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HIGHLIGHTS GRAPHICAL ABSTRACT

e A novel cost effective and green pro-

cedure to extract HgSe nanoparticles

from animal tissues with organic acid. / \
e An alternative to conventional and

classical enzymatic procedure with ul- SpICP-MS

trasonic assistance reducing the extrac- :
tion time from 12 h to 2 min.

o Successfully application of both method TEM
(enzymatic and organic acid) to
different tissues of seabirds.

e AsNPs and CdNPs were isolated with H H . : :
organic acid method and identified \ Animal tissues Extraction CharaCtenzat,Oy
associated with HgSeNPs.

e Perspectives for the application of the
novel acid extraction procedure to other
metallic nanoparticles from biota.

* Formic acid treatment

* USP+Enzymatic treatment

ARTICLE INFO ABSTRACT

Prof. W.W. Buchberger The present work explores for the first time the potential of formic acid on the extraction of tiemannite (HgSe)
nanoparticles from seabird tissues, in particular giant petrels. Mercury (Hg) is considered one of the top ten

Keywords: chemicals of major public health concern. However, the fate and metabolic pathways of Hg in living organisms

Merct.lry remain unknown. Methylmercury (MeHg), largely produced by microbial activity in the aquatic ecosystems is

Fsr?i:‘:::;te biomagnified in the trophic web. HgSe is considered the end-product of MeHg demethylation in biota and an

spICP-MS increasing number of studies focuses on the characterization of this solid compound to understand its biomin-

Sample treatment eralization. In this study, a conventional enzymatic treatment is compared with a simpler and environmentally
Seabirds friendly extraction by using formic acid (5 mL of = 50 % formic acid) as exclusive reagent. The analyses by
spICP-MS of the resulting extracts from a variety of seabird biological tissues (liver, kidneys, brain, muscle)
reveal comparable results by both extraction approaches in terms of nanoparticles stability and extraction effi-
ciency. Therefore, the results included in this work demonstrate the good performance of employing organic acid
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as simple, cost effective and green procedure to extract HgSe nanoparticles from animal tissues. Moreover, an
alternative consisting of a classical enzymatic procedure but with ultrasonic assistance reducing the extraction
time from 12 h to 2 min is also described for the first time. The sample processing methodologies developed,
combined with spICP-MS, have emerged as powerful tools for the rapid screening and quantification of HgSe
nanoparticles in animal tissues. Finally, this combination allowed us to identify the possible occurrence of Cd
particles and As particles associated with HgSe NPs in seabirds.

1. Introduction

In recent years, an exponential number of research focused on the
biosynthesis of nanomaterials [1]. Nanoparticles (NPs) can be bio-
synthesized by different living organisms, from microorganisms to
metazoan [1,2]. The study of NPs is a growing field of interest that in-
cludes their characterization, bioaccumulation, fate, and interaction
with living organisms [3,4]. In animal species, NPs can be bio-
distributed, reaching key tissues as liver, kidneys, spleen, heart and
brain [5-8] without being altered and/or metabolized [9]. The benefi-
cial therapeutic effects and the potential toxicity depend strongly on the
properties of the NPs [10], such as their composition, size and shape,
which underlines their crucial characterization in biota [11].

Different analytical approaches have been deployed for the charac-
terization of NPs, usually based on the combination of different and
complementary techniques [12]. The most widely used are those based
on microscopy, such as Transmission Electron Microscopy (TEM), which
provides information about size, shape and aggregation/agglomeration
state of the NPs. However, the lack of spatial resolution in TEM analysis
hampers the complete characterization of NPs in terms of particle con-
centration [13]. In this sense, Single Particle Inductively Coupled
Plasma Mass Spectrometry (spICP-MS) is a promising technique for the
characterization, detection, and quantification of NPs [14,15]. Since it
allows the determination of their chemical composition, size distribu-
tion and particle concentration, which is crucial in toxicological and
environmental studies [16]. spICP-MS have been successfully applied in
different scenarios like tracking gold (Au) nanomaterials trophic trans-
fer [17], titanium NPs fate in watersheds [18] and silver NPs in envi-
ronmental samples [19]. Most studies focused on NPs analyses in
aqueous matrices [20], probably due to the challenge associated to
sample preparation required in biological matrices prior to spICP-MS
analyses [21].

