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Abstract

The toxicity of arsenic depends on its chemificah. The relative toxicities of doses
of arsenic that are lethal to 50% of a populatioD50) are as follows: As(lll) > As(V) >
monomethylarsonic(V) acid > dimethylarsinic(V) adkdsenobetaine, which is the major
arsenic compound in seafood, is considered to h®ori. Inorganic arsenic in drinking
water is associated with cancer risks in the skimary bladder, and lung, and skin lesions
in humans. The Codex Alimentarius Commission of PABIO, Australia/New Zealand,
China, and EU has set a regulatory limit for theant of inorganic arsenic in rice, fish,
fishery animals, and seaweed. In 2017, the Codexaneended with an addition regulation
for inorganic arsenic in fish oil.

Chapter 1 describes a standardized analytical rddttai can be used to test for
compliance with international regulations regardimg amount of inorganic arsenic in
seaweed and seafood. Several arsenic specieslmqgldantitated after heating food
samples at 100°C in 0.3 mol/L nitric acid. Arsespeciation was measured by liquid
chromatography-inductively coupled plasma-masstspeetry (LC-ICP-MS) using an
ODS column with a mobile phase containing an iom4gagent. Limits of detection
(LODs) (0.0023-0.012 mg/kg), limits of quantitatiGrOQs) (0.0077—-0.042 mg/kg),
repeatability (3.0—7.4%), intermediate precisiod{Z.4%), and accuracy (recoveries of
94-107% based on spikes) of the proposed methcel deemmed satisfactory.

Inorganic arsenic concentrations were measuretageafood samples (muscle of
albacore, muscle of rainbow trout, muscle of red-eund herring, whole body of
northern shrimp, mantle muscle of the Japanese @msquid, adductor muscle of the
Yezo giant scallop, soft tissue of the Japanesegegysam pla fish sauce, and oyster sauce).
Inorganic arsenic was detected in the soft tis§ukeoJapanese oyster and in the nam pla
and oyster sauces. Since intestinal organs typgicatitain higher levels of inorganic

arsenic than the adductive muscles in oysters artines, the inorganic arsenic detected



in the nam pla and oyster sauces is most likeliwddrfrom the internal organs of the raw
shellfish and fish used in their production.

Inorganic arsenic concentrations were measuareaht dried seaweed samples: kelp,
nori, wakame, sea lettuce, green lavemzuku, boiledakamoku, and boilechijiki. High
levels of inorganic arsenic were detected intilji&i Sargassum fusiforme andakamoku S.
horneri dried seaweed products. Inorganic arsenic canxtoaoted fromhijiki by boiling
with sea salt. Boilingkkamoku in tap water, or in a 1% sea salt solution, reslih a dried
product containing less than 1 mg/kg of inorgamgeaic.

Chapter 2 describes the validation of an analytivathod for quantitating inorganic
arsenic in fish oil and fish oil capsules. Inorgaaisenic was extracted from these samples
by heating at 80°C in 1.6% tetramethylammonium byiate (TMAH)-ethanol. In
accordance with the methods described in Chaptéelconcentration of inorganic arsenic
in fish oil was determined by LC-ICP-MS using an ®Bolumn with a mobile phase
containing an ion-pair reagent. LODs (0.015, 0.0@ykg), LOQs (0.048, 0.011 mg/kg),
repeatability (3.4, 3.5%), intermediate precisidr8( 3.5%), and accuracy (recoveries of
94-109% based on spikes) of the proposed methael demmed satisfactory.

Inorganic arsenic concentrations were also aredsn three fish oil samples and four
fish oil capsules. Both samples contained less thamg/kg inorganic arsenic, which is
the regulatory limit given for inorganic arsenicfish oil, according to the aforementioned
Codex. Extraction rates of inorganic arsenic walewated by comparing the total arsenic
concentrations of the extracts and samples, shothiatghearly all of the arsenic had been
extracted. In addition, As(lll) was more solubldish oil than was As(V).

Chapter 3 provides a comprehensive discusdititese results.

This study describes a means of analyzing inorgansienic in all food groups. The
adverse effects of ingesting inorganic arseniaig and/omhijiki consumption have not
been identified. Arsenic in marine products haskeknown problem for many years. The

health risks and toxicity of arsenic intake viasead consumption need to be



characterized.



I ntroduction

The various chemical forms of arsenic foundherine organisms exhibit vastly
different toxicities. The relative concentratiorigtee different forms are important for
people with diets that consist of large proportiohsarine products. Kais al. (1-3)
measured the LD50.e., the dose that is lethal to 50% of a populatadreach arsenic
compound found in marine animals. LD50 values inerollowing the oral administration
of As(lll), monomethylarsonic(V) acid [MMA(V)], dirmthylarsinic(V) acid [DMA(V)],
and trimethlarsine oxide (TMAOQO) were 34.5, 1,80@0D, and 10,600 mg/kg, respectively.
Arsenobetaine (AB), the most prominent arsenic cump in seafood, was practically
nontoxic, with an LD50 higher than 10,000 mg/kge$é data are quoted in the "Safety
Evaluation of Certain Contaminants in Food", by Joent FAO/WHO Expert Committee
on Food Additives (JECFA) (4). The JECFA reportatree arsenic toxicities as As(lll) >
As(V) > MMA(V) > DMA(V). Shiomi et al. (5) contributed to the identification of arsenic
compounds in marine animals. They reported an L&fD0 mg/kg for the
tetramethlyarsonium (TeMA) found in the gills o&nis (6). Kaiset al. (7) examined the
cytotoxicity of arsenosugar and reported an aaxEity between that of AB and MMA.

Hanaoka discusses the cycle of arsenic compoundsiime ecosystems (8). In their
hypothesis, inorganic arsenic is sourced from dalgor by tectonic activity and
weathering and is converted to arsenosugars an@skeline (AC) by phytoplankton
and/or marine algae. These are converted to AB d&yn@ animals, and then converted
back to inorganic arsenic by microorganisms. Initiml certain microorganisms may
synthesize AB directly from inorganic arsenic.

Hanaokaet al. also found TeMA in the roasted muscles of seafd0). Assuming no
contamination had occurred during cooking, a vemglsquantity of TeMA had been
converted from AB. In addition, Yoshiahal. (11) reported finding only AB in the

fish-based processed food “hanpen”. These dateestifftat arsenic does not change form
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during food processing.

Thein vivo chemical reactions of As(lll) and As(V) resultdifferent paths to toxicity
(12). As(lll) can act as a cytotoxin, oxdizing tiol groups of enzymes or proteins (12).
Symptoms of As(lll) cytotoxicity include skin dank@g and/or cornification, hair loss,
weakness in the limbs, amyotrophy, vomiting, diaashand loss of appetite. As(V) cannot
combine with thiol groups and is therefore lessadxan As(lll). In contrastn vivo
studies have shown that As(V) competes with phogsh@cting as a decoupling agent of
oxidative phosphorylation (12).

Inorganic arsenic in drinking water is associateith\an increased risk of cancer in
the urinary bladder and skin, and with lung anah $&sions in humans (4). In 1988, the
JECFA issued a provisional tolerable weekly intédk€WI) of 0.015 mg/kg body weight
for inorganic arsenic. This, however, was withdraw2010 based on the epidemiological
findings of a cohort study in northeastern TaiwEmre-issue a more accurate PTWI, the
JECFA continues to collect data related to expoaasessments and the toxicology,
analytical methodology, and occurrence of inorgangenic in food and drinking water
(4).

Ingested inorganic arsenic is rapidly excreteduman urine following
biotransformationi.e., reduction and methylation, to MMA and/or DMA (4) contrast,
organic arsenic, such as AB and various arsencsugiagiergoes very little
biotransformation after ingestion and is excretiatbat unchanged (4). Kaiseal. (1)
reported that AB in fish was difficult to metabdaimn vivo. Fukuiet al. (13) reported that
the arsenosugars found in seaweed are rapidlytexicre

Shiomiet al. reported the fractional determination of inorgaamsenic and organic
arsenic in marine organisms using a solvent extrachethod (14-16). With the exception
of the brown algahijiki, most marine organisms were found to contain i@mylevels of
inorganic arsenic. In general, arsenic was pregtemiuch higher levels than other heavy

metals, with water-soluble arsenic compounds makkmg0% of the total arsenic content.



