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Abstract The seagrass Posidonia oceanica from the
Mediterranean coast and the brown algae Durvillaca
antarctica and Lessonia nigrescens from the Chilean coast
were analysed for total arsenic and for arsenic species.
Arsenic species were extracted with water and measured by
high-performance liquid chromatography—inductive cou-
pled plasma mass spectrometry. Arsenite, arsenate, methyl-
arsonate, dimethylarsinate, sulfonate sugar, sulphate sugar
and phosphate sugar were analysed with an anion exchange
column. Arsenobetaine, arsenocholine and glycerol sugar
were separated with a cation exchange column. An extract
of Fucus serratus was used to assign the arsenosugar peaks
in the chromatograms from the sample extracts. In addition
to the four common arsenosugars found in algae, inorganic
arsenic was also measured in some samples, with the
highest content found in L. nigrescens. The certified
reference material (CRM) NIES no. 9 Sargassum fullvellum
was analysed for quality assessment of total arsenic, and
moreover, arsenosugars were also determined in this CRM.
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Introduction

It is widely known that the toxic effects of arsenic depend
on the chemical form of its compounds occurring in living
organisms (Craig et al. 2003). This has led to growing
interest in the identification and quantification of arsenic
compounds in materials related to human and animal food,
among them algae and seagrasses. In these organisms,
arsenic can be taken up, bio-accumulated and bio-
transformed. Therefore, arsenic concentrations are often
much higher (up to four or five orders of magnitude) in
such organisms than in their surrounding environment
(Edmonds and Francesconi 2003; Robinson et al. 2006).
Most of this arsenic occurs as organic forms, which depend
on the species of algae, the geographical location and
seasonal variations (Lai et al. 1998). The mechanisms that
control the transformation of inorganic arsenic into organic
forms are not fully understood, although several hypotheses
have been proposed (Geiszinger et al. 2001; Dembitsky and
Rezanka 2003; Edmonds and Francesconi 2003). Arsen-
osugars, (dimethylarsinoylribosides or trimethylarsinoylri-
bosides) are reported to be the most abundant compounds
in seagrasses and algae (Edmonds and Francesconi 1981).
The structures of the four most reported arsenosugars found
in algae are presented in Fig. 1, together with their
commonly used names. Arsenosugars are considered much
less toxic than the inorganic forms of arsenic, although their
toxicity has not been well assessed. Several studies based
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Fig. 1 Structures of the four (ﬂ
most common arsenosu,
¢ gars HLC —As
found in algae |
CH,

OH OH

on the presence of arsenic metabolites in humans and in
some animals point to indirect toxicity resulting from the
ingestion of algae containing arsenosugars (Andrewes et al.
2004; Francesconi et al. 2002; Hansen et al. 2003). In many
countries, algae form part of the human diet, either through
direct ingestion or as a food supplement, owing to their
high contents of iodine, minerals and vitamins. Therefore,
we need to quantify the potentially toxic arsenic forms. To
do this, analytical speciation data are essential.

The present study reports, for the first time, data on arsenic
speciation in three marine organisms: Posidonia oceanica
(L.) Delile, a marine flowering plant that is widespread in
Mediterranean coastal waters, and two brown algae that are
abundant on the Chilean coast, named Lessonia nigrescens
Bori and Durvillaea antarctica (Chamisso) Hariot.

To carry out the study, water has been used as extracting
reagent, and high-performance liquid chromatography—
inductively coupled plasma mass spectrometry (HPLC-
ICPMS), using both anionic and cationic chromatographic
systems, has been used for quantifying the arsenic species
found. An extract from Fucus serratus is used for the
identification of arsenosugars (Madsen et al. 2000). The
NIES CRM 9 Sargassum fullvellum reference material,
certified for total arsenic, is analysed to assess the quality of
data, and moreover, the detection and quantification of
arsenosugars in this certified reference material (CRM) is
carried out for the first time.

The selected organisms to carry out the present study can
be considered of great interest as P oceanica is a well-
recognised bioindicator of seawater pollution (Gosselin et al.
2006; Lafabrie et al. 2007). The two algae were selected
since L. nigrescens and, especially, D. antarctica are healthy
and nutritious edible seaweeds for humans and animals
(Ortiz et al. 2006) and are also used as a natural alginate
source (Skjermo et al. 2006; Vasquez 2008). It is reported
that L. nigrescens has high sorption capacity of arsenic from
the surrounding aquatic media, as is shown in samples
collected in the Valparaiso Bay, Chile (Hansen et al. 20006).
In the present paper, we observed this absorption capacity in
samples collected in the same zone, and at the same time, we
can compare this capacity with the lower sorption capacity
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observed in D. antarctica since both species share their
habitat in some zones in the Chilean coast and show
competitive interactions (Westermeier et al. 1994).

