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Introduction

Marine algae are very important components of the Japanese 
diet because they contain quantities of the minerals necessary 
for human health.  In particular, hijiki (Hizikia fusiforme, the 
edible marine brown alga) is one of the most popular food 
substances among marine algae in Japan.  However, it is well 
known that hijiki contains the largest amount of inorganic 
arsenic (As) among marine algae;1,2 it has also been established 
that inorganic As, especially As(III), is much more toxic than 
organoarsenics, although the toxicity of As greatly varies from 
species to species.3–6  Toxic elements such as As in the human 
diet pose an obvious health risk.  The Food and Agriculture 
Organisation/World Health Organisation (FAO/WHO) 
recommends that a provisional tolerable weekly intake (PTWI) 
of inorganic As be not more than 15 μg/kg body weight.7  
Hence, it is important to determine which As species are present 
in foodstuffs along with determination of the total As 
concentration in order to make an implementation of the risk 
assessment and the safety evaluation.  In addition, marine food 
analyses show pollution levels of the marine production system.8  
In particular, the analysis of macroalgae can provide information on 
local pollution conditions, since they grow up at the same location.

The As species in hijiki were identified: about 50% of As is 
As(V) and the other 50% organic compounds, chiefly 
arsenosugars.9  A cancer risk assessment of cooked hijiki was 
undertaken,10 and the intake of inorganic As through hijiki 
consumption was discussed in relation to the PTWI.11,12  A lot of 
studies on As species in marine algae concerned with 
environmental monitoring and food safety have been 

published.13–19  In addition, many techniques for As speciation in 
seafood were reported.20–25  Nowadays, we must develop a 
simple monitoring technique to determine inorganic As in algae, 
since a large amount of samples should be treated at one time to 
estimate various risks posed by ingestion inorganic As (i-As: 
As(III) and As(V)).

In this study, we investigated a simple extraction technique of 
As species for monitoring i-As in algae.  Hijiki was used as a 
sample for development of the extraction conditions for i-As, 
because hijiki contains the largest amount of i-As among algae.  
The proposed technique was applied to 15 hijiki samples.  In 
addition, three more kinds of edible marine algae: kombu 
(Laminaria japonica), wakame (Undaria pinnatifida) and 
tengusa (Gelidium crinale) were analyzed by the proposed 
method.  They were collected at the same location as one of the 
15 hijiki samples.  The As species extracted were determined by 
high performance liquid chromatography–inductively coupled 
plasma mass spectrometry (HPLC-ICP-MS).

Experimental

Apparatus
An ICP-MS (Agilent 7500ce, Agilent, Tokyo, Japan) equipped 

with a micromist nebulizer (100 μL type) and a Scott spray 
chamber (2°C) was used.  The normal operating parameters for 
the ICP-MS were as follows: incident rf power was 1500 W, 
outer Ar gas flow rate 15 L min–1, intermediate Ar gas flow rate 
0.9 L min–1, carrier Ar gas flow rate 0.8 L min–1 and make-up 
Ar gas flow rate 0.4 mL min–1.  The ICP-MS was operated with 
a collision cell, flowing He as collision gas (3 mL min–1) to 
reduce 40Ar35Cl+, which interferes with 75As.  The ion count was 
monitored at m/z = 75.  Arsenic species were separated by 
HPLC (L-6000 pump, Hitachi High Technologies Co. Ltd., 
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Tokyo, Japan) with an automatic sample injector (Nanospece 
SI-2, Shiseido Co. Ltd., Tokyo, Japan) and introduced into 
ICP-MS directly.  A CAPCELL PAK C18 MG column (150 mm × 
i.d. 4.6 mm, Shiseido Ltd., Japan) was used with the mobile 
phase containing 10 mM sodium 1-butanesulfonate/4 mM 
malonic acid/4 mM tetramethylammonium hydroxide/0.05% 
methanol (pH 3.0) at a flow rate of 0.5 mL min–1.  The exit of 
the HPLC column was connected to the nebulizer of the ICP-MS 
with PEEK tubing.

An ultrasonic bath was used to accelerate extraction of As 
species from hijiki samples.  A Mar-X microwave system (CEM, 
Matthews, NC) was used for microwave-assisted extraction, and 
a heating block (Digi PREP, SCP Science Inc., Canada) was 
used for heat-assisted extraction.

An MSL 1200-mega and STRAT D (Milestone MLS, 
Leutkirch, Germany) were used for microwave-assisted 
digestion to decompose the hijiki samples.

