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Abstract: Seaweed, a popular seafood in South Korea, has abundant dietary fiber and minerals.
The toxicity of arsenic compounds is known to be related to their chemical speciation, and inorganic
arsenic (iAs) is more detrimental than other species. Due to the different toxicities of the various
chemical forms, speciation analysis is important for evaluating arsenic exposure. In this study,
total arsenic (tAs) and six arsenic species (arsenite, arsenate, monomethylarsonic acid, dimethylarsinic
acid, arsenobetaine, and arsenocholine) were analyzed in 180 seaweed samples. Although there
were differences between seaweed species, the concentration of tAs was detected at levels ranging
from 1 to 100 pg/g, and the distribution of six arsenic species differed depending on the seaweed
species. No correlation between the concentration of iAs and tAs was found in most seaweed species.
Through statistical clustering, hijiki and gulfweed were seen to be the seaweeds with the highest
ratios of iAs to tAs. Using the iAs concentration data from the arsenic speciation analysis, a risk
assessment of seaweed intake in South Korea was conducted. The margin of exposure values showed
no meaningful risk for the general population, but low levels of risk were identified for seaweed
consumers, with high intakes of gulfweed and hijiki.
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1. Introduction

Arsenic (As) is known to have harmful effects on humans and animals. Arsenic exists in various
chemical forms, and is largely divided into inorganic As (iAs) and organic As [1]. Inorganic As,
containing arsenite (As'!) and arsenate (AsY), is known to have high potential for toxicity and frequent
occurrence in food and water, posing a health risk to millions of people [2,3]. Previous research reported
that iAs causes damage to lung, urinary bladder, and skin [4,5], and is classified as a nonthreshold
Group 1 carcinogen to humans by the International Agency for Research on Cancer (IARC) [6,7].
Additionally, methylated arsenicals are known metabolites found in humans that have been exposed
to iAs [8]. Despite the low toxicity of dimethylarsinic acid (DMA"V) and monomethylarsonic acid
(MMAY), dimethylarcinic acid (DMA™) and monomethylarsonic acid MMAM) are extremely toxic [8,9].
The latter two organic forms of arsenic have also been classified as Group 2 potential carcinogens for
humans [10]. Furthermore, dimethylmonothioarsinic acid (DMMTAY), which is produced during
the metabolism of DMAY, is also reported to be highly toxic [8]. While current risk assessments of
dietary exposure to As are mainly based on inorganic substances, for a more accurate risk assessment,
organoarsenicals that are not fully categorized in terms of their toxicological properties, lack knowledge
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of chemical structures, and may cause potential threats to human health, remain to be studied [9,11].
The Joint FAO/WHO Expert Committee on Food Additives (JECFA) and European Food Safety
Authority (EFSA) have proposed BMDL (benchmark dose lower confidence limits) values for iAs.
BMDL; for iAs range between 0.3-8 ug kg~! day~! [12], and the BMDLy5 is 3 pg kg~ day~! [13].

In South Korea, seaweed is used for various purposes. It can be eaten in raw, cooked, and processed
forms, and seaweed polysaccharides are used for cosmetics and pharmaceutical products [14]. Seaweed
intake is recommended for satisfying the dietary requirements of essential minerals and trace elements
that are less available in other common edible plants [15]. More than 50 species of seaweeds are used
for food [16]. The annual consumption of seaweed in South Korea is 8.5 kg per person, which is
one of the highest consumption rates in the world [16]. In recent decades, seaweed has become
increasingly consumed as food in Western countries because of its nutritional and health benefits [17].
Previous research indicated that As is abundant in seafoods at concentrations as high as several
hundred mg kg‘1 [18]. Whereas seaweed contains high levels of total arsenic (tAs), most As exist
as organic species, and iAs content is relatively low [19]. However, some species such as hijiki are
known to have relatively high levels of tAs, with a high ratio of iAs to tAs [17,20-22]. Therefore, due to
the differences in toxicity among chemical forms and different content patterns of As species among
seaweed species, the necessity of speciation analysis is evident.

