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Seaweed have a great capacity to accumulate heavy metals in their tissues. The chemical characterization of sea-
weed is important due to their use in environmental monitoring and human or animal food. The aim of the pres-
ent study was to evaluate the multi-elemental composition of seaweed from San Jorge Gulf (Patagonia,
Argentina) by Total Reflection X-ray Fluorescence (TXRF). The elements As, Br, Cu, Cr, Fe, Mn, Ni, Pb, Rb, Sr, V
and Zn were seasonally analyzed and quantified in blades of Macrocystis pyrifera. TXRF showed to be a suitable
Keywords: technique for simultaneous multi-element analysis in this kind of samples. The results revealed seasonal varia-
TXRF tions in the chemical content for some elements; arsenic content was maximum in summer and autumn, iron

Seaweed concentration increased to the winter and zinc concentration was maximum in autumn. The sum of principal
Multi-element analysis micronutrients (Fe + Zn + Mn + Cu) varied between 114 and 171 mg k™~ g dw. The total As concentration
Arsenic ranged between 36 and 66 mg kg~ . Lead, nickel and copper were not detected.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Seaweed are a commercially important, renewable marine resource
[1]. The use of macro algae has traditionally focused on the extraction of
chemicals components used by pharmaceutical, cosmetics and food in-
dustries (production of agar, alginates, carrageenan, etc.). In recent de-
cades, there has been an increase in direct consumption of seaweed in
human food (as vegetables and condiments), given their high nutritional
value and therapeutic benefits that they provide [2,3]. Interestingly, the
demand for algae is also increasing due to its introduction in different
areas such as natural fertilization, bioremediation, aquaculture foods and
farmer animals, and more recently biofuels and biofilter applications [4,5].

Algae (in particular brown macro algae) are recognized to accumu-
late metals and metalloids up to levels many times larger than those
found in the environment [6,7]. Arsenic occurrence, principally in the
form of inorganic arsenic species, is especially important from both an
environmental and health standpoint. Farias et al. [8] analyzed
macroalgae species from the Antarctic, and they reported that total
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arsenic concentration was higher in brown than in red macroalgae.
Diaz et al. [9] found that the arsenic present in brown algae was primar-
ily as organic arsenic. Studies on heavy metals presence in seaweed
used for compost or food reported that toxic elements could represent
a risk [10]. Despite their importance, there are few studies on heavy
metals in commercially available seaweed [11-15]. Many works have
reported the mineral content and chemical composition of brown
algae like Fucus sp., Laminaria sp. and Undaria pinnatifida (wakame),
among others [11-13]. However, available information on Macrocystis
pyrifera is limited [9,16-19].

M. pyrifera or giant kelp is a perennial brown macro alga native of Pat-
agonia, Argentina. It is characterized to form dense ‘forests’, which are the
base of many coastal food webs. Primarily, the commercial interest in M.
pyrifera was related to the production of alginates. Currently, its demand
has increased due to the introduction of new uses such as production of
bioenergy and animal food, among others [20-22]. In this context, the
ability of M. pyrifera to remove heavy metals was evaluated [23-25].

There are a variety of techniques and procedures to identify and
quantify chemicals such as heavy metals or metalloids, with high
sensitivity in algae even in trace amounts. Among them, TXRF analysis
is a powerful technique for the elemental analysis of a wide variety of
biological and environmental samples [26,27], as summarized in the
recently published international Technical Specification ISO/TS
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18507:2015 [28]. TXRF presents numerous advantages: it is fast, it uses a
small amount of sample, it provides multi-elemental identification in a
wide range of concentrations with good precision and accuracy, it does
not generate residues and the equipment does not use gases or liquid ni-
trogen for detection, so the cost of the analysis of samples is low [29]. The
last point is especially important when a large number of samples are an-
alyzed. Although a variety of sample types were reported to be analyzed
by TXRF, even fresh water algae [30,31], few studies have been performed
on marine systems [32] and there are few papers on seaweed [27].