NPs sample treatment for isolation prior characterization is a crucial
step that must guarantee their preservation and integrity [22]. This
stage requires optimization according to the characteristics of the tissue
and the type of NPs to be studied. In the case of isolation of NPs from
samples of biological origin, usually alkaline (tetramethylammonium
hydroxide-TMAH) and enzymatic procedures have been employed [23,
24]. However, it is largely documented that enzymatic treatments are
sensitive to extraction conditions that influence the enzymatic activity
like pH, temperature and reagent compatibility [24,25]. The ratio be-
tween sample and enzymes is also a key factor to optimize and such
enzymatic treatments are usually quite time consuming, including
overnight incubations [12,24]. Proteases are the most common enzymes
for the extraction of metallic nanoparticles from animal samples,
generally combined with sodium dodecyl sulfate (SDS) as surfactant
[24].

Acid treatments have been less exploited so far for NPs isolation, as it
could affect the nanoparticle surface [26]. For example, silver and zinc
NPs were transformed in terms of size and state (soluble and/or ionic
form) in acidic media [26,27] meanwhile the removal of thiol coating of
CdSe NPs in ¢ = 0.5% HCI leads to precipitation and aggregation of the
NPs [28]. Formic acid is considered an efficient alternative to conven-
tional sample treatments for solubilizing solid biological and other
environmental matrices [29]. This organic acid has been successfully
used for the extraction of Hg [30] and other trace elements [29] from
animal samples [31] and marine sediments [31]. The efficiency of

formic acid has been also exploited on the extraction and stabilization of
speciation studies of As-peptides in plants [32] and the solubilisation of
the membrane proteins [33]. Despite the excellent dissolving ability of
formic acid on biological matrices, it has never been applied for the
isolation of NPs from biota.

Mercury (Hg) occupies the third position in the substance priority list
established by the agency for toxic substances and disease registry
(ATSDR) and is considered one of the top ten chemicals of major public
health concern by the World Health Organization (WHO). Despite its
unquestionable toxicity, the mechanisms of metabolization and fate in
living organisms remain unclear. Tiemannite (HgSe) is considered the
end-product of Hg detoxification mechanisms in vertebrates [34-37].
This solid compound has been identified in human brain [37], fish [38,
39], marine mammal [34,40] and more recently, in eagles [23] and
seabird tissues [35]. There is an unquestionable growing interest on the
size, concentration [12,23,34,35,39,41] and isotopic [42-44] charac-
terization of HgSe NPs in living organisms, in order to better understand
Hg metabolism and HgSe NPs formation.

The current work explores the potential of formic acid for HgSe NPs
isolation from animal tissue samples and compares it with enzymatic
based sample treatment. A set of samples including various internal
tissues of giant petrels (Macronectes sp.) was used on this study. This
seabird species exhibits particularly high Hg and selenium (Se) levels
reaching values over 1000 pg g~ dry weight (dw) for both elements in
the liver [35,43], as a consequence of their elevated trophic position and
long-life span [45]. The combination of formic acid sample treatment
methodology with spICP-MS measurements offers a fast and simple
methodology to perform screening and quantification of HgSe NPs in
complex matrices such as biological tissues.

2. Materials and methods
2.1. Reagents and standards

All reagents used were of analytical grade. HgSe NPs standard
(PURATREM y = 99.99% Hg) was obtained from Strem chemicals and
used without any further purification. Working standard solutions of
arsenic (As), cadmium (Cd), Hg and Se, were prepared daily by appro-
priate dilution of the stock standard solutions (Sigma Aldrich) in water
using ultrapure water (>18 MQ cm) obtained from a Milli-Q system
(Millipore, Bedford, MA, USA) and stored at 4 °C before use. A standard
reference gold nanoparticle (AuNPs) solution was daily prepared by
diluting 30 nm citrate-AuNPs reference material (LGC5050) to reach a
concentration level of 7.5 ng L1 (2.5 x 107 particle L’l).