Since levels of tAs and iAs in particular seaweed species have been mainly investigated [23-25],
and levels of As species in a variety of seaweed species currently available in South Korea need
to be monitored, the levels of tAs and 6 different arsenic species (inorganic species including As'!!
and AsY, and organic species including MMA, DMA, arsenobetain (AsB), and arsenocholine (AsC)
in seaweeds were examined in this study. Ten categories comprising 180 total seaweed samples
(kelp (n = 32), sea mustard (n = 25), laver (n = 25), agar (n = 20), sea lettuce (n = 20), seaweed fulvescens
(n =17), gulfweed (n = 12), sea staghorn (n = 13), sea string (n = 8), and hijiki (n = 8)) produced in
the southern coastal region of Korea were collected from various markets, and their As contents were
analyzed by high-performance liquid chromatography inductively coupled plasma mass spectrometry
(HPLC-ICP-MS). The objectives of this study were to collect data about the concentration of each As
species in various South Korean seaweed samples, and to conduct a risk assessment for the general
population and the seaweed consumer group, that will provide a basis for dietary recommendations.

2. Materials and Methods

2.1. Chemicals and Reagents

Ultrapure deionized water obtained from the YL WPS System (Young Lin Instrument Co.,
Gyeonggi-do, Korea) was used for all experiments in this study. Arsenic standard solutions for ICP
(Fluka, Buchs, Switzerland), hydrogen peroxide and nitric acid (Chemitop, Chungcheongbuk-do, Korea)
were used for the analysis of total arsenic. For As speciation analysis standards, arsenic oxide hydrate
(Inorganic ventures, Christiansburg, VA, USA), arsenic trioxide (Inorganic ventures, Christiansburg,
VA, USA), sodium cacodylate trihydrate (Sigma-Aldrich, St. Louis, MO, USA), disodium methyl
arsonate hexahydrate (Chemservice, Pittsburgh, PA, USA), arsenocholine bromide (Wako, Japan) and
arsenobetaine (Sigma-Aldrich, St. Louis, MO, USA) were used (Table S1). For the chromatographic
mobile phase, sodium 1-butanesulfonate (Sigma-Aldrich, St. Louis, USA), tetramethylammonium
hydroxide (Sigma-Aldrich, St. Louis, MO, USA), malonic acid (Wako, Osaka, Japan), and HPLC grade
methanol (Burdick & Jackson, Ulsan, Korea) were used. Certified reference material (CRM) NMIJ] CRM
7405b Hijiki (National Metrology Institute of Japan, Ibaraki, Japan) was used to validate the analytical
method. All chemicals used in this study were analytical grade.

2.2. Sample Collection and Preparation

A total of 180 seaweed samples; kelp (n = 32), laver (n = 25), sea mustard (n = 25), agar (n = 20),
sea lettuce (n = 20), seaweed fulvescens (n = 17), gulfweed (n = 12), sea staghorn (n = 13), sea string
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(n = 8), and hijiki (n = 8); were purchased from supermarkets, traditional markets, and online markets.
Sample numbers were selected with consideration of the consumer’s purchasing preferences [26]
and average consumption [27]. All the samples were produced in the southern coastal region of
Korea, 2018; most of the products were produced off the southern coast of the Jeolla province
(Wando, Shinan, Muan, Jindo, Gangjin, Haenam, Jangheung, Goheung, and Yeosu); however,
some samples were produced in other provinces, like the southern region of Gyeongsang province
(Tongyeong, Geoje, and Gijang), and Jeju Island (Figure S1).

Seaweed samples were freeze-dried (FDU-2110, EYELA, Tokyo, Japan) and homogenized using a
grinder (FM-700SS, Hanil Electric, Seoul, Korea). Homogenized samples were sealed with Parafilm
(Neenah, WI, USA) and kept at 4 °C in the refrigerator until analysis.

2.3. Instruments

The As analysis was performed with ICP-MS (Agilent 7700x, Agilent Technologies, Santa Clara,
CA, USA), and the experimental conditions of the previous studies that analyzed As using the same
instrument were modified and used in this experiment [28]. The working condition for tAs analysis
is presented in Table S2. The ICP-MS consisted of a double-pass spray chamber and a micro-mist
concentric nebulizer. For As speciation analysis, chromatographic separation by using an HPLC
(Agilent 1200 series, Agilent Technologies, Santa Clara, CA, USA) was added to ICP-MS. The working
conditions for HPLC in As speciation analysis are presented in Table S2. The reversed phase CAPCELL
PAK C18 MG column (4.6 x 250 mm, 5 um, Shiseido, Tokyo, Japan) was connected to the nebulizer of
the ICP-MS for separation.