The aim of this research was to evaluate the use of the Total Reflection
X-ray Fluorescence spectrometry (TXRF) for seasonal multi-element anal-
ysis of a brown alga, M. pyrifera from central San Jorge Gulf (Patagonia).

2. Materials and methods
2.1. Equipment

TXRF analysis of samples was performed using a benchtop TXRF
equipment (S2 PICOFOX, Bruker, AXS Microanalysis GmbH, Berlin, Ger-
many). The spectrometer consisted of an air-cooled micro focus X-ray
Mo tube, a Peltier-cooled, high-resolution XFlash® detector (SDD) and
multilayer X-ray optics for beam focusing and monochromatization.
The excitation condition was 50 kV and 750 pA. The acquisition time
for each spectrum was 300 s. Deconvolution of the spectrum and quan-
tification were performed with Spectra version 7.5.3.0. Software. An
MLS-1200 (Milestone, Sorisole, Italy) MW apparatus equipped with
ten Teflon vessels was used to acid digestion samples.

2.2. Reagents

Commercially available 1000 mg L~ ! Cobalt standard solution
(Merck) was used for the preparation of the internal standard solution.
Analytical reagent nitric acid (Anedra, 65%) was employed after addi-
tional purification by sub-boiling distillation in a quartz still. The ultra-
pure H,0, (Merck) used was analytical reagent grade. The standard
arsenic solution (1000 mg L™') used in validation method was
Chemlab. Finally, ultrapure water (18.6 Q1) was required.

2.3. Sampling area

Seasonal sampling was carried out in the subtidal kelp beds in the
area of Punta Marques (45°56’ S, 67°32’ W Rada Tilly, San Jorge Gulf, Ar-
gentina) during 2014. The four seasons were monitored, summer (Feb-
ruary); autumn (April); winter (July) and spring (November). In the
South Atlantic, M. pyrifera is distributed along the Patagonian coast,
from Valdés Peninsula (42°S) to the sub Antarctic Island (60°S); warm
summer temperatures may shape the northern limit of its distribution.

2.4. Sample preparation and analytical determinations

Samples consisted in abundant blades of randomly selected individ-
uals of M. pyrifera. Each specimen was extracted from the water (but
never removed) and some blades were taken, then seaweed were im-
mediately returned to the sea. The blades were picked up from the shal-
low subtidal area during low tide. After harvest, samples were carefully
washed with seawater and then with distilled water to eliminate other
attached algae, sediment, organic residues, macrofauna and epibionts.
Later, samples were transported to the laboratory at 4 °C, dried in airy
atmosphere to constant dry weight and stored in vacuum in polyethyl-
ene bags until analysis. Finally, the material was ground to a fine and ho-
mogeneous powder and six subsamples were randomly taken. The
subsamples were digested using micro wave-assisted acid digestion
(MW) in duplicate. In each series, a blank was also prepared and sub-
jected to the same MW procedure as the samples. The total sample
number analyzed was 70. Approximately 0.5 g portion of dried algae
sample was transferred into Teflon vessels and 3 mL of distilled

Table 1
MW digestion procedure used to mineralize algae samples.

Sample amount 05¢g
Reagents 3 mLHNO; + 1 mL H,0,
(Cycle)

Final volume 10 mL

MW cycle
applied power (W)

250
0

250
400
650
400

Time (min)

v ==

concentrated HNOs and 1 mL of ultrapure H,O, were added. This mix-
ture was subjected to the cycle of MW treatment. The operating condi-
tions for the MW digestion algae are shown in Table 1. Vessels were
allowed to cool and a completely clear and homogeneous solution was
obtained. Then, the solutions were transferred into a 10 mL flask and
brought to final volume with Milli-Q water. One milliliter of each diluted
sample was transferred to an eppendorf; then, 10 pL of cobalt solution
(100 mg L~ ') was added as internal standard and mixed homogeneous-
ly. Later, 10 pL of solution was deposited on a reflecting surface and
dried using infrared lamp. The quartz surface with the sample was final-
ly placed at equipment for analysis. The elements determined were As,
Br, Cu, Cr, Fe, Mn, Ni, Pb, Rb, Sr, V and Zn.