Reagents and chemicals
Arsenic species standards.  The Japan Calibration Service 
System (JCSS) arsenic standard solution (ca. 1000 mg L–1 As, 
made from high purity As2O3) was used as the As(III) source 
standard solution (Kanto Chemical Industries Ltd., Tokyo, 
Japan).  As(V) certified reference material (NMIJ CRM 7912-a) 
and dimethylarsinic acid (DMAA) certified reference material 
(NMIJ CRM 7913-a), issued by the National Metrology Institute 
of Japan/National Institute of Advanced Industrial Science and 
Technology (NMIJ/AIST, Ibaraki, Japan), were used as source 
standard solutions.  They are guaranteed to be traceable to SI.  
Other methylated As species standard solutions, namely 
methylarsonic acid (MMAA), trimethylarsine oxide (TMAO), 
tetramethylarsonium iodide (TeMA), arsenobetaine (AsB), and 
arsenocholine bromide (AsC), were prepared from commercially 
available reagents (Tri-Chemical, Yamanashi, Japan) after their 
purities had been evaluated.  Each of them was dissolved in 
water to prepare the stock standard solution containing 1000 mg 
As kg–1.  Working mixed standard solutions were prepared daily 
by mixing the stock solutions and diluting with water properly.  
Also, four kinds of arsenosugar (–OH, –OPO3CH2CHOHCH2OH, 
–SO3 and –OSO3 type) standard solutions were prepared from 
our stock solutions to confirm the retention time of each peak in 
the HPLC-ICP-MS system.
Other chemicals.  All the acids and alkaline used were of 
ultrapure grade (Kanto Chemical Industries, Ltd.).  High purity 
enzymes of pepsin (from porcine gastric mucosa) and α-amylase 
(heat-stable) were obtained from Sigma (Sigma-Aldrich, 
St. Louis, MO).  Water purified with a Milli Q-Labo filter 
(resistivity 18 MΩ cm, Nippon Millipore, Ltd., Tokyo, Japan) 
was used throughout the experiment.
Certified reference material (CRM).  The seaweed (hijiki) CRM 
analyzed was NMIJ CRM 7405-a Seaweed (National Metrology 
Institute of Japan/National Institute of Advanced Industrial 
Science and Technology, Ibaraki, Japan).  The certified value of 
the total As in NMIJ CRM 7405-a is 35.8 ± 0.9 mg kg–1 (k = 2).
Seaweed samples.  Fifteen samples of hijiki were collected from 
different coasts around Japan.  Five samples were collected in 
eastern Japan, and 4 samples and 6 samples were collected in 
central and western Japan, respectively.  One hijiki sample 
(sample ID 1) was used to investigate extraction conditions and 
behaviors, and all hijiki samples were analyzed by the proposed 
monitoring method.

Wakame, kombu (all brown algae), and tengusa (a red alga) 
were collected at the same coast where one of the 15 hijiki 
samples was collected, in order to compare the distribution of 
As species among different marine algae.

Procedure
Preparation of hijiki samples.  A quantity of hijiki was washed, 
dried and pulverized in a food processor and the resulting 
powder was sieved using a 250-μm nylon mesh.  The extracted 
samples were analyzed by HPLC-ICP-MS.  The total As 
concentrations in the samples were determined by ICP-MS 
following microwave-assisted digestion with HNO3-H2O2-HF 
mixed acid.