Materials and methods
Standards and reagents

All solutions were prepared with doubly deionised water
(182 MQ cm ' resistivity). Sixty-nine per cent nitric acid
(Panreac, Hiperpur), 98% formic acid (Panreac, p.a.), ammo-
nium dihydrogen phosphate (Panreac, p.a.) and 25% aqueous
ammonia solution (Panreac, p.a.), pyridine (Scharlau, p.a.),
31% hydrogen peroxide (Merck, Selectipur) were used. Stock
standard solutions (1,000 mg L") were prepared as follows:
arsenite, from As,O; (NIST Oxidimetric Primary Standard
83d, 99.99%) dissolved in 4 g L' NaOH (Merck, Suprapure);
arsenate, from Na,HAsO47H,O (Carlo Erba) dissolved in
water; methylarsonate (MA), prepared from (CH;)AsO
(ONa),-6H,0 (Carlo Erba) dissolved in water; dimethylarsinate
(DMA), prepared from (CHs),AsNaO,-3H,O (Fluka) dis-
solved in water. Arsenocholine (AC) from (CHs;);As (CH,)
CH,OHBr was supplied by the “Service Central d’Analyse”
(CNRS Vernaison, France).

All the stock solutions were kept at 4°C, and further
diluted solutions for the analysis were prepared daily.
Arsenate, DMA, MA and AC were standardised against
As,O3 (NIST Oxidimetric Primary Standard 83d) for our
internal quality control.

The following CRM was used for quality control:
arsenobetaine (AB), BCR CRM 626, standard solution
(1,031+6 mg AB per litre). Arsenic standard solution from
High-Purity Standards and with a certified concentration of
1,000+£2 mg As per litre was used to determine total arsenic
content with ICPMS.

NIES CRM 09 Sargasso (S. fullvellum) seaweed was from
the National Institute for Environmental Studies with a
certified total arsenic content of 115+9.2 mg As per kilogram.

An aliquot of the extract of F. serratus containing the
four most common arsenosugars (phosphate, sulphate,
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sulfonate and glycerol sugars) was used to assign the
arsenosugar peaks in the chromatograms from the sample
extracts and from the NIES CRM 9 extracts.

Instrumentation

A microwave digestion system, Milestone Ethos Touch
Control, with a microwave power of 1,000 W and temperature
control was used for digestion. An Agilent 7500ce ICPMS
with a micro-flow nebuliser (Agilent, Germany) was used to
measure total arsenic content.

Arsenic species were measured in aqueous sample
extracts by HPLC-ICPMS. A Perkin Elmer 250 LC binary
pump, equipped with a Rheodyne 7125 injector with a 50-
pL loop, was used. The analytical columns Hamilton PRP-
X100 (250 x 4.1 mm, 10 wm, Hamilton, USA) and
Zorbax-SCX300 (150 x 4.6 mm, 5 um, Agilent) were
protected by guard columns filled with the corresponding
stationary phases. The outlet of the HPLC column was
connected via PTFE capillary tubing to a T-shape to which
1% nitric acid was added to dilute the mobile phase, and
the outlet of the T-shape was connected to the nebuliser
(cross-flow type) of the ICPMS system (Agilent 7500ce),
which was the arsenic-selective detector. The ion intensity
at m/z 75 (’As) was monitored using time-resolved
analysis software. Additionally, the ion intensities at m/z
77 (*°Ar’’Cl and "’Se) were monitored to detect possible
argon chloride (*°Ar*°Cl) interference at m/z 75. The
chromatograms were exported, and the peak areas were
calculated using homemade software running Matlab.
Table 1 summarises the instrumental and experimental
analytical conditions used in the study.

Sampling and sample pretreatment
P. oceanica

Approximately 5 kg of the fresh seagrass was collected in
May 2006 from the Mediterranean coastline, close to

Vandellos (Tarragona, Spain). The seagrass was carefully
washed with double deionised water.

D. antarctica from Valparaiso Bay was acquired in a
local market, and composite samples were obtained from
several commercial units supplied by Dr. H.A. Hansen from
the Federico Santamaria University in Valparaiso (Chile).

L. nigrescens

Approximately 10 kg of the fresh alga was collected in the
Valparaiso Bay (Acapulco Beach) and washed with
deionised water. After drying and homogenising, subsam-
ples were also supplied by Dr. H.A. Hansen.