2.5. Arsenic validation procedure

Arsenic element was selected because of its importance from the en-
vironment and health standpoint. Linearity, accuracy, precision and the
others parameters were evaluated during validation. Selectivity is not
an evaluation parameter of this method. The X-ray fluorescence tech-
nique involves a characteristic signal for each element linked to an in-
ternal electron transition of the atom. An elemental free response of
interferences of other matrix analytes is obtained. The combination of
instrumental parameters of measurement guarantees the selectivity
and specificity of the method.

A standard certified arsenic solution (1000 mg L™ !, Merck) was used
for the validation procedure. A calibration curve was performed, and then
the linearity range was obtained. For the determination of the other pa-
rameters, arsenic solutions of 0.1 mg L™ or 0.02 mg L™ were used.

3. Results and discussion
3.1. Quality control of TXRF analyses

3.1.1. Reference material

The level of accuracy was monitored by adding one sample of vege-
table Standard Reference Material, Ulva lactuca, (seaweed, BCR 279) or
Citrus leaves (plant, 1572 NIST) to each digestion series. These materials
were digested using the same protocol employed for samples and were
measured under the same conditions. The results agree with the values
reported for certificated material and are summarized in Tables 2 and 3.

Table 2
Analysis of Standard Reference Material (BCR 279) previous digestion by TXRF. Seven
samples were analyzed. Values are expressed as mean = SD.

Element Concentration (mg kg~ ")

Certified Found
As 3.09 £+ 0.20 3.24 £+ 0.10
Cu 13.14 4+ 037 11.56 4+ 0.25
Pb 1348 4+ 0.36 13.31 + 0.17
Zn 513+ 1.2 456 + 2.3
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Table 3
Analysis of Standard Reference Material Citrus leaves (1572 NIST) previous digestion by
TXRF. Seven samples were analyzed. Values are expressed as mean 4 SD.

Element Concentration (mg kg~ ')
Certified Found

As 1.8 + 0.26 22403
Cu 95+ 1 103 + 1.2
Fe 530 + 59 526 + 32.7
Mn 82+ 4 833 + 6.9
Pb 135 +£ 04 133 £ 0.2
Zn 107 £ 85 106 + 8

3.1.2. Validation

The analytical validation for arsenic by TXRF was performed. The re-
sults are shown in Table 4. This procedure confirmed that the technique
is suitable to quantify arsenic in an aqueous medium, showing very low
levels of detection and quantification.

3.2. Multi-elemental analysis

The mineral composition of algae varies according to phylum (spe-
cies), maturity as well as various other factors (e.g. seasonal, inter-annu-
al, wave exposure, environmental, geographical location and
physiological variations) [11-13]. The results from San Jorge Gulf are
shown in Table 5.

Among the elements analyzed in this work, strontium content was
highest. The maximum value was observed in winter (1083 mgkg ™! dw)
and the minimum in autumn and spring showing similar concentra-
tions (Table 5). High Sr concentrations in brown macro algae are related
to the cell wall polysaccharide alginate (which constitutes about 10-
40% of brown algae dry weight); in particular, it has been suggested
that the main accumulation mechanism for Sr in brown seaweed is an
ion exchange between seawater and alginate in the cell wall [33]. The
rubidium content showed no seasonal variation; its concentration

Table 4

Some parameters evaluated during validation process.
Parameter Result
Linear range?®
0.1-100 mg L™!
Accuracy (bias)” 1.9%
Precision (RSD)“ 5.9%
Level of detection (LD)¢ 1.53 pg L!
Level of quantification (LQ)® 509 pg L1

2 Calibration curve, R? > 0.996.

b Calculated for a reference arsenic solution 0.100 mg L~! (n = 10). We found
an average value 0.102 mg L~ with standard deviation (SD) 0.006 mg L~ " and a
bias of 1.9%. Accuracy > 95% according to the Student's t-test (t = 0.61).

¢ Calculated for a reference arsenic solution 0.100 mg L™ ' (n = 10).

RSD = relative standard deviation.