In 2004, the Food Standards Agency of the UK beghuising people not to ehijiki,
citing a survey indicating high levels of carcinagg inorganic arsenic (17).

Since 2012, many individual countries and inteoval organizations have issued
regulatory limits for inorganic arsenic, rangingrir 0.1 to 2 mg/kg. Any technique being
used to test against these regulations must be@bbeitinely measure inorganic arsenic
levels at or below 0.1 mg/kg. In China, inorgamseaic is regulated in rice, aquatic
animals and products thereof, and supplementagsféar infants and young children (18).
Inorganic arsenic levels in crustaceans, fish, nsél, and seaweed are regulated in
Australia and New Zealand (19). In the EU, maximawrels of inorganic arsenic are set
for rice and rice-based products (20). In the Colerentarius Commission of the
FAO/WHO, maximum levels of inorganic arsenic inipbéd rice and husked rice were
established in 2014 and 2016 (21).

Maximum levels of food contaminants defined in @mex must also be applied to
commodities being traded internationally. For exkmnbpigh levels of arsenic have been
measured worldwide in Japanese rice. Much of the rdmarding the arsenic content of
various countries’ rice were acquired before maxmpermissible levels were established.
These levels of Japanese rice were determined asiagalytical method that was
developed in Japan, consisting of extraction wahdilute nitric acid and quantitative
detection by liquid chromatography-inductively ctaghplasma-mass spectrometry
(LC-ICP-MS) (22—-24). However, there are many meghibéit have been used for arsenic
speciation analyses in rice and rice-base produndtisiding extraction with various
solvents, including water (25) and nitric acid (22--26), and enzymes (27, 28). However,
given the expense of ICP-MS instrumentation, seéwgher strategies have been
developed for measuring inorganic arsenic in foagasuding inductively coupled
plasma-atomic emission spectrometry (ICP-AES), tvineties on the hydrogenation of
inorganic arsenic after extraction with dilute witacid (29), and atomic absorption

spectrophotometry (AAS), which employs a solid-ghssparation step following



extraction with dilute nitric acid (30).

Arsenic intake from every food group has been estohusing the domestic market
basket method in Japan. Daily arsenic intake wassnared to be 98.3 g from fishery
products, 60.8 pg from vegetables and seaweedlfadig from rice. The arsenic intake
from fishery products, vegetables, seaweed, aredmigkes up approximately 96% of the
total arsenic intake (31). The JECFA publishedatsenic contents of foods obtained from
Brazil, France, Japan, and Singapore. The high&stdrsenic concentrations were found
in seaweed, fish and shellfish, mushrooms and fuitg and rice products, and some meat
products (4). The food groups containing higheelewf arsenic are common in the
Japanese diet. In contrast, relatively little ars@&sourced from mushrooms and meat
products because the average intake of these feodkatively low in Japan. The JECFA
has also reported the levels of inorganic arsenfoads obtained from Japan, France, and
Singapore. Levels of inorganic arsenic in foods laevkrages did not usually exceed 0.1
mg/kg. However, seaweed, rice, and some fish aaidesé commodities contained
relatively high levels of inorganic arsenic (4).rGequently, the concentrations of each
chemical form of arsenic in seaweed and seafood teke taken into account when
discussing overall toxicity. The JECFA also stdkescurrent need for validated and
orthogonal methods for the selective extraction gumahtitation of inorganic arsenic in
foods.

An analytical method for measuring inorganic arséevels in seaweed and seafood
remains to be developed and validated. The extraetificiencies of various solvents,
including water (32, 33), nitric acid (34, 35), alike reagents (36), enzyme solutions (37,
38), and methanol/water mixtures (39), have beatuated toward this end. Tayleral.
reported that the arsenic extraction efficiency%f nitric acid was higher than that of a
methanol/water (1:1) solution for seaweed (40)l &ell. (41) used a water extraction
method to determine the concentrations of arsermwsug seaweed but gave priority to

maintaining the structure of the arsenosugars thesextraction efficiency. Ji al. (42)
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compared the efficiencies of arsenic extractiomfseafood using water, methanol-water
mixtures, and dilute nitric acid with the latteelding the highest extraction efficiency.
Pétursdottiet al. (43) compared the efficiencies of arsenic extosctrom seafood among
nine different solvents. The highest extractiomncafhcy was obtained with a mixed
solvent containing 2% nitric acid and 3% hydrogerogide. Zmozinskét al. (44)
reported excellent extraction using 0.2% nitricdani a solution of 1% hydrogen peroxide.

Nagaokeet al. showed that 0.3 mol/L nitric acid was suitabletfox extraction of
inorganic arsenic from seaweed and seafood in @ldok bath (34). Microwave heating
was not required, since the highest extractiortiefiicy was obtained at 100 (23, 45).
The evaluation of inorganic arsenic must be the stiAs(l1l) and As(V), because As(lll)
can change to As(V), or As(V) to As(lll), duringetlextraction process. Since arsenosugars
may decompose to MMA or DMA using the extractiorntimoel reported previously, the
concentrations of organic compounds were only adyi€xtraction rates were calculated
from the total arsenic concentration of each sarapteeach extract to confirm sufficient
extraction.

Selection of the column used to separate arseeies is important in quantitative

LC-ICP-MS analyses. Anion exchange columns canragpas(lll), As(V), MMA, and
DMA from rice matrices. However, AB, which is tharmary form of arsenic in seafood, is
co-eluted with As(lll) at neutral pH. Therefore, alkaline buffer is often used as a
component of the mobile phase with a gradient@huf#6). In recent reports detailing
arsenic speciation, both anion and cation exchaalygnns were used for separating and
quantitating As(lll), As(V), MMA, DMA, AB, AC, and'MAO (40, 41, 44, 47). However,
for simplicity, and in accordance with previousadp (34, 48), the current method
employs an octadecyl-silica (ODS) column and a hegiifiase containing an ion-pair
reagent. This strategy is time-consuming and regutinat the pH of the mobile phase be
carefully adjusted. However, it is rare that peadsesponding to different arsenic species

overlap because the ODS column separates compacndsling to their relative



hydrophobicity. While this strategy can be datedklda the 1980s, it is still frequently
used in Japan.

The established analytical method can be evaluatied the “Standard Method
Performance Requirements (SMPRs) for Quantitatf@dkrgenic Species in Selected Foods
and Beverages” written and adopted by the AOAC.(#B¢ evaluation may be an on-site
verification, a single laboratory validation, omaulti-site collaborative study. Suitable
foods are rice, rice-based products, fruit juicgh Dil-based supplements, and seafood.
The preferred analytical technique is ion chrometpgy (IC)-ICP-MS or LC-ICP-MS.
Acceptance criteria include analytical range, liofiquantitation (LOQ), recovery,
repeatability (RSP, and reproducibility (RSR). The requirement ranges are determined
by the analyte concentration. For example, whetyaimg a sample containing 0.1 ppm
arsenic, the acceptable recovery range is 60—-1158degs than 13% and 20%
repeatability and reproducibility, respectively.

The Codex defines a maximum total arsenic levél.bimg/kg in fish oil. In 2017,
the Codex refined this regulation, stating thatgamic arsenic levels in fish oil must be
less than 0.1 mg/kg when total arsenic is presemioae than 0.1 mg/kg (21). Fish oil
contains low levels of both organic and inorgamgeaic. Therefore, a sensitive analytical
method for measuring inorganic arsenic levelssh bil is required.

Fish oil is produced mainly as a side-product effisheries industry, with most being
used as feed (50). It also contains relatively téylels of essential fatty acids, such as
eicosapentaenoic aciiPA) or docosahexaenoic acid (DHA), and is usedl lasalth
supplement for the prevention of arterioscleroais myocardial infarction.

Arsenic in fish oil is a result of high arsenicédévin the fish being proccesed. While
the major arsenic compound in fish is the non-téwB¢ various forms inorganic arsenic
are also present. Given their variability in togdevel, it is necessary to determine the
concentration of every chemical form of arseni@ish oil.

Several techniques have been reported for measarsegic speciation in various oils
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(46, 51, 52). Nut oil was dissolved in an orgamivent and arsenic species were analyzed
by IC-ICP-MS following their extraction with watés1). Using water to extract arsenic
from oils is a relatively common strategy (53). Ghal. (46) analyzed arsenic speciation
in soybean oil by IC-ICP-MS following extractiontiwihot 0.5% nitric acid in 80%
methanol. Lépez-Garckt al. (52) screened various oils for water-soluble arsenicisge
using a 3:1 isopropanol:3% v/v nitric acid extrantsolution and electrothermal atomic
absorption spectrometry.