A gravimetric preparation method was employed in all 
preparations in this study.  Blank tests were performed to 
investigate possible As contamination; none was detected.
Determination of total arsenic.  Microwave-assisted digestion 
with HNO3-H2O2-HF was used to digest the hijiki samples.  
A 0.50-g aliquot of hijiki was precisely weighed and put into a 
vessel, to which 5 mL of HNO3, 2 mL of H2O2 and 1 mL of HF 
were then added.  In the microwave system, the samples were 
heated at 250 W for 5 min, 250 W for 10 min, 400 W for 
10 min, 650 W for 5 min and 250 W for 10 min, and then 
cooled to the room temperature.  After cooling, the vessel of the 
dissolved sample was placed on a hot plate to evaporate the 
sample to dryness.  The residue was dissolved with 1(w/w)% 
HNO3 to make up 50 mL of a sample solution.  After proper 
dilution, the resulting solution was used for the determination of 
total As by ICP-MS.
Extraction procedure for arsenic species.  The extraction was 
carried out under the condition of a liquid/solid ratio of 20 
(extraction solvent 10 g/sample 0.5 g).  A proper amount of 
each hijiki sample was placed in a 50-mL polypropylene 
centrifuge tube or a container of the microwave-assisted 
extraction system and 10 g of extraction solvent was added to it.  
The extraction solvents investigated here were water, methanol, 
1.0(w/w)% HNO3, 2.0(w/w)% tetramethylammonium hydroxide 
(TMAH), 10(w/w)% pepsin and 10(w/w)% α-amylase solutions.  
The extraction was carried out through the three different 
extraction methods mentioned below.  After extraction, the 
sample-solvent suspension was centrifuged at 4000 rpm for 
5 min and the supernatant was passed through a 0.45-μm 
syringe-type PVDF membrane filter and the filtrate was 
analyzed as a test solution.
Ultrasonic extraction.  A capped 50-mL polypropylene tube 
containing the hijiki sample and the extraction solvent was 
placed in an ultrasonic bath and ultrasonicated for 2 h.
Heat-assisted extraction.  A capped 50-mL polypropylene tube 
containing the hijiki sample and the extraction solvent was 
placed in a heating block at temperatures ranging from 37°C (as 
the room temperature) to 100°C for 2 to 24 h.
Microwave-assisted extraction.  A microwave container was 
screwed into a proper position in the microwave instrument.  
The operating program of the system was as follows: the 
temperature was raised from the room temperature to 60 or 
80°C for 5 min, held at 60 or 80°C for 30 min, and then cooled 
to the room temperature over 10 min.  One container was used 
to monitor the solution temperature and the others were used for 
extraction.

Results and Discussion

Concentration of total arsenic
The total As in the hijiki samples was determined by ICP-MS 

following microwave-assisted digestion of the samples.  The 
analytical results (n = 3) are shown in Table 1.  The concentration 
of As in the samples ranged from 46.4 to 147.1 mg kg–1.  The 
analytical precisions expressed as relative standard deviation 
(RSD) were less than 1.5% including sample digestion process.
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To validate the method for total As, we analyzed the NMIJ 
CRM 7405-a.  The result (n = 6) for total As in the CRM was 
35.85 ± 0.03 mg kg–1 (mean ± SD (RSD 0.1%)).  Results for 
total As in the certified reference material were in good 
agreement with the certified value.

Extraction of arsenic species with water
Arsenic species were extracted under several different 

conditions, followed by measuring with HPLC-ICP-MS.  When 
an As speciation standard solution containing As(III), As(V), 
MMAA, DMAA, TMAO, TeMA, AsB and AsC was measured 
with HPLC-ICP-MS, the chromatogram obtained is shown in 
Fig. 1.  These 8 As species were well separated using the above 
instrumentation with an ODS column.  The limits of detection 
(LOD, σ = 3) of each As species were 0.1 ng g–1.

However, hijiki is known to contain substantial amounts of 
arsenosugars, some of which can overlap with some of the 
methylated species such as AsB under these separation 
conditions (Fig. 1).  Therefore, the present measurement system 
has a potential to give higher results for the quantities of 
methylated species.  Inorganic As species in hijiki have attracted 
more attention than organic ones from the viewpoint of 
epidemiology and public health, since As(III) is the most toxic 
among the As species.  Therefore, we focused on developing a 
method to monitor the i-As in hijiki.

The ultrasonic extraction, the heat-assisted extraction and the 
microwave-assisted extraction with water were carried out at a 
range of temperatures.  Results are shown in Table 2.  When 
extraction was employed at the temperature range from room 
temperature to 80°C, the extracted amounts of As(V) and 

DMAA ranged from 56.27 to 57.40 mg kg–1 (average 56.7 ± 
0.6 mg kg–1 (RSD 1.1%)) and 1.83 to 2.02 mg kg–1 (average 
1.9 ± 0.1 mg kg–1 (RSD 4.9%)), respectively.  The extraction 
rate of As, that was calculated from the total extraction of As 
species and total As concentration, ranged from 77.1 to 79.3% 
(average 77.8 ± 0.9% (RSD, 1.2%)).  Although the extraction 
rate was approximately 78%, the extraction ratio of each As 
species were almost the same regardless of the extraction 
procedure.  As(III) and MMAA were not detected by any 
extraction procedure.

On the other hand, when the extraction temperature increased 
to 90 or 100°C, the extraction rate increased to approximately 
86%, and the amount of the extracted As species increased.  The 
high temperature may accelerate the extraction of As species 
from hijiki.  But, the high temperature also has a potential to 
decompose some arsenic-containing components (arsenosugars, 
for example) during extraction.10  In such a case, the arsenical 
fragments produced were extracted.  Even in this experiment, 
it was found that an arsenosugar was decomposed at over 80°C 
and the As species derived were shown in the chromatogram.  
Therefore, there were some concerns that small parts of As(V) 
and DMAA did detected were not originally existing species in 
hijiki but was produced as fragments through decomposition of 
arsenosugars when the extraction was carried out at rather high 
temperature.