4" Calculated for a reference arsenic solution 0.02 mg L~ ! (n = 10). This value
represents, for this work, a LD 0.04 mg kg~ dry weight (dw).

¢ Calculated for a reference arsenic solution 0.02 mg L~ ! (n = 10). This value
represents, for this work, a LQ 0.12 mg kg~ ' dry weight (dw).

Table 5

Chemical seasonal variation for M. pyrifera. Results are expressed in mg kg~ ! dry weight (dw)?. Detection limit: Cu (<0.16 mg kg '), Ni (<0.9 mg kg ~!),Pb (<0.9 mgkg ') and Cr (<0.8 mgkg ",

except in spring).

varied in a small range (20 and 28 mg kg~ '). Rubidium level depends
on chemical characteristics of the coastal zone rocks and it is rarely stud-
ied. Kravtsova et al. [34] evaluated Rb content in brown alga Cystoseira
and reported values slightly lower than the values found in this study.

Marine algae produce a cocktail of halogenated metabolites with po-
tential commercial value, reflecting the availability of these ions in sea-
water. Interestingly, bromide is the most frequently used by algae for
organohalogen compounds production, although chlorine occurs in
higher concentrations than bromine in seawater [35]. Bromine concen-
tration ranged between 50 and 100 mg kg~ ! dw in summer and winter,
respectively. M. pyrifera presented appreciable amounts of Fe, Mn and
Zn, which are the most important micronutrients for humans. Iron
was the most abundant micronutrient except in autumn where the con-
centration was similar to Zn. The Fe content ranged between 50 and
160 mg kg~ ! dw for autumn and winter, respectively. Regarding zinc,
seasonal variation was less obvious, due to the enormous variability ob-
served among the samples analyzed (see standard deviations). The
large individual variation observed can be explained because we did
not perform blades analysis considering age or maturity. McKee et al.
[36] divided blades of M. pyrifera into age categories considering differ-
ent lengths (blade classes: young, mature and old), and they reported
that younger blades had higher alginate content than older blades,
confirming intra-plant variation. Metals adsorption capacity of algae is
directly related to the presence of the alginate polymer [7]. Based on
this, we should have unified the samples for each season (place all
blades collected in the same season together) and then perform the
analysis. Thus, we would have reduced the observed intra-season vari-
ability. Manganese was found in amounts two orders of magnitude
lower than Fe, showing no seasonal variation. The sum of principal
micronutrients (Fe + Zn + Mn + Cu) was between 114and 171 mgk -
g dw and was similar to the values reported by Rupérez [12] for brown
seaweed (134.1 mg k™' g dw for Fucus sp., 101.7 mg k= ! g dw for Lam-
inaria sp. and 50.6 mg k' g dw for Undaria sp.).

Seaweed exhibit a high affinity for heavy metals, particularly the
brown ones. The capacity of algae to accumulate metals is strongly de-
pendent on a variety of factors, namely metal bioavailability in the sur-
rounding water (that vary with temperature, pH, light and nutrient
concentration) and the uptake capacity of the algae [37]. Vanadium
and chromium are biochemically related to glucose and lipid metabo-
lisms. Vanadium content was low, the maximum concentration was ob-
served in winter (5 mg kg~ ! dw). These results are consistent with
those found in other algae of Patagonia [38]. Chromium was detected
only in spring (2 mg kg~ ! dw). Copper and nickel were below the de-
tection limit (0.16 mg kg~ ! and 0.9 mg kg~ ' respectively), which is
consistent with that observed by Rupérez [12] and Kolb et al. [39] for
brown algae. In a work about Porphyra columbina and Ulva spp. (red
and green macro algae, respectively) performed by Pérez [38] in Patago-
nia, Cu and Ni content was always below detection limit except in
summer.