It is difficult to confirm the extraction efficieryoof arsenolipids from fish oil by the
water extraction method (54, 55). To quantitativtyract and separate arsenolipids and
other arsenic compounds from fish oil, this studst fhydrolyzed the fish oil in accordance
with the cholesterol analysis procedure descrinddethods of Analysis in Health Science
(56), which targets cholesterols, squalene, anérdtixdrocarbons. In this procedure,
cholesterol was hydrolyzed in 56.1 mol/L KOH inatbl. This study used
tetramethylammonium hydroxide (TMAH) as the hyd@dy®agent to avoid introducing
alkali salts into the ICP-MS. After hydrolysis, thel of the extracted solution was
acidified to match to that of the LC mobile phagl @) and the extracts were filtered to
remove insoluble oils. To confirm complete dissimtof arsenic, total arsenic in each
extract was measured prior to acidification. Exticacrates were calculated by comparing
the total arsenic concentrations of the extractssamples. Arsenolipids, but not inorganic
arsenic, were precipitated during acidificatiomc® commercially available fish oils have
been purified and any arsenic compounds removedngr extraction rates were
confirmed using crude fish olls.

Fish oil capsules are eaten as food supplementsindil is an ingredient in a
variety of functional foods. Therefore, the methiadcribed in Chapter 1 for determining
levels of inorganic arsenic in seafood and seawe@dsapplied to arsenic analyses in
fish oil. Fish oil is typically packaged in softig@psules, which are insoluble in ethanol

and other organic solvents used for lipid extractithis study employed a combination of



ethanol and TMAH, which is water-soluble, to disso$oft-gel capsules and extract fish
oils. After extraction, the samples were hydrolybgcheating in alkaline solution.

LC-ICP-MS was used to quantitate the different micsspecies in fish oil. Samples
were separated on an ODS column with a mobile pb@siining an ion-pair reagent.
Phosphoric acid was included in both the extractioa standard solutions to prevent peak
tailing that may result from deterioration of th€ kystem or the column (57). The
solubility of inorganic arsenic in fish oil was alexamined by adding As(lll) or As(V) to
fish oil under acidic conditions.

Chapter 1 describes the validation of an analytioathod for the determination of
inorganic arsenic in seaweed and seafood. Arspeiciation was determined by
LC-ICP-MS using an ODS column with a mobile phasetaining an ion-pair reagent.
Inorganic arsenic concentrations were measureehiseéafood samples and eight dried
seaweed samples.

Chapter 2 describes the validation of the methodléermining the concentrations of
inorganic arsenic species in fish oil and fishcaipsules. Arsenic was extracted by heating
the fish oil samples at 80°C in 1.6% TMAH-ethad.decribed in Chapter 1, inorganic
arsenic levels were measured by LC-ICP-MS usin@B& column with a mobile phase
containing an ion-pair reagent. Inorganic arsenitcentrations were measured in three
fish oil samples and four samples of fish oil cdpsuBoth types of sample contained less
than 0.1 mg/kg inorganic arsenic, which is the faiguy limit for inorganic arsenic for
fish oil given by the Codex Alimentarius Commission

Chapter 3 is a comprehensive discussion rejdiie results presented in Chapters 1

and 2.



Chapter 1
Deter mination of inorganic arsenic in seaweed and seafood
by LC-ICP-MS. method validation

Seaweed and seafood contain both inorganic anahiorgesenic compounds. Since
arsenic toxicity depends strongly on its chemioai, risk assessment analyses for arsenic
consumption need to account for speciation.

Arsenic intake from every food group in the Japardaist has been estimated using
the domestic market basket method. Estimates bf desenic intake were 98.3 ug from
fishery products, 60.8 ug from vegetables and sedwand 11.3 pg from rice, acounting
for approximately 96% of the total arsenic intaB&)( However, most of the arsenic in
fisheries products and seaweed exists as AB, whicbnsidered non-toxic. Therefore,
meaningful measures of arsenic levels in food raosbunt for arsenic speciation and
chemical form.

Methods for arsenic speciation analysis in rice e products have employed
various extraction solvents such as water (25)icracid (22—24, 26), and enzyme
solutions (27, 28). Extraction solvents for seawaed seafood have included water (32,
33), nitric acid (34, 35), alkaline reagents (28)zyme solutions (37, 38), and
methanol/water mixtures (39).

Several analytical methods for measuring arsepeciation in seaweed and seafood
have been reported (32—-45). One of the most dfficgelvents for extracting arsenic from
these matrices is hot, diluted nitric acid. A poeas study used 0.3 mol/L nitric acid at
80°C for 1 h to extract the arsenic compounds fngmki (34). This strategy was further
adapted to extractions of inorganic arsenic froneoseaweeds and seafood by heating at
100°C for 2 h (24).

This study validated an analytical method for gitatihg inorganic arsenic levels in

seaweed and seafood. Arsenic extraction was carteldy heating at 100°C in 0.3 mol/L
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nitric acid and arsenic speciation was measurdd®ByCP-MS using an ODS column with

a mobile phase containing an ion-pair reagent.
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1.1 Method validation for analysis of inorganic ar senic in seaweed and
seafood

An analytical method for quantitating levels of iganic arsenic in seaweed and
seafood was validated in a single laboratory sgtfiine method was evaluated for linearity,
limits of detection (LODs), LOQs, recovery, preoisj and accuracy. Samples containing
low levels of inorganic arsenie,g., driednori product (seaweed), Japanese oyster

(seafood), and oyster sauce (seafood product), ugse to calculate LODs and LOQs.
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Experimental

Samples

Dried seaweed products (kégaccharina angustata; nori Pyropia yezoensis, wakame
Undaria pinnatifida; sea lettucéJlva pertusa; green lavetJlva prolifera; mozuku
Nemacystis decipiens, akamoku Sargassum horneri (Turner) C. Agardh; andhijiki
Sargassum fusiforme), muscles of albacordliunnus alalunga), rainbow trout
(Oncorhynchus mykiss), red-eye round herrind(rumeus teres), Japanese sardine
(Sardinops melanostictus), the edible portion of northern shrimipadal us eous), the
mantle muscle of the Japanese common sdodh(odes pacificus), Yezo giant scallop
(Mizuhopecten yessoensis), the edible portion of the Japanese oysBeagsostrea gigas),
and processed products (nam pla and oyster sagce)purchased from a local market in
Japan. Seaweed and seafood samples were homogen&éxbd processor. NMIJ CRM
7405-a fijiki seaweed) and NRCC DORM-4 (fish protein) were esetkference

materials.

Apparatus

(a) LC system. 1200 Series LC system (Agilent Technologies, tokhapan).

(b) ICP-MS. 7500ce and 8800 ICP-MS instruments (Agilent Tettgiies) were used for
quantitative analyses of total arsenic.

(c) Microwave digestion system. An Ultrawave (Milestone MLS, Leutkirch, Germany)
microwave instrument was used for sample digegirar to total arsenic determination.
(d) Dry block bath heating system. An EB-303 (As One, Osaka, Japan) dry block batk w
used to heat samples during extraction.

An LC system, coupled to an ICP-MS instrument, wsed to quantitate arsenic

speciation.
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Reagents and standards

a) Ultrapure water. Milli-Q system (> 18 M2-cm) (Millipore Corp., Billerica, MA, USA)
water was used throughout this study.

(b) Nitric acid was ultrapure grade, Kanto Chemical Industried,, fiokyo, Japan

(c) Methyl orange was obtained from Kanto Chemical Industries, Ltd.

(d) Agqueous ammonia was obtained from Kanto Chemical Industries, Ltd.

(e) Sodium 1-butanesulfonate was obtained from Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan.

() Malonic acid was obtained from Fujifilm Wako Pure Chemical Gogiion.

(g) Methanol was obtained from Fujifilm Wako Pure Chemical Gugdion.

(h) Tetramethylammonium hydroxide (TMAH) was ultrapure grade and obtained from Tama
Chemicals Co., Ltd., Kanagawa, Japan.

(i) Sandard solution of certified reference material (CRM). Certified reference material
(NMIJ CRM 7912-a), DMA certified reference materijliMIJ CRM 7913-a), and AB
certified reference material (NMIJ CRM 7901-a) wptechased from The National
Metrology Institute of Japan/National InstituteAefvanced Industrial Science and
Technology (Ibaraki, Japan).

