase and E) ultrapure water. The mean + SD

represents three replicates and three analyses.
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similar, slightly elevated values (1.3 + 0.4 for both methods)
while the enzymatic digestions gave statistically higher Se:
Hg ratios, with the particles in lipase giving 1.7 + 0.5 and the
particles in proteinase + lipase giving values of 2.5 + 0.9. The
elevated Se:Hg ratios are an indication that in the presence
of the enzymes, either selenium was preferentially re-
adsorbed on the HgSe particles following their partial
degradation (i.e. dissolution) or some Hg was being lost (e.g.
sorptive losses to the container walls, volatilisation).

Molar ratios were also examined for extracted tissue
(Fig. 3). In that case, Se:Hg molar ratios of 1.3 + 0.5 were
obtained for the water extraction, in close alignment with
values of ~1.25-1.67 reported for aqueous extraction of HgSe
NP from sperm whale livers.”> The TMAH extraction
produced slightly lower ratios of 1.0 + 0.4, while formic acid
extraction yielded ratios of 1.5 + 0.6, both statistically similar
to the water extraction. On the other hand, as above, both
enzymatic extractions resulted in substantially higher Se:Hg
ratios with proteinase/lipase yielding a ratio of 3.6 + 1.2 and
lipase giving a value of 2.1 + 0.8. Clearly, in the presence of
the enzymatic media, elevated Se: Hg ratios were observed, in
the presence or absence of the biological matrix.

Based on the substantially higher particle numbers
obtained for the formic acid extraction, in addition to the
reasonable conservation of masses and Se:Hg molar ratios
that were observed, it was concluded that the formic acid was
the preferred method for the extraction of the Hg and HgSe
NPs from the seal livers. Its efficiency can be attributed to its
ability to denature proteins and disrupt cell membranes
while maintaining a moderately acidic environment (pH 2.6 +

35
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e
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0.2) that optimizes particle recovery without causing severe
dissolution or agglomeration of the HgSe NPs. Note that due
to its acidic nature, it is unlikely that this extraction medium
would be suitable for other highly soluble NPs, such as ZnO,
CuO or Ag.**3*

Stability of HgSe particles in formic acid

After establishing formic acid as the best extraction method,
it was necessary to determine the stability of the NPs in the
formic acid extracts. Samples were extracted using formic
acid, then diluted 100x and stored at 4 °C for varying
durations, ranging from 1 hour to 1 month, prior to their
analysis by spICP-ToF-MS. Importantly, all samples were
analyzed on the same day in order to reduce analytical
variability due to day-to-day instrumental variation. This
experimental design allowed us to determine whether
prolonged storage in formic acid (pH 2.6 + 0.2) would affect
the integrity, size distribution, or concentration of the
extracted HgSe nanoparticles. Such a stability assessment is
crucial for establishing proper sample handling protocols
and maximum holding times of the extracted samples before
analysis. Additionally, the stability of the NPs at pH 2.6,
which approximates the acidity of the human gastric
environment, provides preliminary insights into how these
particles might behave during human digestion.

Particle mass distributions of Se and of Hg in the
nanoparticles were verified over time. Elemental masses
(Fig. 4) and particle numbers (Fig. 5) were stable over time,
with only a few minor fluctuations, strongly indicating that

B)
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< w < w <
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4 5
80Se/202Hg
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Fig. 3 Se:Hg molar ratios for the individual nanoparticles, obtained using the different extraction methods. The vertical lines correspond to the
mean from the combined data for three biological replicates, each analyzed in triplicate: (A) TMAH (tetramethylammonium hydroxide), (B) formic
acid (HCOOH), (C) lipase, (D) proteinase + lipase, and (E) ultrapure water. The mean * SD is determined from the three biological replicates.
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Fig. 4 Long-term stability of Hg (bottom) and Se (top) particle mass distributions in a formic acid extract for 1 hour to 1 month. Box and whisker
plot was provided to summarize data. The dashed line represents the mean of the mass.

the extraction medium was non-perturbing over these
relatively long-term studies. In Fig. 5, the variability of
particle number measurements was +8.2%, which is well
within the typical analytical variability for nanoparticle
concentration  measurements (particle = mass/diameter
measurements generally show less analytical variability than
particle numbers).