2.2. Samples description

The giant petrels seabirds were collected freshly after their death
near to the scientific platforms in the Kerguelen archipelago (Southern
Indian Ocean) and Adelie Land (Antarctic continent) in 2014. Liver,
kidneys, muscle, brain, feathers and blood were collected during the
necropsy. After dissection, all the samples were stored at —20 °C in in-
dividual plastic bags until being processed in the laboratory.
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2.3. HgSe NPs extraction procedures: enzymatic and formic acid-based
sample treatment

Two different methods were applied in order to isolate the HgSe NPs
from seabird samples: a formic acid (i) and an enzymatic (ii) based
sample treatment. For both treatments, approximately 25 mg of homo-
genised and freeze-dried sample was defatted by shaking with 3 mL
MeOH (Sigma-aldrich, HPLC grade >99.9%) for 5 min, centrifugation at
14000Xg during 12 min, and removal of MeOH. For the first treatment
(i), 5 mL of 50 = 50% formic acid (Scharlaup = 98-100%, reagent
grade) was added and the mixture was kept at 85 °C for 2 h in a hot-
block [46]. The enzymatic treatment (ii) was based on the approach
proposed by Loeschner et al. [25] with slight modifications. In brief, 3
mL of a solution containing 2 mg mL~! protease K (Sigma-Aldrich) in 50
mM ammonium bicarbonate (Sigma-Aldrich) buffer (pH 7.4) were
added to the defatted sample and ultrasonicated with ultrasonication
probe (USP) during 2 min at the applied amplitude of 21% (100 W).
Sonication was performed in pulse mode to avoid overheating (which
was also reduced by immersing the flask in ice). The ultrasound probe
was immersed 1 cm and these conditions were kept constant for all the
extractions. Then, 2 mL of y = 4% sodium dodecyl sulfate (SDS,
Sigma-Aldrich) in 50 mmol L' ammonium bicarbonate buffer (pH 7.4)
were added to the resulting solution and ultrasonicated in a bath for 1 h.

The resulting extracts from both treatments (i and ii) were centri-
fuged by using cut-off filters of 50 kDa [34] at 140,000 g during 5 min in
an ultracentrifuge HimaCs 120GX model (Hitachi, Tokyo, Japan). The
filter was abundantly washed with Milli-Q water until total removal of
soluble Hg and Se [34]. To recover the concentrated NPs, the cut-off
filter device was inverted in a clean microcentrifuge tube and centri-
fuge for 2 min at 1000xg, as suggested by the filter manufacturer.

2.4. Single-particle Inductively Coupled Plasma Mass Spectrometry
(spICP-MS) analysis and data processing

HgSe NPs isolated from giant petrel internal tissues (liver, kidneys,
muscle, and brain) were characterised in terms of composition, size
distribution and particle number concentration by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) operating in single particle mode
(spICP-MS). An Agilent 7700x ICP-MS equipped with a MicroMist
nebulizer and Scotttype spray chamber was used for data acquisition
which were collected in the time-resolved analysis (TRA) mode, using a
dwell time of 3 ms and an acquisition time of 60 s (20000 points). Hg
and Se were measured for single particle analysis in separate runs. The
limit of detection in size was 30 nm and 46 nm for Se and Hg, respec-
tively calculated following the indications given by Laborda et al. 2020
[47]. As and Cd were also monitored separately. Operating conditions
are listed in Table S1.