(j) Sandard solutions of the Japan Calibration Service System. Standard solutions
containing as As(lll) and Te (tellurium) (interretndard) were purchased from Kanto
Chemical Industries, Ltd.

(k) Sandards for arsenic speciation. MMA, TMAO, TeMA, and AC were purchased from
Tri Chemical Laboratories, Inc. (Yamanashi, Jamang) dissolved in water to prepare

arsenic speciation standard solutions.
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Preparation of reagents and standard solutions

(a) 0.3 mol/L nitric acid. Nitric acid (1.92 mL) was added to a 100-mL voeint flask
containing approximately 50 mL of water and dilutedhe mark with water.

(b) 0.1% methyl orange solution. Methyl orange (0.1 g) was weighed into a 100-mL
volumetric flask and diluted to the mark with wafBEne resulting mixture was passed
through a membrane filter to remove any precipitate

(c) Mobile phase. 1.458 g of 25% TMAH, 1.602 g of sodium 1-butanémate, 0.416 g
of malonic acid, and 0.5 mL of methanol were adaea 1-L beaker with 900 mL of water.
The pH of the solution was adjusted to 3.0 witlhagtire nitric acid and confirmed with a
pH meter. The solution was transferred to a 1-lurwdtric flask and diluted to the mark
with water.

(d) Sock standard solutions of monomethylarsonic acid, trimethylarsine oxide,

tetramethylar sonium, and arsenocholine (100 xg/mL as As). Stock standard solutions were
prepared individually. MMA (0.0474 g) was placedaid00-mL volumetric flask and
diluted to the mark with water. A separate 100-mlumetric flask was charged with
0.0363 g of TMAO, 0.0350 g of TeMA, and 0.0327 A&¢f and diluted to the mark with
water.

(e) Intermediate standard solutions (1 ug/mL as As). As(V), As(lll), MMA, TMAO, TeMA,
and AC stock solutions were prepared by dilutingksistandards 100-fold with water.
Intermediate standard solutiowere prepared immediately before use.

(f) Intermediate standard solutions (1 ug/mL as As). Separate 50-mL volumetric flasks
were charged with 3.68 g of DMA and 4.90 g of ABdaliluted to the mark with water.
The solutions were stored for 1 month at 4°C.

(g) Working standard solutions for calibration (from 0.5 to 20 ug/mL as As). Separate
50-mL volumetric flasks were charged with 25, 5001250, 500, or 1,000L of

intermediate solutions (e) and (f), respectivetyeach flask was added 5 mL of 0.3 mol/L

14



nitric acid and 0.1 mL of 0.1% methyl orange santiThe solutions were adjusted to pH

3 with dilute ammonia (aq) and diluted to the marth water.
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Sample preparation
(a) Arsenic speciation analysis

Subsamples (seaweed, 0.1 g; seafood, 0.2 g; sepfoddcts, 0.5 g) were weighed
into 10-mL glass test tubes with 2 mL of 0.3 malitric acid and mixed until the resulting
suspension was homogeneous. The glass tubes wersttppered and placed in a dry
block bath at 100°C for 2 h. The tubes were remdxau the block bath and allowed to
cool to room temperature. Water (3 mL) was addeshtth tube and the tubes were shaken
gently prior to centrifugation for 10 min at 210@XThe supernatant from each tube was
then transferred to a 20-mL volumetric flask. WdtemL) was added to each precipitate
and the mixture was gently shaken prior to cergation for 10 min at 2100 ¢. The
supernatant was transferred again to a 20-mL vdhicrfask. This procedure was
repeated once. Each supernatant flask was chaiigfe@®.x& mL of 0.1% methyl orange
solution and adjusted to pH 3 with dilute ammoiq)( The flasks were each diluted to the
mark with water and filtered through a 0.48 membrane filter prior to LC-ICP-MS
analysis.
(b) Total arsenic analysis

Subsamples (seaweed, 0.1 g; seafood and seafodacsp0.5—-0.6 g) were each
weighed into microwave digestion vessels with Sahhitric acid and digested at the
maximum power of 1500 W as follows: 12-min ramd&9°C, 13-min ramp to 250°C, 10
min at 250°C. After cooling, the digested subsamplere transferred to 50-mL
polypropylene flasks. The internal standard sofufite) was added to a final
concentration of 5Qg/L. Acetic acid (1 mL) was added to each flaskntance
sensitivity (58). The total arsenic concentratiohthe sample solutions were measured by
ICP-MS. To determine extraction rates, 1-2 mL ahearsenic speciation extract was

analyzed for total arsenic in the same manner.
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L C-ICP-M S conditions

LC-ICP-MS conditions are shown in Table 1.
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Results and discussion

Validation results
(a) Chromatography

Example chromatograms are shown in Figure 1.
(b) Linearity

In the range of 0.5-20 ng/mL, the correlation deadht (r) of each calibration curve
exceeded 0.999. Residual errors were independemsehic concentration.
(c) LOD/LOQ

Dried nori product (seaweed), Japanese oyster (seafoodpyatet sauce (seafood
product) were independently analyzed to determhied.ODs and LOQs. All three
contained low levels of inorganic arsenic (FiguyeThe LOD and LOQ were defined as 3
and 10 times the standard deviation of six indepehdnalyses (Table 2). Note that the
LOQs in Table 2 are significantly lower than theiri&se regulatory limits (18).
(d) Recovery

Recovery tests were conducted by adding 20 ng @flpAand As(V) standard
solutions to three samples and an NRCC DORM-4 stah@able 3). As(lll) sometimes
converts to As(V), and vice versa, during the etiom process; therefore, the
concentration of inorganic arsenic was measurecbiybining the concentrations of
As(Ill) and As(V). The results were within 90-11@%the actual value and satisfied the
requirements of standard method AOAC SMPR 2015f008e quantitation of arsenic.
(e) Precision

Three samples used in determining LOD and LOQ wsesl to calculate
repeatability (RSP and intermediate precision (R3Duplicate analyses, separated by 5
days, were performed in accordance with the gwdslof the Ministry of Health, Labour,

and Welfare of Japan for the validation of methfmilsnetal analysis in food (59). The
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data in Table 2 show that the resulting RSDs didemoeed 8%, thereby satisfying the
requirements of AOAC SMPR 2015.006.
(f) Accuracy

The test results for NMIJ CRM 7405-a and NRCC DORIgtandards are shown in
Table 4. Total arsenic concentrations were withandertified range: 35.8 + 0.9 mg/kg for
NMIJ CRM 7405-a and 6.80 = 0.64 mg/kg for NRCC DORMIhe NMIJ CRM 7405-a
reference material was certified with a water-stdus(V) concentration of 10.1 + 0.5 mg
As/kg and the obtained inorganic arsenic conceaantratagreed with the certified value.
NRCC DORM-4 was not certified for inorganic arsermowever, tests with spiked As(lII)

and As(V) standard solutions yielded 90-110% recpove
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Table 1. HPLC-ICP-MS conditions

HPLC conditions

Column CAPCELL PAK GgMG, 4.6 mmi.d. x 250 mm, particle size:
(Osaka Soda Co., Ltd.)
Mobile phase 10 mmol/L sodium 1-butanesulfonate, 4 mmol/L mal@id,

4 mmol/L tetramethylammonium hydroxide,
0.05 % methanol, (pH 3.0 adjusted with HYO

Flow rate 0.75 mL/min
Injection volume 2QuL
Column temperature Room temperature, 20-30°C

ICP-MS conditions 7500ce 8800
RF power 1.6 kW 1.55 kW
Plasma gas flow rate Ar 15 L/min Ar 15 L/min
Carrier gas flow rate Ar 0.7 L/min Ar 1.0 L/min
Colision gas fow rate  He 4 mL/min He 4.3 mL/min
Monitoring ion m'z 75 m/z 75
Dwell time 05s 05s
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Table 2. Limit of detection, limit of quantitation, repeatitp and intermediate precision

Sample LOD (mg/kg) LOQ (mg/kg) RSP%)  RSD (%)
Dried nori product 0.013 0.042 4.4 4.4
Japanese oyster, soft tissue 0.0031 0.011 3 5.6
Ooyster sauce 0.0024 0.0078 7.4 7.4
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Table 3. Recovery rates for samples spiked before extraction