Particle mass distributions of Hg and Se nanoparticles
remained stable throughout the one-month observation
period (Fig. 5). The data include all particle detections
(single-element Se or Hg particles and multi-element HgSe
particles). After 1 h, the mean Se and Hg masses were 12.4 +
11.2 fg and 12.7 + 17.3 fg, respectively, while after one month
they remained nearly identical at 13.0 + 11.5 fg for Se and
13.1 + 16.7 fg for Hg. When considering only particles
containing both Se and Hg (true HgSe nanoparticles), higher
masses were observed: 12.9 + 11.2 fg for Se and 27.6 + 30.5 fg
for Hg at 1 h, and 13.4 + 11.5 fg for Se and 26.2 + 28.2 fg for
Hg after one month. Regardless of the particle population
considered, both the mean and the variability (SD) of the
mass distributions remained stable. The data indicate that
storage in formic acid (pH 2.6 + 0.2) did not induce any
detectable dissolution, aggregation, or compositional changes
in the HgSe nanoparticles.

Nature of the Se : Hg nanoparticles

The simultaneous detection of Hg and Se within discrete
signal pulses provides strong evidence for the presence of

2548 | Environ. Sci.: Nano, 2026, 13, 2541-2552

HgSe nanoparticles in the seal liver extracts. These findings
are consistent with a recent paper by Paton et al. (2024), who
employed spICP-ToF-MS to characterize HgSe nanoparticles
in whale tissue. Their study documented similar spectral
signatures, strengthening the hypothesis that selenium-
facilitated sequestration represents a widespread biological
strategy for mitigating mercury toxicity in marine mammals.

3.0x10" 5

2.5%10'%

2.0x10"%

1.5%10'2

Particles/kg

1.0x10'2

5.0x10""

0.0 -

1h 24h 48 h

1 week 2weeks 3 weeks 1 month
Time

Fig. 5 Number concentrations of Hg-containing particles extracted
from a bearded seal liver using formic acid extraction (pH = 2.6 £ 0.2)

and kept for up to one month of storage. Data are expressed as
particles kg™ dry weight.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5en01173f

Open Access Article. Published on 01 2026. Downloaded on 11.06.26 19:00:45.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

100

80

60

Counts

40

20 H

0 et

T T T T T T T
17228 17229 17230 17231 17232 17233 17234
Time (ms)

Fig. 6 Transient mass spectrometry signal for selenium (green), silver
(red), mercury (blue) and bismuth (grey) containing nanoparticles
observed by splCP-ToF-MS, following an extraction of the bearded
seal liver using formic acid.

Interestingly, in our samples, silver and bismuth were also
detected in some of the HgSe nanoparticles. For example, the
transient mass spectrometry signal from Fig. 1 was re-
processed, but with silver and bismuth added to the output
(Fig. 6). These results show that selenium not only interacts
with mercury to reduce its toxicity, but it may also be
associated with other toxic elements that would normally be
perceived as being harmful to the immune system. In the
Paton et al. (2024) paper, Cd and Sn were identified as
secondary elements in the particles alongside Hg and Se in
the whale tissue, however, these elements were not observed
in our analyses. The possibility that selenium actively
detoxifies silver by forming insoluble, biologically inert
selenide phases is supported by observations in marine
mammals and in laboratory studies.”® In that work, the
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authors demonstrated that selenium not only forms HgSe
complexes for mercury detoxification, but also binds silver in
the form of Ag,Se granules within hepatic tissues,
highlighting a broader detoxification role.>® Safaei et al
(2025) also showed that nanoparticulate selenium can
attenuate the toxicity of silver nanoparticles in mice,
speculating that after the initial formation of HgSe
nanocrystals, selenium could continue to incorporate and
immobilize other trace metals, such as silver, through
secondary sequestration into the HgSe matrix.*> A similar
process could potentially occur with bismuth, given its
known chemical affinity for selenium and the stability of BiSe
compounds.®®  Nonetheless, these remain hypothetical
pathways, representing plausible extensions of selenium-
mediated detoxification, which will warrant further
experimental validation. In any case, the consistent
association of selenium with multiple toxic elements, across
different marine mammal species (seals in our study and
whales in Paton's work), suggests a conserved detoxification
mechanism involving selenium sequestration.

Finally, a heatmap was generated from the data for these
4 elements. Eight particle combinations were detected: Hg,
Hg-Se, Bi-Hg-Se, Se, Ag-Bi-Hg-Se, Ag-Hg-Se, Bi-Hg, and B,
with average molar proportions shown in Fig. 7. Note that
the particle numbers in parentheses were generated from 540
seconds of analysis (sample intake of 450 uL min™ with an
average transport efficiency of 22.98 pL min'). When
extrapolated to the entire liver, the most prevalent
combination was for Hg alone (0.7 x 10"* particles kg™ dry
weight) and HgSe NPs (0.4 x 10"* particles kg™'). However,
numerous HgSe particles (1.6 x 10" particles kg™*) were also
found to contain Ag and Bi, with a low molar proportion of
silver and bismuth, averaging 1.0% and 0.5% respectively, in
which case, the molar proportions of selenium and mercury
averaged 56.9% and 42.0%, respectively. These proportions
are similar to the NPs where only Se (58.8%) and Hg (41.2%)
were detected.