2.4. Determination of Total As

Digestion of seaweed samples was performed based on the protocols described in the Korean
Food Standard Codex Working Manual on Heavy Metals Analysis [29]. About 0.1 g of each dried
and powdered seaweed sample was weighed in a polytetrafluoroethylene (PTFE) tube (50 mL).
Four milliliters of nitric acid (70%, v/v) were added, and the samples were heated on a hot plate (100 °C,
90 min). After cooling at 25 °C, 1 mL of hydrogen peroxide (30%, v/v) and 3 mL of nitric acid (70%, v/v)
were added. PTFE tubes were closed and put into a microwave digestion system (ETHOS EASY,
Milestone, Italy). The digestion procedure was performed in 3 steps: (1) 20 min at 1600 W to raise the
temperature to 200 °C, (2) 15 min holding time under the same conditions, and (3) 30 min cooling time
for sample temperature to fall to 60 °C or lower. After digestion, the sample mass was adjusted to
20.0 g by adding distilled water before ICP-MS analysis. Quantification of tAs was conducted by an
8-point external calibration ranging from 0.5 to 50 ug kg~!. These standard samples were prepared in
2.5% nitric acid.

2.5. Determination of As Species

The methods for sample pre-treatment, extraction, separation and detection of As were performed
by following a method of iAs analysis described in the Korean Food Standard Codex [30]. Approximately
0.2 g of each seaweed sample was weighed in a 50 mL polypropylene tube. Next, 5 mL of 1% (v/v) nitric
acid was added to the samples and heated in the water bath for 90 min at 90 °C, and in the first 30 min,
samples were vigorously shaken at 5 min intervals to promote the sufficient mixing of samples and
nitric acid. The extracts were cooled at 25 °C and sample volumes were adjusted to 25 mL with distilled
water. Diluted samples were centrifuged (Allegra X-15R, Beckman Coulter, CA, USA) for 10 min at
3000x g and the supernatants were collected. The supernatants were centrifuged again under the same
conditions (10 min at 3000x g) and the supernatants collected after the second centrifugation were
filtered through a 0.45 pm nylon membrane filter and analyzed as samples. Two inorganic As species
and four organic As species were separated under an HPLC-ICP-MS with the C18 reversed phase
column. For the mobile phase, 0.05% (v/v) methanol, 4 mM malonic acid, 10 mM sodium 1-butane
sulfonate, and 4 mM tetramethylammonium hydroxide pentahydrate were used, and pH was adjusted
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to 2.7. The quantification of 6 As species was enabled by an 8-point external calibration ranging from
0.5 to 50 ug kg~!. A stock solution of each of the 6 As species was prepared by dissolving the chemical
standards in ultrapure deionized water to a concentration of 600 mg kg~!. Stock solutions of standards
were stored at 4 °C until analysis. Working solutions were prepared freshly for each analysis batch by
mixing stock solutions of 6 As species standards, and diluting the mixed stock solution with 1% (7/v)
nitric acid for analysis.

2.6. Validation

To reflect the characteristics of the matrix of different seaweeds, random samples of each seaweed
group were selected, used in equal amounts, and homogenized for a representative sample. For the
method validation, validity was proven through method limit of detection (MLOD), method limit of
quantification (MLOQ), precision, and accuracy. The arsenic standard solution was used to augment
the representative sample at 5 concentration levels (2.5, 5, 10, 25, and 50 ug kg_l), and then samples
were pretreated with the same procedure as the tAs and As speciation analyses. This pretreatment
and analysis of standard augmented samples were repeated 7 times to obtain 7 calibration curves
for MLOD and MLOQ. The certified reference material NMIJ CRM 7405b Hijiki (National Metrology
Institute of Japan, Ibaraki, Japan) was analyzed to verify accuracy and precision. The same amount of
reference material was pretreated and analyzed in 7 iterations as an intraday test, which was repeated
three times on different days.

For quality control, the certified reference material NMIJ CRM 7405b Hijiki was analyzed with
every batch of seaweed samples for both tAs and As species measurements. External calibration
standards for quantification were prepared daily from the standard stock solutions. The calibration
was in the range of 0.5 to 50 ug kg~! and analyzed with every batch for tAs and each As species.