As(Ill) As(V)
Sample
Recovery (%) SD (%) Recovery (%) SD (%)
Dried nori product 94.8 0.8 100 0.6
Japanese oyster, soft tissue 100.5 1.9 99.2 2.7
Oyster sauce 105 1.9 91.9 0
NRCC DORM-4 92.2 2.4 93.2 2.8

% Spike level of 1 ng/g (n = 3)

22



3000
2500

ity

2000

Signal intens
s o
s 2
g B

wn
=
o &

MMA AB
As(1IT)
TeMA
As(V) TMAO ¢

9000
8000

PR
S 3o
S 33
ISIR=IR=

intensi

4000
3000
2000
1000

Signal

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15
Retention time (min)

a) Standard solution, 10 ng/mL

D

As(IIT) A A/SA

e e e
3 4 5 6 7 8 9 10 11 12 13 14 15
Retention time (min)

¢) Soft tissue of Japanese oyster

16000
14000

ty
|
8
g
g

10000
8000
6000
4000
2000

Signal intensit

DMA
As(IIT) {K

2000
1800
1600
1400
1200
1000
800
600
400
200

Signal intensity

2 3 4 5 6 7 8 9 10 11 12 13 14 15
Retention time (min)

b) Dried nori product

&

As(III)
D

AS(V)A Jf\\ﬂnug

2 3 4 5 6 7 8 9

Y
10 11 12 13 14 15
Retention time (min)

d) Oyster sauce

Figure 1. Chromatograms of standard solutions and §amples.

23



1.2 Total and inorganic ar senic concentrationsin seaweed, seafood, and

seafood products

This study analyzed the inorganic arsenic conterbmmercial seaweed and seafood
samples using the developed analytical method Mihestry of Agriculture, Forestry, and
Fisheries has already collected data on the aesentents ofvakame, kombu, nori, and
hijiki (60). This study examined foods that are eately.daiied seaweed, sliced raw fish,

and seafood products were purchased from a locdetha Japan.
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Results and discussion

The measured concentrations of total and inorgarsienic in seaweed, seafood, and
seafood products are shown in Table 4. Total arseas determined for all samples used
in this study. Inorganic arsenic was detected istedthe dried seaweed products, but was
only marginally detected in seafood. The proportdbmorganic arsenic to total arsenic in
seaweed was higher than in seafood. Among the agsf;morganic arsenic was detected
only in the Japanese oyster samples.

These findings are similar to those of previouregpin that inorganic arsenic was
not detected in fish (33, 44, 47, 61).

TheSargassum speciesakamoku andhijiki contain high levels of inorganic arsenic.
Among the brown algae samples examined hereinifisignt levels of inorganic arsenic
were detected imkamoku, hijiki, andmozuku. Pellet al. (41) also reported high levels of
inorganic arsenic in the Sargassaceae. In thiystugrganic arsenic was not detected in
the kelpS angustata. A survey by the Ministry of Agriculture, Forestand Fisheries also
shows the absence of inorganic arsenic in mostd@gies (60). Conversely, Taykiral.
(40) and Ronaet al. (62) reported high levels of inorganic arsenithi@ kelpLaminoria
digitata. Since the kelp harvested in Japan belongs tgehasSaccharina, it is likely that
inorganic arsenic is accumulated by Liaeninoria spp. but not by thesaccharina spp.

Extraction rates were calculated as followdration rate (%) = a/b x 100, where a is
the total arsenic concentration of the extracttsmiumeasured by ICP-MS after
microwave digestion and b is the total arsenic eatration of the sample. The extraction
rate is reported because all arsenic compoundsiaye detected on a chromatogram of
seaweed and seafood extracts. The extractionobteafood were greater than 80%
except for rainbow trout and red-eye round hernmigich are listed as containing more

than 4% lipids in the standard tables of food cositmm in Japan (63). Other seafoods
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contain approximately 1% lipid. It is possible tihaihbow trout and red-eye round herring

contained more fat-soluble arsenic that was noteted.
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Table 4. Inorganic arsenic concentration, tots¢aic concentration, total arsenic concentrati@xiracts, and extraction ra

Total arsenic

Total arsenic ineexr

Sample Inorganic arsenic Extraction
Mear? (mgkg) SD (mgkg) Mear (mgkg) SD (mgkg) Meart (mgkg) SD (mgkg)  'ate (%)
Seaweed product
Dried kelp <0.042° nd” 22.9 0.06 20.8 0.38 90.8
Dried nori 0.085 0.003 19.8 0.29 18.9 0.31 95.5
Dried wakame <0.042° nd® 29.1 0.8 26.2 0.59 90
Dried sea lettuce 0.061 0.001 5.35 0.12 4.93 0.04 92.1
Dried green laver 0.406 0.014 9.23 0.28 7.94 0.08 86
Dried mozuku 6.33 0.072 12.2 0.11 9.1 0.17 74.6
Dried boiled akamoku 17.4 0.011 38.7 0.27 31.3 0.3 80.9
Dried boiled hijiki 38.6 0.405 68.8 0.21 66.3 0.58 96.4
Fish and shelfish
Albacore, muscle <0.011° nd® 1.87 0.013 1.79 0.063 95.7
Rainbow trout, muscle <0.011° nd® 0.24 0.008 0.16 0.002 66.7
Red-eye round herring, muscle <0.011° nd 2.51 0.03 1.85 0.103 73.7
Northern shrimp, whole body <0.011° nd 8.27 0.144 8.02 0.079 97
Japanese common squid mantle muscle<Q.011° nd 0.55 0.007 0.53 0.008 96.4
Yezo giant scalop, adductor muscle  <0.011° nd® 1.05 0.023 1 0.031 95.2
Japanese oyster, soft tissue 0.025 0.001 3.32 0.063 2 31 0.079 94
Processed products
Nam pla 0.011 0.001 0.92 0.026 0.85 0.019 92.4
Oyster sauce 0.011 0 0.33 0.004 0.33 0.012 100
Certificated reference materials
NMIJ CRM 7405-a 10 0.18 35.8 0.07 30.5 1.76 85.2
NRCC DORM-4 0.249 0.006 6.54 0.05 5.8 0.09 88.7
? Triplicate
"LoQ

¢ Not detecte
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Inorganic arsenic was detected in Japanese oggster sauce, and nam pla. The
muscle and internal organs of certain seafoods adrgected to separate analyses to
localize the location of inorganic arsenic in tligamism. The gut of the scallop has been
shown to contain higher levels of cadmium thanstineounding tissues.

Oysters and sardines are the primary raw ingresliantyster sauce and nam pla,
respectively. The amounts of inorganic arseni@iectic tissues of the Japanese oyster,
Japanese sardine, and Yezo giant scallop are giveable 5. Total arsenic was detected in
both the internal organs and muscles of these g However, inorganic arsenic was
detected only in internal organs. This findingnsagreement with the results of Kirbial.
(64). Throughout the organism, the major arsenmpmund was AB, although DMA and
AC were also detected (Figure 1). A large, unknp&ak was observed at a retention time
of 10 min in the chromatogram of Japanese oystea&x Since four types of arsenosugar
were co-eluted with arsenosugar glycerol usingadteacidic extraction (40, 62), this
peak may be due to arsenosugars.