Transport efficiency was determined daily through the particle fre-
quency method [48] using AuNPs standard solution prepared by
diluting 30 nm citrate-AuNPs reference material LGC5050 until a con-
centration of 7.5 ng L™! was reached. The sample uptake rate was also
checked daily in triplicate by weighting a vial containing Milli-Q water
before and after 2 min of aspiration, and was found to be constantly
around 0.3 ml min~!. Calibration curve of ionic Hg and Se was prepared
daily within the 1-100 ng L™! range and by employing a Hg and Se
standard solution for ICP-MS (Sigma Aldrich). Samples were diluted
with Milli-Q water before spICP-MS measurements with a dilution factor
ranging from 10 to 500 depending on the background level.

Raw signal intensity data were processed manually using a dedicated
spreadsheet developed by the National Institute of Food Safety in the
Netherlands (RIKILT) from which particle number concentration and
particle mass concentration were calculated. Particles were discrimi-
nated from the background signal using a 56 approach [47]. Particle size
diameter and the corresponding size histogram were obtained from the
density of HgSe, the mass fraction of Hg/HgSe and Se/HgSe and by
assuming a spherical shape of the nanoparticles.

Analytica Chimica Acta 1250 (2023) 340952
2.5. Transmission Electron Microscopy (TEM)

HgSe NPs isolated from giant petrel tissues were also characterised in
terms of size, morphology and composition by using TEM (JEOL JEM
1400; USA) equipped with an Energy Dispersive X-ray Spectroscopy
(EDXS) composition system (Oxford Inca). Samples were dropped onto
copper grids and dried in clean air. TEM measurements were performed
at an accelerating voltage of 200 kV.

2.6. Statistical analysis

Statistically significant differences between groups were determined
by a two-way analysis of variance (ANOVA) and by using Statgraphics
v19 software (Manugistics, Rockville, USA). Values are considered
significantly different if p < 0.05.

3. Results and discussion

3.1. Evaluation of the effect of reagents and extraction procedure on HgSe
nanoparticles standards

Two different approaches were applied on the isolation of HgSe NPs
from giant petrel tissues. One of them, based on the conventional use of
enzymes (precisely Protease K) and the other one, exploring for the first
time the potential of formic acid on NPs extraction (Table 1).

The first step to evaluate the performance of these extraction pro-
cedures is to test the effect of different reagents on HgSe NPs stability.
For this purpose, a HgSe NPs standard was dispersed separately in ¢ =
50% formic acid; 2 mg mL™! protease K in 50 mmol L™! ammonium
bicarbonate buffer (pH 7.4); y = 4% SDS in a 50 mmol L™ ammonium
bicarbonate buffer (pH 7.4) and finally Milli-Q water, as a control. The
resulting dispersions were characterised by TEM (Fig. la-d). Fig. la
shows aggregated nanoparticles with polygonal shapes and curved ends
between 10 and 50 nm, which correspond with HgSe NPs standard in
water media. However, they seem to be dispersed by the action of media
employed for extraction procedures in smaller submicronsized ag-
glomerates of particles (Fig. 1b, ¢, and 1d), but composed of small
particles with the same size than those observed in the control sample
(Fig. 1a). No significant difference in the size and morphology of the
aggregates was observed among the treatment employed. Moreover, the
spectrum (Fig. 1le) obtained by Energy-Dispersive X-ray (EDXS) spec-
troscopy confirms the presence of Hg and Se in the nanoparticles
analysed.

According to this preliminary test, it could be concluded that the
reagents used at the different sample treatment steps (¢ = 50% formic
acid, 2 mg mL™! protease K in 50 mmol L~! ammonium bicarbonate
buffer (pH 7.4) and y = 4% SDS in a 50 mmol L™! ammonium bicar-
bonate buffer (pH 7.4)) did not produce any effect on nanoparticle
integrity, size or agglomerated state. Therefore, both extraction pro-
cedures might be potentially suitable for the isolation of HgSe NPs from
biological tissues.

Afterwards, spICP-MS was employed to characterize the effect of the
extraction procedures on the size of HgSe NPs. For this purpose, HgSe
NPs standard was submitted to both extraction methods before analysis.