Toxic elements like lead and arsenic are dangerous for humans even
at low levels. Their presence in marine products with commercial po-
tential must be studied. Fortunately, lead content was always below
the detection limit (0.1 mg kg~ !). However, the total arsenic concentra-
tion ranged between 36 and 66 mg kg~ dw. The values found in this

1

As Br Fe Mn Rb Sr \Y Zn
Summer 66 + 2 50 + 10 80 + 10 6 +1 23 £ 0.1 840 + 50 341 20 + 10
Autumn 64 + 7 60 + 2 50 + 20 5+1 28 +1 680 + 50 341 60 + 40
Winter 36 +£1 100 + 20 160 4+ 50 6+1 25 4+ 03 1083 + 140 5+1 10+ 4
Spring 48 + 4 50 + 30 90 + 60 441 20 + 03 690 + 50 <DL 20 + 10
Detection limit (DL) 0.1 1.20 13 0.5 0.8 8.0 1 13

The underlined data in the table correspond to the maximum value.
2 6 subsamples were analyzed for each season. Values are expressed as mean + SD.
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study were similar to the ones reported by Diaz et al. [9] (68 mg kg™ 1)
for M. pyrifera in the Pacific Coast (Punta Arenas, Chile). Seafood usually
has significant concentrations of arsenic. High levels of As accumulation
in brown seaweeds have been related to high phosphate concentra-
tions, then seaweed take up and bio accumulate arsenate from seawater
as a phosphorus analogue [33]. The total amount of As ingested by
humans in coast areas depends greatly on the amount of seafood includ-
ed in their diet (and also, as in non-coastal areas, on the water they con-
sume). Seaweed are a primary accumulator of arsenic in the marine
environment, playing an important role in its cycle and in the food
chain. Nevertheless, total As content in food has no toxicological value.
The organic and inorganic arsenic species differ widely in their toxicity;
inorganic forms are in general more toxic than organic ones. Although,
the total As concentration is higher in brown algae than in red or
green algae; Diaz et al. [9] reported that the percentage of inorganic ar-
senic with respect to total As was, in general, higher for red and green
algae. In particular, for M. pyrifera from Punta Arenas (Chile), they
found that only 2.5% of the total As was inorganic [9]. Therefore, it is ad-
visable to measure not only the total As concentration but also inorganic
arsenic content. There is little legislation on seaweed and harmful
metals. France has regulations on the use of seaweed for human con-
sumption and the limit imposed for inorganic arsenic is 3 mg kg~ .
The Australian new Zealand Food Standard Code accepts a maximum
level of 1 mg kg™ ! inorganic arsenic in seaweed. In that sense, we con-
sider that further comparative studies in arsenic speciation are needed
to verify the real toxicity due to presence of inorganic arsenic in differ-
ent macroalgae species. In Argentina, there is no specific regulation for
algae. Anyway, all the samples of M. pyrifera from San Jorge Gulf ana-
lyzed exceeded the maximum value of arsenic allowed in solid food
products by Argentine Food Code (1 mg kg™ ') [40].

Regarding seasonality, our results suggest that element concentra-
tions in M. pyrifera are higher in winter. This could be associated with
higher water temperature and solar irradiance during the summer,
which favor the growth rate and produce a dilution effect, in agreement
with Malea et al. [41].

Macrocystis production in Argentina still needs more basic and ap-
plied research. The complete nutritional properties of M. pyrifera are
not well known. TXRF is a suitable technique for multi-elemental con-
tent determination in seaweed and such analyses contribute to the
knowledge of these algae for a better use and seasonal exploitation.

4. Conclusions

A seasonal study of mineral content of M. pyrifera of San Jorge Gulf
was performed. The Total Reflection X-ray Fluorescence is an increas-
ingly used multi-element analytical technique and, based on the results
presented in this work, an adequate method to determine the elemental
composition in previously digested macro algae samples. Although
others techniques show very low detection limits for some analytes,
those of interest for this work could be quantified with acceptable limits
of detection by TXRF, avoiding the use of a more sophisticated and ex-
pensive technique. Arsenic content could be quantified with very a
low limit of detection as shown in the validation test.

The results of this paper contribute to the recently published Techni-
cal Specification ISO/TS 18507:2015, Surface chemical analysis Use of
Total Reflection X-ray Fluorescence Spectroscopy in biological and envi-
ronmental analysis, providing new evidence that confirms the wide va-
riety of biological applications of the technique.
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