Since the edible components of the Japaneseragslude the internal organs,
inorganic arsenic in our oyster and oyster sauogkss may derive from the internal
organs. Likewise, it is likely that the inorganisenic found in the nam pla samples was

derived from the internal organs of Japanese sardin
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Table 5. Inorganic arsenic concentration, tosgaic concentration, total arsenic concentratiextracts, and extraction rates

Sample

Inorganic arsenic

Total arsenic ineetsr Extraction

Mear? (mg/kg) SD (mg/kg)

Meari (mglkg) SD (mg/kg)

Mear? (mgkg) SD (mgkg) ~ rate (%)

Japanese oyster

Japanese sardine

Yezo giant scallop

Adductor muscle<0.011°

Adductor muscle <0.011°

0.055 85.9
0.025 88

0.073 82.5
0.36 95.9

0.002 98.6
0.031 78.6

2 Triplicate
bLoq
° Not detected
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1.3 Total and inorganic ar senic concentrations of akamoku after removal

of inorganic arsenic by boiling in sea water

Seaweeds such akamoku andhijiki, classified inSargassum, contain high levels of
inorganic arsenic. In 2004, the Food Standards ggehthe UK advised against eating
hijiki. Boiling in water or in water containing sea $as been shown to extract most of the
inorganic arsenic ihijiki (65). Therefore, this study investigated the Is\#linorganic

aresenic irakamoku before and after repeated boiling.
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Experimental

Sample preparation
Removing inorganic arsenic from seaweed

Rawakamoku (1.2 kg) was boiled in 10 L of 1% sea salt solutio tap water for 1
min. After boiling, the seaweed (approximately 3)Qvas washed with running water.
This boiling and washing process was repeated diti@ahal three times and the seaweed

was dried in a cold air dryer at ZD.
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Results and discussion

The total and inorganic arsenic concentratiorakamoku were measured before and
after boiling (Table 6). Samples that had beenddidihree times in 1% sea salt or tap water
contained less than 0.5 mg/kg inorganic arsenima&hita (65) reported that boiling
seawater was more effective than tap water in remgoarsenic fronhijiki. Therefore, the
boiling of hijiki in a solution containing 1% sea salt was recomrmeéidr removing
arsenic. In this study, almost all of the inorgaanisenic irekamoku was removed by

boiling several times in tap water or in a 1% dSoluf sea salt.
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Table 6 Inorganic As concentration and total Ascemtration of boiled seaweed

Sample 1 % Sea sal solution

FAs (mg/kg) t-As (mg/kg) i-As (mg/kg) t-As (mg/kg)
Akamoku before boiling 10.19 14.13
Once boied Akamoku 1.31 2.76 0.87 2.93
Twice boiled Akamoku 0.55 2.69 0.32 2.26
Three times boiled Akamoku 0.30 2.03 0.24 3.18
Four times boiled Akamoku 0.37 2.62 0.17 1.87

I-As, inorganic As; t-As, total As.
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Chapter 2
Deter mination of inorganic arsenic in fish oil and fish oil capsules by
LC-ICP-MS: method validation

Previous studies have employed water and/or dilai to extract inorganic arsenic
from food and various biological samples prior pedation analysis by LC-ICP-MS (46,
51, 52). However, these strategies have not beglnated for analyses of fish oil and are
not effective for extracting arsenolipids. Insteagenolipids can be extracted using
water-soluble reagents and hydrolytic methodsdhatypically used to extract
cholesterols. In one study, cholesterol was hyadeatyin 56.1 mol/L KOH in ethanol (56).
For the arsenic analyses, KOH was replaced with HM@& avoid introducing an alkali salt
into the ICP-MS. Alkali salts generally exhibit laanization potentials and can inhibit the
ionization of trace elements in ICP-MS analysesaddition, the sensitivity of ICP-MS can
be strongly affected by sample matrix effects, Itesyin unstable or unpredictable results.

Chapter 2 focuses on arsenic speciation analydeshinil and fish oil capsules. Oil
capsules packaged in water-soluble gelatin wesedissolved in TMAH prior to

hydrolysis in ethanol.
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2.1 Preparation of fish oil

Fish oil is a common additive in functional foo@mmercially available fish oil is
purified and arsenic-free. Therefore, to evaluheedfficiency of inorganic arsenic
extraction, this study used freshly prepared odsnffish and squid.

To obtain fish oils for arsenic analyses, this gtrgferred to common industrial
extraction techniques. Sardines were homogenitedi®ed, and centrifuged to obtain an
oil layer. Squid oil was obtained from the internagans of the Japanese common squid.

Krill oil was extracted using a hexane-2-propanottare.
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Experimental

Sample preparation
Sardine ail
Whole Japanese sardines were homogenized and stéand® min. The resulting

liquid was separated from the solids with a stnaarel centrifuged to obtain an oil layer.

Krill oil
FrozenAntarctickrill (10 g) was weighed into a 50-mL centrifugde. A 3:2 (v/v)
mixture of hexane/2-propanol (30 mL) was addedtaedube was shaken for 10 min. The

hexane layer was separated by centrifugation aapaated to dryness.
Squid oil

The hepatopancreas of the Japanese common sqOid)¥&s homogenized with

320 mL of water and centrifuged to obtain an ofela

37



2.2 Method validation of inorganic arsenic analysesin fish oil

A single laboratory validation was performed on tiethod for quantitating levels of
inorganic arsenic in fish oil. Samples known toteamlow levels of inorganic arsenic
were used to calculate LODs and LOQs. The maximemmissible level of aresenic in
fish oil is 0.1 mg/kg. Inorganic arsenic was notedéed in fish oil capsules that were
purchased from a local market. Therefore, smallartsoof As(lll) standard solution were

added to oil capsules used for method validation.
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Experimental

Samples
Fish oil (Japanese sardine oil, krill oil, Japse common squid oil) was made from

fresh raw materials as described in “2.1 prepanatidfish oil”.

Apparatus

(a) LC system. An Agilent Technologies 1200 Series LC system gpklapan) was used to
separate oil samples.

(b) ICP-MS. Total arsenic was quantitated with an Agilent Teatbgies 8800 ICP-MS
instrument.

(c) Microwave digestion system. An UltraWAVE (Milestone MLS, Leutkirch, Germany)
microwave instrument was used for sample digegirar to total arsenic measurements.
(d) Dry block bath heating system. An EB-303 (As One, Osaka, Japan) dry block bath wa
used for heating the extraction solution priortgeaic speciation analyses.

(e)Hot plate. Digi Prep HT (SCP Science, Quebec, Canada)

(f) Ultrasonic bath. ASU-6 (As One, Osaka, Japan)

An LC system coupled to an ICP-MS instrument walus measure arsenic speciation in

fish oil.
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Reagents and standards

(a) Ultrapure water. A Milli-Q system (>18 M2 cm) (Millipore Corp., Billerica, MA,

USA) was used to purify the water used throughlist gtudy.

(b) Nitric acid was of ultrapure grade and obtained from Kanton@bal Industries, Ltd.,
Tokyo, Japan.

(c) Methyl-orange was obtained from Kanto Chemical Industries Ltd.

(d) Sodium 1-butanesulfonate was obtained from Fuijifilm Wako Pure Chemical
Corporation, Osaka, Japan.

(e) Malonic acid was obtained from Fujifilm Wako Pure Chemical Cogimn.

(f) Methanol was obtained from Fuijifilm Wako Pure Chemical Cogimn.

(g) TMAH was of ultrapure grade and obtained from Tama GtesnCo., Ltd., Kanagawa,
Japan.

(h) Ethanol was obtained from Fujifilm Wako Pure Chemical Cagtimn.

(i) Phosphoric acid was obtained from Koso Chemical Co., Ltd., Tokyapah.

() Sandard solution of CRM. As(V) certified reference material (NMIJ CRM 79&Pwas
purchased from The National Metrology Institutelapan/National Institute of Advanced
Industrial Science and Technology (lbaraki, Japan).

(k) Sandard solution of Japan Calibration Service System (JCSS). Standard solutions of
As(Ill) and Te (internal standard) were purchasedfKanto Chemical Industries, Ltd.
(I) Hexane was obtained from Fuijifilm Wako Pure Chemical Cagtion.

(m) 2-Propanol was obtained from Fujifilm Wako Pure Chemical Caogtmn.
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Preparation of reagents and standard solutions

(a) 0.3 mol/L nitric acid. A 100-mL volumetric flask containing approximaté&@ mL of
water was charged with 1.92 mL nitric acid and té¢uto the mark with water.

(b) 0.1 % methyl orange solution. Methyl orange (0.1 g) was weighed into a 100-mL
volumetric flask and diluted to the mark with wafEne resulting solution was passed
through a membrane filter to remove any precipitate

(c) 2.5 % phosphoric acid. A 100-mL volumetric flask was charged with 2.94f@5%
phosphoric acid and diluted to the mark with water.

(d) Mobile phase. A 1-L beaker was charged with 1.458 g of 25% TMALK§02 g of
sodium 1-butane sulfonate, 0.416 g of malonic axismL of methanol, and 900 mL of
water. The pH of the mixture was adjusted to 3. wltrapure nitric acid while
monitoring with a pH meter. The solution was transfd to a 1-L volumetric flask and
diluted to the mark with water.

(e) Intermediate standard solutions (1 xg/mL as As). As(V) and As(lll) stock solutions
were prepared by diluting stock standards 100+t water. Intermediate standard
solutionswere prepared immediately before use.