Extraction of arsenic species with acid and alkaline solvents
To complete the extraction of all As species in hijiki, 

the samples were subjected to the heat-assisted extraction with 
1.0(w/w)% HNO3 solution or 2.0(w/w)% TMAH solution at the 

Table 1　Concentrations of total As in 15 hijiki samples

Sample ID Total As/mg kg–1

 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15 

 83.96 ± 0.59 
 86.77 ± 0.87 
147.10 ± 1.18 
137.37 ± 0.69 
 49.05 ± 0.29 
124.91 ± 0.62 
114.13 ± 0.46 
 72.55 ± 0.58 
 65.07 ± 0.65 
 73.13 ± 0.80 
 85.30 ± 0.77 
 96.15 ± 0.77 
102.55 ± 1.03 
113.15 ± 1.70 
 46.44 ± 0.03 
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Fig. 1　HPLC-ICP-MS chromatograms of As species standards.

Table 2　Analytical results by water extraction

Condition
As(III)/
mg kg–1

As(V)/
mg kg–1

MMAA/
mg kg–1

DMAA/
mg kg–1

Other type/
mg kg–1

Sum/
mg kg–1

Ext. rate,
%

Ultrasonic (RT)/2h
Heat-assisted 37°C/24 h
Heat-assisted 80°C/2 h
Heat-assisted 90°C/2 h
Heat-assisted 100°C/2 h
Microwave-assisted 60°C/1 h
Microwave-assisted 80°C/1 h

ND
ND
ND
ND
ND
ND
ND

56.42
56.08
57.40
61.04
62.34
56.27
57.39

ND
ND
ND
ND
ND
ND
ND

1.83
1.91
1.92
2.41
2.41
1.83
2.02

6.71
8.63
5.48
8.52
7.06
6.65
5.98

64.96
66.62
64.81
71.97
71.81
64.75
65.39

77.4
79.3
77.2
85.7
85.5
77.1
77.9

ND, not detected; RT, room temperature; Sum, sum of all As species.  Ext. rate, extracted total As/total As concentration with acid digestion 
(83.96 mg kg–1).
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temperature of the room temperature (37°C) and 100°C.  The 
results are shown in Table 3.  When 1.0(w/w)% HNO3 was used, 
the hijiki sample was visibly decomposed.  The extracted 
amount of As(V) was almost the same as those extracted by the 
heat-assisted extraction with water at 90 or 100°C.  The extracted 
amount of DMAA at 100°C increased was 2.0 – 2.5 times more 
than these obtained by the ultrasonication and the heat-assisted 
extraction with water, although it was almost the same as those 
at 37°C.  The extracted amount of other As species including 
arsenosugars increased more than double, comparing to those 
obtained by the ultrasonication and the heat-assisted extraction 
with water.  When 1.0(w/w)% HNO3 was used as solvent, 
approximately 100% of As was extracted.  However, new peaks 
appeared on chromatogram and some peaks decreased.  Such 
changes showed that some chemical species were degraded and 
new chemical species were generated during the extraction 
process.  The severe extraction conditions may be useful for the 
determination of total As but are not suitable for speciation 
analysis.

In contrast, when 2.0(w/w)% TMAH was used as solvent, 
the  amount of extracted As(V) was much less than those with 
1.0(w/w)% HNO3 and those with the ultrasonication and the 
heat-assisted extraction with water, although the amount of 
extracted DMAA was the largest among the solvents examined 
here.  TMAH was not useful as an extraction solvent for i-As 
species because the amount of extracted As(V) was extremely low.

Extraction of arsenic species using combined techniques
Water appeared to be the best solvent to extract i-As, although 

it could not extract all As species; especially, arsenosugars and 
other organoarsenic species were not extracted efficiently.  The 
severe extraction conditions such as the use of HNO3 and the 
application of higher temperature could extract all As species, 
but tended to decompose native As species to produce fragment 
species.