The accuracy of the spICP-MS measurements was evaluated by
means of using gold nanoparticles reference material LGC5050 since no
reference material for HgSe NPs is commercially available. Therefore,
particle mean size and distribution, as well as particle number concen-
tration were determined in three individuals AuNPs LGC5050 suspen-
sions. No statistical differences (p <0.05) were observed among values
determined by spICP-MS and those certified (data shown in SI). More-
over, these measurements were repeated several times on different days
and provided similar results.

Furthermore, mean size, size distribution and particle number con-
centration of HgSe NPs were calculated by employing RIKILT spread
sheet [49] after performing spICP-MS measurements. As simultaneous
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Table 1
Compilation of extraction and characterization methods used for HgSe in biological samples.
Treatment  Reagent Extraction procedures Time incubation/extraction Characterization Matrix Ref
techniques
Basic TMAH samples mixed with ¢ = 20% TMAH solution For 12 h at room temperature spICP-MS Liver and [12]
after sonicating for 1 h muscle of
cetaceans
Enzyme Pancreatin + 0.5 g of sample mixed with 7 mL enzyme solution (3.0 mg  Placed in ice-cooled sonication spICP-MS Seafood [39]
lipase L~! pancreatin, 3.0 g L~ lipase, 0.2 M NaH,POy4, and 0.2  bath for 10 min then at 37 °C for
M NaOH; pH 7.4) 1h
Protease + 0.02 g sample + 1 mg mL ™" protease + 5mg mL~! SDSin  Overnight at 37 °C Liver of raptors [23]
SDS 50 mM ammonium carbonate buffer (pH 7.4) Liver and brain [34]
of pilot whales
Protease + 0.02 g sample + 3 mL (2 mg mL ™! protease K in 50 mM -USP during 2 min at 21% (before ~ spICP-MS Giant petrel This
SDS ammonium bicarbonate pH 7.4) USP then + 2 mL of y =  SDS) tissues study
4% SDS in 50 mmol L' ammonium bicarbonate buffer -Ultrasonication in an ultrasound
(pH 7.4) bath at room temperature for 1 h
(after SDS)
Acid Formic acid 0.02 g sample + 5 mL of ¢ = 50% formic acid 85°Cfor 2h spICP-MS Giant petrel This
tissues study

detection of Hg and Se in the particles isolated was not possible due to
the fact that a quadrupole ICP-MS system was employed for the analyses,
calculations of nanoparticles parameter were based on separate mea-
surements monitoring either Hg or Se[34].

HgSe NPs mean diameter of the standard submitted to enzymatic
extraction was 213 + 98 and 217 + 91 nm for Hg and Se, respectively.
Similar results were obtained for the formic acid extraction procedure,
with a mean diameter of 210 &+ 98 and 175 + 77 nm for Hg and Se,
respectively. No significant difference (panova <0.05) was found when
the mean diameter of the standard HgSe NPs dispersed in water was
compared to that obtained after submitted the standard to the enzymatic
and formic acid extraction procedures. These results were consistent
with the data obtained by TEM described above.

3.2. Characterization of HgSe nanoparticles isolated from giant petrel
tissues by spICP-MS and TEM

Once it has been verified that enzymatic and formic acid extraction
did not affect HgSe NPs (standard) size, shape or agglomerate state, both
extraction methods were applied in different tissues of giant petrels
(liver, kidneys, muscle and brain) following the procedure described in
2.3. The isolated NPs were characterised in terms of size, size distribu-
tion and nanoparticle number concentration (part L.