2.7. Risk Assessment

Among 10 seaweed categories, a risk assessment was conducted on seaweed groups with higher
intake or higher percentage of inorganic arsenic than other groups. To collect consumption data of
seaweeds for the risk assessment of iAs, data from the Korea National Health and Nutrition Examination
Survey (KNHNES) of 2016, published by the Korea Center for Disease Control and Prevention (KCDC),
were used [31]. The KNHNES dietary data were estimated by a food intake frequency test and a 24 h
dietary recall test on 7042 participants. Seaweed intake was calculated by dividing it into two groups:
the first group was a general population group in which intake value was calculated for all people,
regardless of seaweed intake, and the second group was a seaweed consumer group in which intake
value was only calculated for people who consumed seaweed. Seaweed intake values obtained from
this calculation were multiplied with the mean iAs concentration of each seaweed group.

The margin of exposure (MOE) was used for the risk assessment of iAs. The MOE calculation was
based on the benchmark dose (BMDLy 1; 0.3-8 ug kg~! day™!), estimated by the EFSA that can cause
1% increased risk of skin, lung, and bladder cancer, based on past epidemiologic research [12]. For risk
assessment, BMDLg; of 0.3 pug kg™ day~! was used as a representative point which corresponds to
the lower end of the BMDLy; value range. The average body weight (65.28 kg) of subjects was used for
daily iAs intake calculation [32]. The formula used for risk assessment is as follows:

e Daily consumption (g day ') x iAs concentration (ug kg ™)
Daily iAs intake =

1
Average body weight (kg) @

0.3 (ugkg ™" day™
MOE — PMPL (g kg day l) : o
EDI Daily iAs intake (pg kg™ day™)

2.8. Statistical Analysis

Statistical analyses for risk assessment in this study were performed using SAS software (Ver. 9.4;
SAS Institute, Cary, NC, USA). All other statistical analyses were conducted using R statistical software
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(http://www.r-project.org/). K-means clustering analysis was used for grouping, and ten categories of
seaweeds were grouped by the distribution pattern of tAs and iAs/tAs. To estimate the correlation
of tAs and iAs for each seaweed species, we used correlation factor (r), and correlation analysis was
performed through p-value at a 95% confidence level. Correlation factors (1) were calculated for each
seaweed group, and the equation for obtaining the correlation factor is as follows:

covixy) X xi-%)(yi-¥)
Vvar(x)var(y) \/Z (5 = %) (yi - 9)

Correlation factor =

®)

where, x and y represent the tAs and iAs concentration. The tAs and iAs values of each sample are
expressed as x; and y;.

3. Results and Discussion

3.1. Validation Results of Analytical Methods

The linearity was measured in the calibration curve ranging from 0.5 to 50 pg kg™! for total As
and each of the six As species by the correlation coefficient (R2). R? of total As and six As species was
greater than 0.9998 in all results (Table 1). MLOD was calculated as 3.14 o/S (o is the standard deviation
of the y-intercept, and S is the mean of the slope) and MLOQ was calculated as 10 o/S. The MLOD for
tAs was 0.55 ug kg~! and the MLOD for arsenic speciation ranged from 0.38 to 0.77.

Table 1. Analytical performance of arsenic species in representative samples of seaweed collected from
Korean markets.

Method Detection Limit Interday Precision and Recovery
Arsenic Species ! R? LOD 2 (ug kg™1) LOQ 3 (ug kg™ RSD * (%) Rec ® (%)

tAs 0.9999 0.547 1.74 2.2 103.6

AsVY 0.9999 0.773 2.46 5.1 99

As'lt 0.9998 0.403 1.28
MMA 0.9999 0.593 1.89
DMA 0.9999 0.622 1.98

AsB 0.9999 0.535 1.70

AsC 0.9999 0.384 1.22

1 tAs, total arsenic; AsY, arsenate; As!l, arsenite; MMA, monomethylarsonic acid; DMA, dimethylarsinic acid;

AsB, arsenobetaine; AsC, arsenocholine; 2 LOD refers to the limit of detection, S/o = 3.14; 3 LOQ refers to the limit
of quantification, S/o = 10; 4 RSD: relative standard deviation, (standard deviation/mean x 100); 5 Rec: recovery,
(mean measured concentration/CRM nominal concentration) X 100 pg kg‘l. For total arsenic, the obtained accuracy
result was 103.6% and the precision result was 2.2%.