Therefore, a combination of extraction techniques was 
investigated, where the ultrasonic extraction with water was 
carried out first and then the filtrated residue was extracted with 
another solvent by using ultrasonication and a heat-assisted 
extraction system.  Methanol (ultrasonication, room 
temperature), 1.0(w/w)% HNO3 (heat-assisted extraction, 
100°C) and 2.0(w/w)% TMAH (heat-assisted extraction, 100°C) 
were tested as the second solvent.  The results are shown in 
Table 4.  The total extraction ratio increased by 3.7 and 9.6% 
with methanol and TMAH, respectively.  In particular, when 
1.0(w/w)% HNO3 was used, the total extraction rate reached 
almost 100%.  Furthermore, another 5 mg kg–1 of As(V) was 
extracted by the second extraction and the total amount of the 
extracted As(V) was the same as that obtained by the 
1.0(w/w)% HNO3 extraction at 100°C.  These results suggested 
that it is necessary to destroy body tissue of hijiki to extract As 
completely.  However, some As species is likely to be 
decomposed under such conditions, and this makes it difficult to 
evaluate the natural concentration levels of each As species, 
because, when arsenosugars were spiked to the sample, several 
unknown peaks were observed.

On the other hand, even if the complete extraction of i-As is 
not achieved by the ultrasonic extraction with water, it was 
considered that the residual i-As is expected to be less than 5% 
of the total As and about 8% of total As(V) in hijiki samples.  
Therefore, we can evaluate to i-As within 8% error at a 
maximum by using the ultrasonic extraction with water.

Extraction of arsenic species using enzymes
One of the most important purpose for As speciation in hijiki 

is the risk assessment for human bodies.  Therefore, the 
extraction efficiency of i-As by the enzymes was considered at 
the same time.  Pepsin and α-amylase were used as the extraction 
solvent to extract As species in hijiki, because pepsin is a typical 
enzyme released from the chief cells in the stomach and 

Table 3　Analytical results by heat-assisted extraction with HNO3 and TMAH

Condition
As(III)/
mg kg–1

As(V)/
mg kg–1

MMAA/
mg kg–1

DMAA/
mg kg–1

Other type/
mg kg–1

Sum/
mg kg–1

Ext. rate,
%

1.0 (w/w)% HNO3/37°C
1.0 (w/w)% HNO3/100°C
2.0 (w/w)% TMAH/37°C
2.0 (w/w)% TMAH/100°C

0.82
ND
ND
ND

61.21
60.96
37.29
45.33

ND
ND
ND
ND

1.89
4.92
3.13
5.46

16.35
18.21
13.24
 9.28

80.27
84.09
53.66
60.07

 95.6
100.2
 63.9
 71.5

Extraction time: 37°C for 24 h, 100°C for 2 h.  ND, not detected; Sum, sum of all As species.  Ext. rate: extracted total As/total As 
concentration with acid digestion (83.96 mg kg–1).

Table 4　analytical results of combination (double) extraction: 2nd extraction after ultrasonic extraction with water

Condition
Extraction

step
As(III)/
mg kg–1

As(V)/
mg kg–1

MMAA/
mg kg–1

DMAA/
mg kg–1

Other type/
mg kg–1

Sum/
mg kg–1

Total Ext. 
rate, %

2nd Ext. 
rate, %

Ultrasonic/water/2 h
Ultrasonic/water/2 h

Ultrasonic/methanol/2 h

Heat-assisted/TMAH/2 h

Heat-assisted/HNO3/2 h

1st
2nd

2nd

2nd

2nd

ND
ND

(ND)
1.51

(1.51)
ND

(ND)
ND

(ND)

56.42
ND

(ND)
 0.34

(56.76)
 3.24

(59.66)
 4.90

(61.32)

ND
ND

(ND)
ND

(ND)
ND

(ND)
ND

(ND)

1.83
ND

(1.83)
0.04

(1.87)
1.86

(3.69)
0.29

(2.12)

 6.71
ND

 (6.71)
 1.25

 (7.96)
 2.99

 (9.70)
11.80

(18.51)

64.96
 0.00

(64.96)
 3.15

(68.10)
 8.09

(73.04)
17.00

(81.96)

77.4

 (0.0)

(81.1)

(87.0)

(97.6)

 0.0

 3.7

 9.6

20.2

ND, not detected; Sum, sum of all As species.  Ext. rate: extracted total As/total As concentration with acid digestion (83.96 mg kg–1).  
( ): Sum of 1st extraction and 2nd extraction.
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degrades food proteins into peptides.  α-Amylase is also a 
typical enzyme to catalyze the breakdown of starch into sugars 
and it is preset in human saliva.