Fig. 2 shows a typical time scan for Se (2a) and Hg (2b) obtained by
spICP-MS analyses of HgSe NPs isolated from giant petrel tissues with
formic acid. In both, Hg and Se scans, several pulses above the back-
ground signal with a high variability in signal intensity were detected
indicating the formation of large particles likely due to particle aggre-
gation. This fact was confirmed by TEM analyses. Fig. 2c shows a
micrograph which correspond to HgSe NPs isolated from the kidney
after formic acid extraction. Aggregated nanoparticles between 10 and
60 nm with polygonal shapes and curved ends constituting larger crys-
tals of micron orders as Hg—Se clusters could be observed. The aggregate
size is in agreement with a recent study in internal tissues of giant petrels
where they found HgSe aggregate in liver, kidneys, muscle and brain
(5-100 nm) with electron microscopy [35]. Moreover, EDXS analyses
(Fig. 2d) also confirms the presence of Se and Hg as well as As and Cd.
The occurrence of As and Cd will be discussed in section 3.3. On the
other hand, Cu signal in EDXS spectrum come from the copper grids used
for sample preparation in TEM.

As previously mentioned, simultaneous detection of Hg and Se by
spICP-MS in the isolated particles was not possible. Therefore, calcula-
tions of nanoparticles parameter were based on separate measurements
monitoring either Hg or Se in a set of nanoparticles isolated from eight
different samples (various tissues) obtained by the extraction procedures
using formic acid or enzymatic treatment.

Size distribution histograms are shown in Fig. S1 (Se) and S2 (Hg). In
both cases, histogram profiles clearly demonstrated the variability of the
particle dimensions which also leads to particle aggregation and for-
mation of large clusters, as can be shown in Fig. 2e. This variability
could be also appreciated in the standard deviation values that follow
the mean size of HgSe NPs gathered in Table 2. Results corresponding to
organs of other three individuals are compiled in Table S2.

Moreover, data from Table 2 indicated that the size of isolated HgSe
NPs using both extraction methods are comparable in all the giant petrel
tissues. On the other hand, statistical analyses evidenced significant
differences (Panova <0.05) among values related with particle number
concentration obtained after enzymatic procedure and soft acidic
digestion method with formic acid in all the tissues analysed (Table 2).
However, both values, those obtained with the enzymatic procedure and
those obtained with soft acid digestion, are in the same order of
magnitude (Table 2). Although the soft acidic digestion extracts smaller
number of particles, it has numerous advantages that may compensate
this tiny difference. Some of the main advantages of using formic acid
for HgSe NPs isolation (Table 2) are the reduced number of steps in the
extraction procedure, which lead to a better cost effective method. In
addition, the formic acid extraction involves a single reagent, which is
considered relatively green solvent [29,50].

In general, the HgSe size values found in this set of giant petrel tis-
sues (Table 2) are in agreement with those reported in liver and brain of
pilot whales [34]. In the mentioned tissues of the marine mammals, the
spICP-MS analyses revealed the presence of particles up to 500 nm. The
authors pointed out that the biologically formed HgSe nanoparticles act
as nucleation centres for the formation of large Se-Hg clusters, which
grow with the age of the animals. The reported differences between
particle sizes of HgSe NPs found in pilot whale tissues (range 160-538
nm) were related to aggregation of particles and formation of large
clusters after MeHg demethylation and deposition in the form of HgSe
aggregates as a final product of detoxification [34].

In this study, the NPs isolated from seabirds tissues shows a great
variability in particle dimensions (Table 2, Figs. S1 and S2). In the
kidneys, TEM images brought the evidence of presence of Hg-Se clusters
which might be formed from smaller primary HgSe nanoparticles be-
tween 10 and 60 nm (Fig. 2c), as previously reported in whales [34]. A
recent study in giant petrels also described the presence of sparsely
distributed electron-dense aggregates of 5 nm up to 100 nm HgSe
nanocrystals imaged with TEM from liver, kidneys and muscle [35].