Among arsenic species, As" values were used as representative results because the As¥ content
of the CRM used in this study was certified by the manufacturer. The accuracy was determined to be
99.0% and the precision was 5.1%. Based on these results, the analytical methods used in this research
were found to be sufficiently robust for the analysis of As species in seaweed samples.

3.2. Determination of Total As and As Species in Seaweed

The analyzed results of tAs and the six As species in seaweed samples are represented in Table 2.
Concentrations of tAs and the six As species in the ten categories of seaweeds were found to be variable
depending on the sample origins. It should be noted that other As species of methylated arsenicals,
methylated thioarsenicals, arsenosugars, and arsenolipids in the present study were not measured due
to lack of standards of these organoarsenicals. Arsenosugars and arsenolipids also exist in seafood and
algae, and these organoarsenics could be more harmful than previously thought, although the lack of
these organoarsenical characteristics is a progressive challenge [8].
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Table 2. Concentrations and detection frequency of arsenic species in seaweeds.

Seaweed Concentration of each Arsenic Species (mg kg™1)
. 1 tAs (mg kg™1)
Categories (n) AsY As!l MMA DMA AsB AsC
Kelp 53.6 + 14.6 2 0.163 + 0.256 0.103 + 0.080 0.113 + 0.047 0.636 + 0.285 0.834 + 0.692 0.466 + 0.507
(n = 32) (100) 3 (69) (72) 1) 97) (75) (94)
Sea mustard 51.0 + 15.8 0.036 + 0.054 0.010 + 0.023 0.011 + 0.030 0.316 + 0.302 0.179 + 0.364 0.060 + 0.160
(n = 25) (100) (32) (16) 12) (96) (40) (40)
Laver 269 +53 0.064 + 0.131 0.094 + 0.061 0.046 + 0.052 0.299 + 0.133 0.034 + 0.048 0.702 + 1.518
(n = 25) (100) (36) (84) (48) (100) (36) (100)
Agar 1.34 + 1.53 0.109 + 0.182 0.025 + 0.044 0.037 + 0.065 0.083 + 0.111 <LOD 0.025 + 1.035
(n=20) (45) (35) (25) (25) (50) (0) (20)
Sea lettuce 15.6 + 11.8 0.085 + 0.125 0.056 + 0.092 0.036 + 0.080 0.103 + 0.157 0.006 + 0.026 0.214 + 0.282
(n = 20) (100) (45) (30) (20) (40) ) (40)
Seaweed 5.54 + 2.00 0.019 + 0.053 0.014 + 0.032 0.066 + 0.057 0.035 + 0.056 0.024 + 0.045 0.004 + 0.018
fulvescens
(n=17) (100) 12) (18) (59) (30) (24) 6)
Gulfweed 97.4 +26.0 53.6 + 14.8 2.09 + 1.57 <LOD* 1.45 + 0.82 <LOD <LOD
(n=12) (100) (100) (75) (0) (100) 0) 0)
Sea staghorn 11.8 +5.3 0.258 + 0.115 0.201 + 0.103 0.020 + 0.071 0.282 + 0.120 0.232 + 0.135 0.414 +1.32
(n=13) (100) (100) (100) ) (100) (100) (46)

Sea string 9.15 + 5.20 0.144 + 0.158 0.066 + 0.091 <LOD 0.509 + 0.954 0.029 + 0.083 0.281 + 0.369
(n=28) (100) (75) (38) (0) (63) (13) (63)
Hijiki 145 + 61 93.2 +47.6 3.99 + 3.55 <LOD 202 +1.75 <LOD <LOD
(n=238) (100) (100) (75) (0) (75) (0) (0)