(f) Working standard solutions for calibration (from 0.5 to 20 xg/mL as As). Volumetric
flasks (50 mL) were charged with 25, 50, 100, Z81), or 1,00Q.L of intermediate
solution (e). To each flask, 0.4 mL of 25% TMAHML of 2.5% phosphoric acid, and 0.1
mL of 0.1% methyl orange solution were added. Tdiat®ns were adjusted to pH 3 with

0.3 mol/L nitric acid and diluted to the mark withater.
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Sample preparation
(a) Arsenic speciation analyses in fish oil

Fish oil (0.1 g) was weighed into a 10-mL glass telse. To this, 2.34 mL of ethanol
was added and the tube was mixed until the regustiispension was homogeneous. Then,
0.16 mL of 25% TMAH was added to the tube and tiet®n was mixed well. The tube
was closed with a stopper and placed in a dry bbhatk at 80°C for 1 h. After heating, the
tube was allowed to cool to room temperature befaresferring the mixture to a beaker
and evaporating the ethanol on a hotplate at 8DR€.resulting solid was dissolved in
water by sonication, transferred to a 10-mL volumdtask, and diluted to the mark with
water. An aliquot was removed and placed in a 10efmolumetric flask. To this, 0.2 mL
of 2.5% phosphoric acid and 0.1 mL of 0.1% methgihge solution were added. The pH
was adjusted to pH 3 with 0.3 mol/L nitric acid &hd solution was diluted to the mark
with water and filtered through a 0.45a membrane filter prior to analysis by
LC-ICP-MS.
(b) Arsenic speciation analysis of fish oil capsules

Individual fish oil capsules (about 0.4-0.6 g) wadsled to 10-mL glass test tubes
with 0.32 mL of 25% TMAH. The capsules were dissol\by sonicating for about 1.5 h
followed by addition of 4.68 mL of ethanol to edobe. The solutions were mixed well
and the tubes were stoppered and placed in a dek blath at 80°C for 1 h. After heating,
the tubes were allowed to cool to room temperdbefere transferring their contents to a
beaker and evaporating the ethanol on a hotpla&@°&. The resulting solids were
dissolved in water by sonication, transferred i@danL volumetric flask, and diluted to
the mark with water. An aliquot of each sample wamoved and placed in a 10-mL
volumetric flask. To each sample, 0.2 mL of 2.5%gphoric acid and 0.1 mL of 0.1%
methyl orange solution were added. The pH of eaatp$e was adjusted to pH 3 with 0.3
mol/L nitric acid and the solution was diluted ke tmark with water and filtered through a

0.45um membrane filter prior to analysis by LC-ICP-M$ Additional capsule
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containing granulose shark oil (squalene) wasérkat the same way except it was
extracted using a double extraction solvent siheeas large and difficult to hydrolyze.
(c) Total Arsenic analysis

Subsamples (fish oil, 0.1 g; fish oil capsule, éjrwere weighed into microwave
digestion vessels along with 2 mL of water and 5ahhitric acid. Samples were digested
in @ microwave instrument at maximum power (1500a4/jollows: 15-min ramp to
120°C, 15-min ramp to 250°C, and 10 min at 250°fferAcooling, the sample solutions
were transferred to 50-mL polypropylene flasks #HredTe internal standard was added to a
final concentration of 5Qg/L. Acetic acid (1 mL) was added to enhance sentgi(58).
The total arsenic concentration of each sampleisolwas measured by ICP-MS. To
determine extraction efficiency, 1-mL aliquots o$enic speciation extracts were analyzed

for total arsenic in the same manner.

L C-ICP-M S conditions
The LC-ICP-MS conditions are shown in Table 1.
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Results and discussion

Validation results
Chromatography

Example chromatograms are shown in Figure 3.

Linearity
Correlation coefficients (r) exceeded 0.999 forsalinples within the concentration

range of 0.5 to 20 ng/mL. Residual errors were peaelent of arsenic concentration.

LOD/LOQ

This study analyzed Japanese sardine oil (fishaoi) oil capsules containing EPA
and DHA (fish oil capsules) to determine LODs a@Qs. Each of the samples was
spiked with a standard solution to attain a lowelex inorganic arsenic. LODs and LOQs
were defined as the concentrations correspondisgt@l strengths three and ten times
the standard deviation of six independent analf/Eaisle 7). Note that the calculated
LOQs were significantly lower than the maximum pessible level of arsenic defined in

the Codex (21).

Recovery

Recovery tests were conducted with fish oil samatekfish oil capsules by adding
10 and 20 ng, respectively, of As(lll) and As(Varstlard solutions (Table 8). Due to
possible interconversion between As(lll) and As@djing the extraction process, the
concentration of inorganic arsenic was calculatetha combined concentration of As(V)
and As(lll). The results were within 90-110% ofitheminal values, thereby satisfying

standard method AOAC SMPR 2015.006 for the qudittitaf arsenic.
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Precision

Two samples that had been used in analyses of L@ @Q were used to calculate
the RSP and RS The tests were carried out using duplicate aealgeparated by 5 days
in accordance with the guidelines set by the Migief Health, Labour, and Welfare of
Japan for the validation of methods for metal asialyn food (59). The data in Table 7
show that the RSDs did not exceed 5%, therebyfgatgsthe requirements of standard

method AOAC SMPR 2015.006.
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Table 7. Limit of detection, limit of quantitation, repeatiypand intermediate precision

Sample LOD (mg/kg) LOQ (mg/kg) RS%) RSD (%)
Japanese sardine oil 0.015 0.048 3.4 4.3
EPA & DHA capsule 1 0.004 0.011 3.5 3.5
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Table 8. Recovery rates for samples spiked before extrdction

Sample As(11) ‘ As(V)

Recovery (%) SD (%) Recovery (%) SD (%)
Japanese sardine oil 97.3 3.2 98.3 4.0
EPA & DHA capsule 1 106 3.2 102 15
EPA & DHA capsule 2 102 4.7 97.3 2.1
EPA & DHA capsule 3 100 4.6 103 1.0
Granulose shark liver oil capsule 103 1.0 107 1.7

% Spike level of 0.5 ng/g (n = 3)
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2.3 Total and inorganic arsenic in fish oil and fish oil capsules

In accordance with the method described aboveholesterol hydrolysis, the fish oil
samples were completely disolved in alkaline soluttontaining TMAH. After hydrolysis,
each extract was adjusted to pH 3 to match thefgReoHPLC mobile phase, resulting in
the formation of a precipitate. Recovery tests sftbthat no inorganic arsenic was in the
precipitate, which was removed by centrifugatiomvoid damaging the HPLC column.

Three fish oil capsules containing EPA and DHA andadditional caspule containing
granulose shark liver oil (squalene) were analypedrsenic. The fish oil capsules
weighed between 0.4 and 0.5 g and contained apped&ly 0.3 g of fish oil. The shark oll

capsule weighed 0.6 g and contained 0.4 g of oil.
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Results and Discussion

Total and inorganic ar senic concentrationsin fish oil

The concentrations of total and inorganic arsemitsh oils are shown Table 9. Total
arsenic was measured for each sample used inttloig $norganic arsenic was not
detected in the fish oil samples. Lopez-Gaetia. (52) reported significant
concentrations of inorganic arsenic in the labayaproducts of fish oil, fish oil nutritional
supplements, and olive or sunflower oil used inghaeessing of canned fish. In this study,
inorganic arsenic was found only in laboratory pretd of fish oil. Fish liver oil contained
significantly high inorganic arsenic concentratiafid.0.2 mg/kg. The intestinal organs of
fish and shellfish, such as Japanese sardine,inedthigher levels of inorganic arsenic
than did muscle tissue (64). Squid oil preparethftbe hepatopancreas of Japanese
common squid did not contain inorganic arsenicsHuiggests that inorganic arsenic may
exist only in the water layer of the squid hepatapeas extract.