Arsenic species were extracted by the ultrasonication with 
10(w/w)% pepsin aqueous solution and by the heat-assisted 
extraction at 37°C with 10(w/w)% pepsin in 0.07 M HCl, 
10(w/w)% pepsin aqueous solution and 10(w/w)% α-amylase 
aqueous solution.  The results are shown in Table 5.  The 
extraction amounts of As(V) were in good agreement with those 
obtained by the ultrasonic extraction with water.  The total 
extraction rates were slightly higher than those by the ultrasonic 
extraction with water, because the concentrations of the other 
extracted types of As were increased by the enzyme digestion.  
These results indicate that the extraction of i-As from hijiki in 
human body may be stimulated by using the ultrasonic extraction 
with water.

Monitoring test
The ultrasonic extraction with water is very suitable as a 

monitoring method of i-As, because the mild extraction 
conditions do not impose any change in the naturally occurring 
As species, even if the total extraction rate is about 80%.  
Therefore, we define here the i-As extracted by ultrasonication 
with water as “water-soluble i-As”.  Fifteen hijiki samples were 
analyzed by the HPLC-ICP-MS following the ultrasonic 
extraction with water.   The analytical results of water-soluble 
i-As are given in Table 6.

Arsenic extracted from the samples ranged from 73 to 93% of 
total As amounts.  The average of the extraction ratio of 15 
hijiki samples was 82% with a relative standard deviation (RSD) 

of 7%.  The extraction efficiency of the present method is 
sufficient for the monitoring of As in hijiki.  The water-soluble 
i-As, that is the sums of As(III) and As(V), were 37 to 79% of 
the total As concentration in each sample.  The concentrations 
of As(III), the most toxic As species, ranged from the LOD to 
5.32 mg kg–1, although half of them were less than the LOD.  
These amounts were less than 5% of water-soluble inorganic As 
and less than 4.5% of the extracted As.

For confirmation of the proposed technique, three of the 
samples (sample ID 3, 9 and 15; as examples of the higher, 
medium and lower total As concentration samples) were further 
analyzed with several other extraction (acid, alkaline and 
enzyme extraction) conditions in order to evaluate the results 
shown in Table 6.  When the extractions were carried out with 
the ultrasonication and with the heat-assisted extraction at room 
temperature and 80°C using water and enzyme as solvents, all 
the determination results of extracted i-As were the same as 
those in Table 6.  The extraction behaviors of all As species 
were the same as those mentioned previously in this paper 
regardless of samples.

The water extraction by ultrasonication technique was also 
applied to kombu, wakame and tengusa, which had been 
collected at the same location where hijiki sample ID 15 was 
collected.  As they grew at the same location, the seawater and 
sediment conditions should have been similar for all of them.  
Therefore, differences in the amount and distribution of the As 
species among them should depend on the type of alga.  The 
results are shown in Table 7.  The concentrations of total As of 
hijiki, kombu and wakame were very similar and the total 
extracted amounts were also very similar among them.  In this 

Table 5　Analytical results by heat-assisted extraction with enzymes

Condition
As(III)/
mg kg–1

As(V)/
mg kg–1

MMAA/
mg kg–1

DMAA/
mg kg–1

Other type/
mg kg–1

Sum/
mg kg–1

Ext. rate,
%

Ultrasonic/pepsin A
Heat-assisted/pepsin B
Heat-assisted/pepsin A
Heat-assisted/amylase A

ND
ND
ND
ND

55.06
58.01
56.53
57.01

ND
ND
ND
ND

1.88
1.82
1.86
1.91

8.77
8.76
8.29
8.54

65.71
68.59
66.68
67.46

78.3
81.7
79.4
80.3

Ultrasonic, 2 h; heat-assisted, 37°C for 24 h.  Pepsin A and amylase A, water aqueous solution; pepsin B, 0.07 M HCl solution.  ND, not 
detected; Sum, sum of all As species.  Ext. rate: extracted total As/total As concentration with acid digestion (83.96 mg kg–1).

Table 6　Water-soluble As species in hijiki extracted by ultrasonication with water

Sample ID
As(III)/
mg kg–1

As(V)/
mg kg–1

i-As/
mg kg–1

MMAA/
mg kg–1

DMAA/
mg kg–1

Other type/
mg kg–1

Sum/
mg kg–1

Total Asa/
mg kg–1

Ext. rate,
%

 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15

ND
ND
4.73
5.32
0.90
ND
ND
ND
ND
2.14
ND
0.34
1.22
0.28
0.52

 56.42
 66.87
111.62
 94.21
 16.89
 96.53
 82.35
 39.14
 32.22
 42.15
 52.60
 55.20
 66.73
 75.92
 16.55

 56.42
 66.87
116.34
 99.53
 17.79
 96.53
 82.35
 39.14
 32.22
 44.29
 52.60
 55.54
 67.95
 76.20
 17.06