It is likely that Hg-Se clusters could be dispersed in smaller aggre-
gates during spICP-MS and thus we detected them as HgSe particles
between 100 and 250 nm (Table 2). Recently, in cetaceans liver and
muscle, HgSe characterization by spICP-MS revealed the presence of
HgNPs with a diameter size between 150-300 nm and 100-200 nm
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Fig. 1. TEM images of the HgSe NPs standard dispersed in: (a) Milli-Q water, (b) ¢ = 50% formic acid, (c) 2 mg mL ! protease K in 50 mmol L~} ammonium
bicarbonate buffer (pH 7.4) (d) y = 4% SDS in a 50 mmol L~! ammonium bicarbonate buffer (pH 7.4) (e) EDXS of the HgSe NPs standard dispersed in Mili-Q water.

respectively, with SeNPs diameter size larger than 100 nm [12]. In this
sense, another study reported the presence of HgSe as micro or nano-
particles in the liver of golden eagle (Aquila chrysaetos), with spICP-MS
analysis, HgNPs were identified with a mean diameter <18-43 nm [23].
The reduced number of samples characterized (Table 2) in the cur-
rent study hamper the identification of trends regarding the size and/or
concentration variation with age and/or Hg and Se concentrations.

3.2.1. Ultrasound probe sonication assistance for HgSe nanoparticles
isolation

Enzymatic treatments have been conventionally employed for NPs
isolation from biological samples of animal origin [51]. Recently, ul-
trasound assistance in enzymatic extractions has proven to be effective
in reducing the extraction time, without affecting the initial character-
istics of the NPs [15,19]. USP, which is widely used on the extraction of
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Fig. 2. Time resolved spICP-MS analyses of 78Se (a) and 202Hg (b) from HgSe NPs isolated from liver; and TEM image (c) and EDXS (d) analysis of HgSe NPs isolated
from the kidney of giant petrels from the Southern Ocean.

Table 2
Concentrations of Hg and Se in pg g~ ! (dry weight), % MeHg and Se:Hg molar ratio [43] with the results of spICP-MS analysis, showing the mean size (nm) of the
detected particles and particle concentration (NPs kg™2) individually for Hg and Se in the different internal tissues of giant petrel (n = 3).

Matrix Hg (ug g H) Se (ugg™H MeHg (%) Se:Hg Extraction HgNPs SeNPs
Size (nm) NPC (NPs kg™1) Size (nm) NPC (NPs kg™1)
Liver 381.69 + 6.56° 222.17 + 26.59" 5.80 +0.11" 1° Formic Acid 215 + 90 (7.1 +£0.1) x 10° 176 + 72 (2.2 +0.2) x 10°
Enzymatic 148 + 58 (4.2 +£0.1)x10° 204 +91 (1.9 +£0.1) x 10°
Kidneys 50.84 + 0.67" 131.09 + 10.33" 33.90 + 0.50" 7° Formic Acid 142 + 66 (8.9 + 1.5) x 107 122 + 46 (1.7 + 0.4) x 108
Enzymatic 151 + 91 (5.8 + 0.7) x 10° 158 + 53 (1.7 £ 0.2) x 10°
Muscle 29.18 + 0.32° 31.37 + 2.80" 36.72 + 0.66" 3" Formic Acid 184 + 72 (2.0 £ 0.6) x 10! 168 + 45 (3.0 £ 0.1) x 10%°
Enzymatic 137 + 57 (3.9+0.1)x10° 173 + 47 (2.6 £0.2) x 10°
Brain 3.23 + 0.22° 47 + 4.33 33.54 + 0.95" 10 Formic Acid 171 + 71 (4.1 +0.3)x 10° 169 + 46 (3.2+0.2) x 10°
Enzymatic 192 + 66 (9.8 £0.2) x 10° 158 + 43 1.9 £0.1)x 10°

@ Values reported elsewhere (Renedo et al., 2021) [45].
b Values reported elsewhere (Queipo et al., 2022) [43].
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organometallic species [15], has been proposed to assist enzymatic hy-
drolysis for NPs isolation from biological samples. This strategy allowed
areduction of the pancreatin and lipase incubation time, from overnight
incubation by using conventional enzymatic extractions to a faster
procedure (i.e., 10 min) [19]. The described method was successfully
applied on the isolation of Ag NPs [19] and TiO2 NPs [52] before
spICP-MS analyses, from a variety of bivalve molluscs, including clams,
cockles, mussels, razor clams, oysters and variegated scallops.