All subsamples selected for subsequent analysis were
dried at 40°C for 24 h and ground to a fine powder in a
tungsten carbide disc mill.

Procedures
Moisture determination

The moisture of all the samples was determined in duplicate
by oven drying 0.5 g aliquots at 100£5°C to constant
weight. Moisture ranged from 10% to 17%. All the results
in the present study refer to dry mass.

Total arsenic analysis

For the digestion, 0.2 g aliquots of the dried samples and the
CRM (Sargassum fulvellum) were weighed to 0.1 mg in the
digestion vessels, and 8 mL of concentrated nitric acid and
2 mL of hydrogen peroxide were added. Mixtures were
digested according to the following programme: 10 min from
room temperature to 90°C, maintained for 5 min at 90°C,
10 min from 90°C to 120°C, 10 min from 120°C to 190°C
and 10 min maintained at 190°C. After cooling to room
temperature, the digested samples were filtered through ash-
free filter papers (Whatman 40) and diluted in water up to
20 mL. Total arsenic both in the digested algae and in the

Table 1 Chromatographic conditions used for the separation of arsenic species

Anion exchange

Cation exchange

Column

Mobile phase 20 mM NH4H,PO,4

pH 6 (adjusted with aqueous ammonia)
Injection volume (pnL) 50

Column temperature Room temp.

Flow rate (mL min ") 1.5

Arsenic species
SO4-sug

PRP-X100(250 x 4.1 mm), 10 pm (Hamilton, USA)

As(1lT), As(V), DMA, MA, POy4-sug, SO5-sug,

Zorbax 300-SCX (150 x 4.1 mm), 5 pm (Agilent,
Germany)

20 mM pyridine

2.6 (adjusted with formic acid)
50

Room temp.

1.5

AB, AC, Gly-sug
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in the algae) ranged from 47% to 99%, with the lowest
percentage corresponding to the seagrass P. oceanica. One
of the most important parameters in analytical speciation
using coupled techniques is the assessment of recovery of
the arsenic compounds. Mass balance calculations have to
be performed in terms of the so-called column recoveries,
which are calculated from the ratios between the sum of the
species eluted from the chromatographic column and the
total arsenic in the extract. In the present study, the values
obtained for column recovery ranged from 84% to 105%.
Thus, these high percentages give confidence in the good
performance of the chromatographic system applied.

We used F. serratus in which several arsenosugars are
well identified to assess accuracy in arsenosugar identifi-
cation in all the sample extracts by following the described
procedure. The results obtained are shown in Table 2
together with those reported by Madsen et al. (2000). As
examples, the chromatograms obtained from anion and
cation exchange chromatography from F. serratus extract
are shown in Fig. 2. It shows the presence of phosphate,
sulfonate and sulphate sugar in the anion exchange
chromatogram and glycerol sugar in the cation exchange
chromatogram.

In the analysis of the CRM NIES 9, S. fullvellum, most
of the arsenic was also present as inorganic species (80%).
Moreover, the four arsenosugars (sulfonate sugar, sulphate
sugar, phosphate sugar and glycerol sugar) were also
detected and quantified.

With respect to the arsenic compounds in P. oceanica,
although the total arsenic content was very low, the major
species found were arsenite and arsenate. It must be
stressed that AB was also detected in this sample,
accounting for 6% of the extracted arsenic.

The main species found in D. antarctica were the
sulfonate sugar and glycerol sugar. These accounted for
more than 90% of the arsenic extracted, and the percentage
of inorganic arsenic was low. As some examples, chromato-
grams of P. oceanica and D. antarctica extracts with both
anion and cation exchange chromatography are shown in
Fig. 3. They reveal the presence of AB in the cation
exchange chromatogram of P. oceanica extract and the
major contribution of sulfonate sugar in the anion exchange
chromatogram of D. antarctica.

In L. nigrescens, only the inorganic species arsenite and
arsenate were found, with a higher proportion of the former
(85%).