ND
ND
ND
ND
0.17
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

1.83
1.09
2.00
3.03
0.97
0.80
1.77
1.31
1.10
1.06
1.66
1.07
1.03
0.58
1.24

 6.71
 6.13
13.21
14.51
17.89
 9.08
14.29
15.53
13.91
12.66
11.60
20.03
11.47
16.01
26.10

 64.96
 74.10
131.55
117.07
 36.81
106.41
 98.40
 55.98
 47.24
 58.02
 65.86
 76.65
 80.45
 92.78
 43.16

 83.96
 86.77
147.10
137.37
 49.05
124.91
114.13
 72.55
 65.07
 73.13
 85.30
 96.15
102.55
113.15
 46.44

77.4
85.4
89.4
85.2
75.1
85.2
86.2
77.2
72.6
79.3
77.2
79.7
78.4
82.0
92.9

i-As: Sum of As(III) and As(V).  ND, not detected; Sum, sum of all As species.  a. Ext. rate: extracted total As/total As concentration with 
acid digestion (in Table 1).
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study, in contrast, the concentration of total and extracted As in 
tengusa were about one order magnitude lower those obtained in 
other algae.  However, the water-soluble i-As of kombu, wakame 
and tengusa were almost the same but about two orders of 
magnitude lower than that of hijiki.  Their main As species were 
arsenosugars (Fig. 2).  As has often been pointed out, these 
results show that hijiki contains rather high concentration of 
i-As comparing to other algae.

Conclusions

We proposed an extraction method for determining the 
water-soluble i-As in hijiki.  It was found that the ultrasonic 
extraction with water was most useful technique for monitoring 
i-As in hijiki and other algal samples, since it was simple, had 
good repeatability and did not change the naturally occurring As 
species in the samples.  The proposed method was considered to 
extract more than 95% of i-As in hijiki, although it extracted 
about 80% of total As.  The proposed method was applied to 
determination of i-As in 15 hijiki samples.  The concentrations 
ranged from 17 to 116 mg kg–1.  The average was 61 mg kg–1 

with a relative standard deviation of 48%.
The concentration of i-As is the highest in hijiki among 

marine algae, some of which contain almost the same amount of 
total As as hijiki.  The main As species in the other algae are 
arsenosugars.  Furthermore, As(III) concentration was very low 
in algae.  Most of As in hijiki was removed during food 
producing and cooking processes.26  Therefore, the health risk 
based on the consumption of hijiki as a foodstuff seems to be 
very low.

Acknowledgements

This work had been supported by Japan Food Research 
Laboratories’s personnel; Eri Matsumoto is thanked for her 
contributions.

References

 1.  M. Morita and Y. Shibata, Appl. Organomet. Chem., 1990, 
4, 181.

 2. Canadian Food Inspection Agency, “Profile Report”, 
Canada, http://www.inspection.gc.ca/english/fssa/concen/
specif/arsenice.shtml.

 3. WHO, “Arsenic and Arsenic Compounds”, IARC 
Monographs, Suppl. 7, 1987, WHO, International Agency 
for Research on Cancer, Lyon, France, 100 – 106.

 4. National Research Council, “Arsenic in Drinking Water”, 
1999, National Academy Press, Washington D.C.

 5. J. S. Petrick, F. Ayala-Fierro, W. R. Cullen, D. E. Carter, 
and H. V. Aposhian, Toxicol. Appl. Pharmacol., 2000, 163, 
203.

 6. M. Delnomdedieu, M. M. Basti, M. Styblo, J. D. Otvos, 
and D. J. Thomas, Chem. Res. Toxicol., 1994, 7, 621.

 7. WHO, “Evaluation of Certain Food Additives and 
Contaminants”, 33rd Report of the Joint FAO/WHO Expert 
Committee on Food Additives, WHO Technical Report 
Series 776, 1989, WHO, Geneva, Switzerland.

 8. The Food Standards Agency, “Arsenic in Seaweed”, UK, 
FISI 61/04, http://www.food.gov.uk/science/surveillance/
fsis2004branch/fsis6104.

 9. J. S. Edmonds, M. Morita, and Y. Shibata, J. Chem. Soc., 
Perkin Trans. 1, 1987, 1, 577.

10. Y. Nakamura, T. Narukawa, and J. Yoshinaga, J. Agric. 
Food Chem., 2008, 56, 2536.

11. C. Almela, S. Algora, V. Benito, M. J. Clemente, V. Devesa, 
M. A. Súñer, D. Vélez, and R. Montoro, J. Agric. Food 
Chem., 2002, 50, 918.