Extraction rates were calculated as follows:

extraction rate (%) = a/b x 100
where a is the total arsenic concentration of #ieaeted solution measured by ICP-MS
after microwave digestion, and b is the total aicseancentration of the sample. The total
arsenic concentrations of the extracts were meddiefore acidification. The extraction
rate is provided in terms of total arsenic concitin because all arsenic compounds may

not be evident on a chromatogram of fish oil extrac

50



Total and inorganic ar senic concentrationsin fish oil capsules

The data in Table 9 show that no arsenic was dtantfish oil capsules. These
findings are similar to those of a previous studyhich inorganic arsenic was found at
very low levels in fish oil nutritional supplemer{&2). It is likely that arsenic is removed

from the raw materials prior to extracting and @agkg fish oil into capsules.
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Table 9. Inorganic arsenic concentration, totsémic concentration, total arsenic concentratiextracts, and extraction ra

Inorganic arsenic Total arsenic Total arsenic inaoty .
Sample Mearf Mearf Mearf Extraction
SD (mg/kg) SD (mg/kg) SD (mg/kg) rate (%)
(mg/kg) (mg/kg) (mg/kg)
Fish oil
Japanese sardine olil <0.048 nd 9.68 0.29 9.70 0.01 10C
Krill oil <0.048 nd® 5.57 0.04 5.57 0.02 10C
Japanese common squid oil <0.048 nd’ 19.6 0.28 194 0.23 9¢g
Fish oil capsule
EPA & DHA capsule 1 <0.011° nd <0.01 nd’ - ..d -
EPA & DHA capsule 2 <0.011° nd’ <0.01 nd’ . - -
EPA & DHA capsule 3 <0.011° nd <0.01 nd® - -d -
Granulose shark liver oil capsule <0.011° nd’ <0.01 nd’ . - -
2 Triplicate
®LOQ

°Not detecte
4 Not calculate
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2.4 Solubility of inorganic arsenic in fish oil

Inorganic arsenic was not detected in fish oihiis study. This may be because
water-soluble inorganic arsenic species are ingelmboils. This study therefore examined
the solubility of As(lll) and As(V) in oil.

When made into halogen salts, certain elementbeagxtracted into organic solvents.
For example, the chloride salt of As(lll) is solelh hexane (53). This study therefore
examined the relative partitioning of inorganicesnis between an organic solvent and an

aqueous solution of 9 mol/L hydrochloric acid.
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Results and Discussion

To examine the solubility of inorganic arsenicishfoil, As(lll) or As(V) was added
to fish oil under acidic conditions (Figure 4). A§(was detected at 0.1 or 2.9 ug/g in fish
oil in the absence or presence of 9 mol/L hydragtlacid, respectively. As(V) was only
detected (0.27 pg/g) in fish oil in the presencthefhydrochloric acid solution.

These findings show that the majority of As(lll)daa small amount of As(V) are
transferred into fish oil under acidic conditioiis strategy can therefore be used in the

extraction and analysis of fish oils containingrgrmic As(l1l) and As(V).
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Chapter 3

Comprehensive discussion

This study developed an analytical methodHerquantitation of inorganic arsenic
in seaweeds and seafood. Inorganic arsenic waactadr from food samples by heating at
100°C in 0.3 mol/L nitric acid. For simplicity, asic speciation was determined by
LC-ICP-MS using an ODS column with a mobile phasetaining an ion-pair reagent. In
validating this method, LOQs were less than 0.08mgnd recovery tests and precisions
satisfied standard method AOAC SMPR 2015.006 feeric analysis. Therefore, an
analytical method for inorganic arsenic as As(@itd As(V) in seaweeds and seafood
containing high levels of inorganic and/or orgaamisenic compounds was established in
this study.

Significant inorganic arsenic concentrationgehbeen found in the brown algae
akamoku, hijiki, andmozuku. This study applied the present analytical metiootthe
determination of inorganic arsenic concentrationrduthe processing @kamoku by
boiling. Inorganic arsenic was removed from the saweed by repeated boiling.

This study also measured inorganic arsenic lewetsa internal organs of Japanese
oyster, nam pla sauce, and oyster sauce. Inorgasenic was not detected in the other
seafoods used in this study.

This study also developed an analytical methodHerquantitation of inorganic
arsenic in fish oil and fish oil capsules. Inorgaaisenic was quantitatively extracted from
fish oil samples by heating at 80°C in an alkaBo&ition containing 1.6% TMAH
following lipid extraction with ethanol. In validag this method, LOQs were less than
0.05 mg/kg, and recovery tests and precisionsfiatistandard method AOAC SMPR
2015.006 for arsenic analysis. Therefore, an aicalytnethod for measuring the amounts
of inorganic arsenic in fish oils and fish oil cafes was established in this study.

Furthermore, the developed analytical method caapipdied to all food groups.
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International databases on the inorganic and ocgamsenic contents of various foods will
be established using the analytical methods desthilerein. With data collected using this
method, the intake of inorganic arsenic from sedfeeaweeds, fish oils, and other types
of foods may be estimated, allowing a more accugstienate of consumer health risks.
The ingestion of inorganic arsenic in drinking waseknown to cause cancer, skin lesions,
developmental defects, cardiovascular diseaseptedicity, and diabetes in humans (4).
Inorganic arsenic contributions from food and medktioxicities will be clearly elucidated

in the future. In particular, the adverse effedtsrorganic arsenic on human health by the

ingestion of rice andijiki in Japan need to characterized.
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Summary

The toxicity of arsenic depends on its chemicainfdi—4, 6, 7). Regulatory limits for
highly toxic forms of inorganic arsenic have beents/ the Codex, Australia/New Zealand,
China, and EU (18-21). The foods that are targitecegulation include rice, seaweed,
and seafood. While a method for determining inoigarsenic levels in rice has already
been established (24), a means of analyzing fagaroc arsenic in seaweed and seafood is
in need of development.

In 2017, the Codex added an additional regulatiatirgy that the inorganic arsenic
concentration in fish oil must be less than 0.1kgg¢hen the fish oil contains a total
arsenic concentration of more than 0.1 mg/kg (2hgrefore, an established method for
quantitating inorganic arsenic levels in fish oill\we required.

Chapter 1 describes the validation of an analytivethod for quantitating inorganic
arsenic levels in seaweed and seafood via extreatia00°C in 0.3 mol/L nitric acid and
LC-ICP-MS analysis with an ODS column and a mophase containing an ion-pair
reagent, as described by Nagaekal. (34). Samples purchased from a local market were
used in our analyses. Among the dried seaweed pt®that were evaluated, significant
levels of inorganic arsenic were detected in tlaaveedsakamoku, hijiki, andmozuku. The
Sargassum speciesakamoku andhijiki contained high levels of inorganic arsenic. This
study also confirms that inorganic arsenic candmeaved from seaweed by repeated
boiling, a method described by Yamashita (65).

Tayloret al. (40) and Ronaet al. (62) reported high levels of inorganic arsenithie
kelp L. digitata. Since the dried kelp products produced in Jagdonly to the genus
Saccharina, it is likely that inorganic arsenic is accumuthtey theLaminoria spp. but not
by theSaccharina spp.

Inorganic arsenic was detected in the Japaneserpggster sauce, and nam pla. The

muscle and the internal organs of the oyster weatyaed separately to examine the

58



distribution of inorganic arsenic throughout thgamism. Inorganic arsenic was detected
in the internal organs of the oyster and in oysé&erce, the latter being derived from the
internal organs of the Japanese oyster. Likewisejrnorganic arsenic found in nam pla
likely results from the arsenic found in the intrargans of the sardine, which are used in
the production of nam pla.

Chapter 2 describes the adaptation of the abovkeadeb quantitate inorganic arsenic
in fish oil and fish oil capsules. There are refelly few articles that describe the analysis
of inorganic arsenic in oils (46, 51, 52). In thaserganic arsenic was extracted with
water or dilute acid. To determine the extractiates of inorganic arsenic from fish oils
containing arsenolipids, this study employed a blydis technique used in the analysis of
cholesterols (56).

The validation results were satisfactory for inangaarsenic in fish oil and fish oll
capsules. Although Lépez-Garaiaal. (52) reported that fish liver oil contained high
levels of inorganic arsenic, inorganic arsenic waisdetected in fish oil samples extracted
from fish or squid, nor in commercially availabistf oil capsules.

Since As(lll) is known to be soluble in hexanehe presence of chloride ion (53), this
study examined the solubility of inorganic arsenifish oil by spiking As(lIl) or As(V)
into fish oil under acidic conditions. In the prese of 9 mol/L hydrochloric acid, most of
the inorganic arsenic was transferred to the orgphase of fish oil.

Chapter 3 provides a comprehensive discussioringldtese results. International
databases on the inorganic and organic arseniersndf foods will be established using
the analytical methods described in this studys€heill allow better estimates of arsenic

ingestion and provide more accurate estimatesmdwoer health risk.
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