100.0 0.0

41.2+£9.1
41.3 £ 6.5 0.6+0.3
41.6 £5.6 0.5+0.3
42.0 £ 6.5

98.0 + 0.9

100.0 + 0.0

Hg Bi
Elements

Fig. 7 Heatmap of the detected particles containing Se, Ag, Hg or Bi (or a combination thereof). Particle numbers in parentheses refer to a sample
that was diluted 100x (9 minutes analysis time, transport efficiency = 0.383 uL s™%). The annotation on the heatmap gives the average molar percent
(tstandard deviations) for each element in the particle. Particles were extracted from ~20 mg of a bearded seal liver using 5 mL of formic acid.
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The trace amounts of silver and bismuth (~1%) in some
of the HgSe nanoparticles suggested that selenium may play
a broader role than previously thought in detoxifying
multiple heavy metals. Silver, while less frequently studied
than mercury in Arctic ecosystems, is also known to be toxic
to aquatic organisms at elevated concentrations.””*® On the
other hand, bismuth has received little scientific attention
with respect to its concentrations or its potential toxicological
significance in Arctic marine mammals. Its incorporation
into stable selenide nanoparticles may represent a biological
detoxification mechanism or may simply be fortuitous
complexation.

When analysing spICP-ToF-MS results, it is always
important to consider size or mass detection limits (DLs)
since in some cases, the detection of a single element
can simply mean that the second element was not
detected (rather than not being present). Mass detection
limits of selenium (0.3 fg) and mercury (0.1 fg) were
reasonably similar here (Table S6), implying that for the
cases where only Hg was detected, it is likely that little
or no Se was actually present. Another important
consideration is that lighter elements are not
systematically analysed by this technique, so that Hg-
containing particles could also be associated with non-
quantified elements such as sulfur or carbon. The mass
range was deliberately limited to 60-210 amu in order to
optimize instrument sensitivity and detection capabilities
for the target elements. In cases where sulfur was
included by adjusting the RF voltages in the reaction cell
to favor lower mass elements, reduced sensitivity was
observed for the higher mass elements (Se, Ag, Hg and
Bi). Nonetheless, while S-containing particles could be
detected through instrumental optimization (e.g, a
particle containing S, Se, Ag, Hg, and Bi; Fig. S3 in the
SI), such multi-element particles were rare in the analyzed
samples.

Numerous studies have reported correlations between
total mercury and other elements (particularly selenium,
but also silver and other metals) in marine mammal
tissues,> however, they were limited to bulk chemical
analyses that couldn't confirm the physical associations of
the elements. Our direct observation of multi-element
nanoparticles strengthens the mechanistic explanation for
these widely reported elemental correlations, demonstrating
that the co-occurrence of these elements in marine
mammal tissues is likely to be in the form of complex
nanoparticulate rather  than  fortuitous
associations. The multi-element binding capacity of
selenium likely represents an important adaptive
mechanism that allows marine mammals to tolerate
exposure to mercury, but perhaps also to other chalcophile
elements, such as Ag and Bi, which also have a high
affinity for selenium.*> The formation of these complex,
multi-element selenide particles may be an effective strategy
for simultaneously reducing the bioavailability of several
potentially harmful elements.

structures
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Conclusion

This work establishes an analytical framework for elucidating
complex metal detoxification processes at the nanoscale. The
methodologies used here will enable more comprehensive
monitoring of Arctic environmental health while providing
valuable information for assessing dietary mercury exposure
risks in communities that depend on marine mammals as a
traditional food source. Formic acid was established as the
best protocol for isolating HgSe NPs from seal liver tissue
where little evidence was observed for modifications to the
particles. Stability studies demonstrated that HgSe NPs
maintained their structural integrity in the formic acid
extracts for extended periods (up to one month), with
minimal changes in particle number or particle mass
distributions. While this protocol appeared to be best suited
for extracting the HgSe NPs from the studied tissue, the
lipase extraction can be a useful alternative, despite
somewhat lower recoveries. It might be useful for other NP
types.

The use of spICP-ToF-MS allowed for novel insights into
the complex nature of these multi-element nanoparticles,
with some containing not just mercury and selenium, but
also silver. This finding expands our understanding of
selenium's protective role in marine mammals beyond
mercury sequestration and gives us better insight into the
detoxification mechanism. Finally, future research is required
in at least three key directions: (1) comparative analysis of
these multi-element selenide nanoparticles across different
tissues and marine mammal species; (2) investigation of the
stability and bioavailability of these particles during human
digestion; and (3) exploration of the molecular and cellular
mechanisms governing the formation of these complex
nanoparticles.
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