Discussion

Lessonia nigrescens showed the highest total arsenic
content, exceeding the few values reported in the literature
for this species, such as the range 38.5-53.51 mg kg ',
according to local and temporal variability (Vasquez and
Guerra 1996) or 80+14 mg kg ' (Hansen et al. 2006). D.
antarctica showed much lower levels of arsenic, and this is

Fig. 2 Chromatograms of the 25000
F. serratus extract from anion
exchange with the PRP-X100
column (a) and cation exchange
with the Zorbax SCX300
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Fig. 3 Chromatograms of P. oceanica (POS) and D. antarctica (DURV) from anion exchange with the PRP-X100 column (a) and cation
exchange with the Zorbax-SCX300 column (b)

in agreement with other reported values found in the 9 S. fullvellum reference material, certified for total arsenic,
literature for the same species: Almela et al. (2000) reported  is also analysed in terms of arsenic speciation, and the
15.2mg kg ' and Runcie and Riddle (2004) 32+8 mg kg ' . detection and quantification of arsenosugars in this CRM is
The lowest level of arsenic in the present study was detected  investigated for the first time. Thus, the information
in the seagrass P. oceanica, which is also consistent with the ~ obtained in the present study contributes to enlarge the
values reported in the literature, such as 5 mg kg™ ' (Grauby ~ knowledge on the arsenic compounds occurring in this
etal. 1991) or the range 1421 mg kg ' reported by Gosselin ~ material.
et al. (2006) for this seagrass collected in the west With respect to the presence of arsenic compounds
Mediterranean zone. found in the samples analysed, the following aspects
With respect to the experimental conditions for analyt-  can be highlighted. From the studies reported in the
ical speciation, we choose water as extractant since it is  literature, no arsenic speciation studies have been carried
recommended for the more polar or ionic arsenic species in ~ out on P. oceanica, D. antarctica and L. nigrescens. It is
algae. With respect to the wide range of extraction  interesting, however, to compare the results with some others
efficiency of the arsenic species found, the values reported  reported in the literature on arsenic speciation in some
in the literature also cover wide ranges of percentages since  seagrasses or algae of different species but belonging to the
this parameter, even using the same extractant, is highly = same genus. Thus, if we compare the results obtained for
dependent on the algae species (Shibata et al. 1990; Van P oceanica with those reported for Posidonia australis
Hulle et al. 2002); for example, 13.3-64.1% in algae from  (Thomson et al. 2007), low levels of total arsenic are found
several geographical zones (Nischwitz and Pergantis 2005),  in both species, and the presence of inorganic arsenic and
9.3-91.2% in algae from Hiroshima Bay (Hirata and  some arsenosugars are in common. Also, the AB is detected
Toshimitsu 2007) or 20.7-97% in algae from the Adriatic  in both, and we agree with the authors in the hypothesis that
Sea (Slejkovec et al. 2006) have been reported. this compound could be attributed to the epiphytes, which
Regarding quality control in the analyses, we would  are difficult to remove from the sample with the usual
emphasise the following: with the aim of checking the  washing procedures (Slejkovec et al. 2006). This hypothesis
proper quantification of the arsenosugars in all the extracts ~ would agree with others (Grotti et al. 2008; Nischwitz and
throughout the study, we also quantified these compounds  Pergantis 2005). It is reported that in some periods of the
in the extract of F. serratus, currently the only material  year, the leaves of P. oceanica reach the maximum size and
available for quality control purposes, and the results in  certain numbers are still complete and fully covered by
Table 2 show good agreement with those reported by  epiphytes (Dauby and Poulicek 1995). In D. antarctica, the
Madsen et al. (2000). As mentioned before, the NIES CRM  low value of inorganic arsenic is consistent with a study in
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which only total and inorganic arsenic was determined
(Almela et al. 2006). The predominance of sulfonate sugar
would be in agreement with reported data in which this sugar
is predominant in brown algae in general (Francesconi et al.
1998). Regarding this alga, it has to be pointed out that the
information in the literature on another species of the same
genus, Durvillaea potatorum, a Tasmanian Kelp, in which
inorganic arsenic, methylated species and the common four
arsenosugars are also found (Kirby et al. 2004), although in
this species, the total arsenic content is one order of
magnitude higher than the value obtained in the present
study for D. antarctica.

In L. nigrescens, the finding that this alga contains high
levels of inorganic arsenic, which includes the most toxic
arsenic species, makes it necessary to take special care
when it is introduced into the diet.

Although the major arsenic compounds found in most of
the algae studied in recent years are arsenosugars, high
levels of inorganic arsenic species have also been reported
in some algae species (Almela et al. 2006). We think that
the results obtained in the present study contribute to
increase the existing data on the presence of arsenic
compounds in seagrasses and marine algae, especially
those used for human consumption. This is especially
important since nowadays, although it is known that high
amounts of algae are consumed worldwide, a lack of
legislation exists, as for example in the European Union, on
the limits of arsenic and inorganic arsenic in edible
seaweeds, as is claimed in the most recent literature
(Besada et al. 2009)
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