The efficiency of enzymatic probe sonication approaches for both Hg
and Se water soluble species from biological samples is conclusive. The
mentioned approach allows miniaturizing extraction of Hg species from
zebrafish embryos [53] (2 mg) and selenocysteine (SeCysy), methyl-
selenocysteine (MeSeCys), selenate (Se (IV)), selenomethionine (SeMet)
and selenite (Se (VI)) from animal feeds [54,55]. However, USP had not
been exploited so far for HgSe NPs isolation. The current work revealed
for the first time the potential of enzymatic probe sonication for HgSe
NPs isolation from a variety of animal samples, which results in a
reduction of enzymatic incubation time of 12 h (classical procedure) to a
few minutes (Table 2).

3.3. Presence of As and Cd in the isolated nanoparticles

EDXS analyses (Fig. 2d) reveals the presence of As and Cd in the
isolated fraction containing HgSe NPs. Considering this result, both el-
ements were monitored by spICP-MS in different tissues of giant petrels
(liver, kidneys, muscle and brain). Pulses above the background signal
were only detected for Cd in liver and muscle samples (Fig. 3a and b,
respectively). However, since the number of events were not enough for
being statistically significant, further conclusion about the exact
composition or calculations of size distribution or particle concentration
could not be drawn. The occurrence of As and Cd in the isolated HgSe
NPs fraction is consistent with the recent report of Hg NPs principally
complexed with Se and S, but also with Ag, Cd, and Pb in cetaceans [12].
In liver and muscles a of these marine mammals, Ag, Cd, and Pb were
found combined to Hg NPs at both small (5-40 nm) and large size (>100
nm) [12].

The simultaneous Cd and Se exposure of nematodes (Caenorhabditis
elegans) leads to the formation CdSe/CdS nanoparticles, which were
continuously excreted from the body, benefitting survival [56]. The
studies of Cd-containing NPs in marine animals is still scarce. The
occurrence of Cd-containing granules in kidneys from white
side-dolphins (Lagenorhyncus acutus) has been reported as a potential
detoxification mechanism [57]. Meanwhile, in pilot whales, Cd accu-
mulates linearly in liver, exhibiting a positive correlation with Se. Such
correlation has been attributed by the authors of the study to possible
similarities in the metabolic pathways of these elements. The formation
of Cd/Se complexes has been related with Cd detoxification processes
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[56,58]. However, the mechanisms of formation of such complexes re-
mains unknown. Regarding As, after the co-administration of As, Hg and
Se, As-Se and Hg-Se compounds was found formed in the bloodstream
of rabbits [59].

To our knowledge, the present study is the first to report the possible
occurrence of Cd particles and As particles associated with HgSe NPs in
seabirds. This finding supports the hypothesis that the formation of
micro-or nanoparticles is a detoxification mechanism not exclusive of
Hg. The occurrence of As and Cd in this specific fraction should be
considered a preliminary results due to the reduced number of in-
dividuals investigated and claim for the characterization in larger set of
samples. The understanding of these (detoxification) mechanisms claims
for the development of new analytical strategies and the combination of
microscope images [12,23,34,35] and stable isotopic analyses [43] in a
larger set of animals and tissues.

4. Conclusions

In summary, the present work demonstrates the successful applica-
tion of both enzymatic probe sonication and formic acid on HgSe
isolation from animal samples. The ultrasonic assistance of the classical
enzymatic procedure was for the first time applied on HgSe NPs isola-
tion, leading to a time reduction from 12 h to 2 min. On the other hand,
the formic acid extraction proposed presents several advantages in
comparison to the most conventional (enzymatic) treatments. The use of
this organic acid guarantees a simple, cost-effective and green procedure
for HgSe NPs extraction from biological samples and open new per-
spectives for its application to other metallic NPs. Indeed, the combi-
nation of formic acid sample treatment methodology with spICP-MS and
TEM measurements allowed us to identify the possible occurrence of Cd
particles and As particles associated with HgSe NPs in seabirds.
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