12. C. Almela, M. J. Clemente, D. Vélez, and R. Montoro, Food 
Chem. Toxicol., 2006, 44, 1901.

13. J. Feldmann, K. John, and P. Pengprecha, Fresenius J. Anal. 

Table 7　Water-soluble As species in algal samples extracted by ultrasonication with water

Sample ID
As(III)/
mg kg–1

As(V)/
mg kg–1

i-As/
mg kg–1

MMAA/
mg kg–1

DMAA/
mg kg–1

Other type/
mg kg–1

Sum/
mg kg–1

Total As/
mg kg–1

Ext. rate,
%

Hijikia

Kombu
Wakame
Tengusa

0.52
ND
0.25
ND

16.55
 0.19
 0.24
 0.11

17.06
 0.19
 0.49
 0.11

ND
0.46
ND
ND

1.24
7.89
2.08
0.13

26.10
42.70
39.64
 3.92

43.16
42.89
40.13
 4.03

46.44 ± 0.03
49.27 ± 0.39
49.07 ± 1.33
 5.56 ± 0.06

92.9
87.0
81.8
72.4

a. Sample ID, 15.  i-As: Sum of As(III) and As(V).  ND, not detected; Sum, sum of all As species.  Total As: determination of total As 
concentration by ICP-MS after microwave-assisted digestion.  Ext. rate: extracted total As/total As concentration.

Si
gn

al
 in

te
ns

ity
 (C

PS
)

Retention time / s

As(V)

Sugar –SO3 type

Sugar –OPO3CH2CHOHCH2OH type

Sugar –OH type

Sugar –OSO3 type

(1)

(2)

(3)

(4)

Fig. 2　Chromatogram of As species extracted from alga.  Ultrasonic 
extraction with water: (1) hijiki, (2) kombu, (3) wakame, (4) tengusa.



ANALYTICAL SCIENCES   AUGUST 2012, VOL. 28 779

Chem., 2000, 368, 116.
14. A. J. Signes-Pastor, C. Deacon, R. O. Jenkins, P. I. Harris, 

A. A. Carbonell-Barrachina, and A. A. Meharg, J. Environ. 
Monit., 2009, 11, 1930.

15. M. Hamano-Nagaoka, K. Hanaoka, M. Usui, T. Nishimura, 
and T. Maitani, Shokuhin Eiseigaku Zasshi, 2008, 49, 88.

16. M. Rose, J. Lewis, N. Langford, M. Baxter, S. Origgi, M. 
Barber, H. MacBain, and K. Thomas, Food Chem. Toxicol., 
2007, 45, 1263.

17. C. Almela, J. M. Laparra, D. Vélez, R. Barberá, R. Farré, 
and R. Montoro, J. Agric. Food Chem., 2005, 53, 7344.

18. J. M. Laparra, D. Vélez, R. Montoro, R. Barberá, and R. 
Farré, J. Agric. Food Chem., 2003, 51, 6080.

19. P. A. Gallagher, J. A. Shoemaker, X. Wei, C. A. Brockhoff-
Schwegel, and J. T. Creed, Fresenius J. Anal. Chem., 2001, 
369, 71.

20. A. Leufroy, L. Noël, V. Dufailly, D. Beauchemin, and T. 

Guérin, Talanta, 2011, 83, 770.
21. L. Hinojosa Reyes, J. L. Guzmán Mar, G. M. Mizanur 

Rahman, B. Seybert, T. Fahrenholz, and H. M. Skip 
Kingston, Talanta, 2009, 78, 983.

22. H. Castlehouse, C. Smith, A. Raab, C. Deacon, A. A. 
Meharg, and J. Feldmann, Environ. Sci. Technol., 2003, 37, 
951.

23. V. Devesa, A. Martínez, M. A. Súñer, D. Vélez, C. Almela, 
and R. Montoro, J. Agric. Food Chem., 2001, 49, 2272.

24. R. Wahlen, J. Chromatogr. Sci., 2004, 42, 217.
25. A. Moreda-Piñeiro, E. Peña-Vázquez, P. Hermelo-Herbello, 

P. Bermejo-Barrera, J. Moreda-Piñeiro, E. Alonso-
Rodríguez, S. Muniategui-Lorenzo, P. López-Mahía, and D. 
Prada-Rodríguez, Anal. Chem., 2008, 80, 9272.

26. V. Devesa, D. Vélez, and R. Montoro, Food Chem. Toxicol., 
2008, 46, 1.