1

n is the number of samples; 2 Arsenic species and total arsenic concentration (mg kg™1); ® Frequency of detection (%); # Limit of detection.
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Average tAs concentrations of the 10 categories of 180 seaweed samples (kelp, sea mustard,
laver, agar, sea lettuce, seaweed fulvescens, gulfweed, sea staghorn, sea string, hijiki) ranged from
1.3 + 1.5 mg kg~! in agar to 145 + 61 mg kg~ in hijiki. Arsenic was detected in all seaweed samples
except for approximately half of the agar samples. The lowest levels of tAs were detected in agar
samples in the range of <LOD to 3.2 mg kg!, and tAs was detected in only 45% of the agar samples
analyzed. In seaweed fulvescens, tAs was detected in all samples, but arsenic concentrations were
lower than other seaweed samples, except the agar samples, ranging from 3.07 to9.18 mg kg~!. The next
lowest tAs levels were found in sea staghorn (8.37-28.9 mg kg_l) and sea string (3.28-20.0 mg kg_l),
and were found to contain a similar mean concentration of around 10 mg kg=!. Slightly higher
concentrations were measured in sea lettuce (2.18-31.2 mg kg~!) and laver (15.9-37.8 mg kg™!) than in
the above groups. Kelp and sea mustard were found to have an average concentration of 50 mg kg~! of
total arsenic, somewhat higher than that of the other seaweed groups. Kelp, with tAs ranging from 13.1
to 70.8 mgkg~!, and sea mustard, with tAs ranging from 27.2 to 95.0 mg kg~!, showed a wider range
than the previously discussed seaweed groups. Finally, two groups, gulfweed and hijiki, were found
to contain relatively high As concentrations of around 100 mg kg™ or higher. The tAs concentrations
in gulfweed ranged from 67.8 to 148 mg kg_l, and tAs concentrations in hijiki ranged from 39.43
to 246.45 mg kg~ !.The tAs concentrations for gulfweed and hijiki were similarly reported at levels
greater than 100 mg kg~ in other studies [17,23,25]. More than 100 mg kg ™! of arsenic was detected in
approximately half of the gulfweed samples, and all of the hijiki samples except one. While the levels
of arsenic differ considerably depending on the species of seaweed, the general ability of seaweed to
concentrate arsenic derived from seawater was previously described, and explains the comparatively
high levels observed in certain types of seaweed [33]. In the current study, the four species with the
highest tAs concentrations are brown algae species. Some specialized cell wall components, such as
fucoidan and alginate with binding groups, such as OH~, COO~, NO3-, and PO,3~, which are known
to be associated with high metal-chelating capacity, might lead to an increased concentration of As in
brown algae species [34,35].

The concentrations of six As species (AsV, As, MMA, DMA, AsB, and AsC) in 10 categories
of seaweed differed from the tAs results. The concentration ranking and appearance pattern of six
As species were different for each seaweed category (Figure 1). Overall, MMA was not detected in
most of the samples, or were detected at very low concentrations. In contrast, As¥ and DMA were
more prominent than other arsenic species in most samples. AsB was not detected in all samples of
agar, gulfweed and hijiki groups, but in the kelp group, AsB concentration was the highest among six
arsenic species. AsC was not detected in any of the samples of gulfweed or hijiki, or any of the seaweed
fulvescens samples except one. However, AsC was detected in most laver and kelp samples, and the
highest concentrations among six arsenic species were found in the laver and sea lettuce groups.

Kelp Sea mustard Laver Agar Sea lettuce

- ’ SN 1
H 2 {gsanol il | 1l

BT THS ]

Seaweed fulvescens Gulfweed Sea staghomn Sea string Hijiki

Concentration (g kg')

Figure 1. Boxplots of the distribution of 6 arsenic species in each seaweed species. Distribution of
six arsenic species in kelp (n = 32), sea mustard (n = 25), laver (n = 25), agar (n = 20), sea lettuce
(n = 20), seaweed fulvescens (n = 17), gulfweed (n = 12), sea staghorn (n = 13), sea string (n = 8),
and hijiki (n = 8).



Environments 2020, 7, 68 8 of 15

Regarding the highly toxic inorganic arsenic species As'! and AsY, the sum of the two arsenic
species was detected at average concentrations below 0.5 mg kg~!, in all seaweed categories
analyzed except gulfweed and hijiki. The mean concentrations of iAs in gulfweed and hijiki were
55.7 + 15.7 mg kg ™! and 97.2 + 49.7 mg kg™, respectively (Figure 2). These detected concentrations
of iAs were at least 100 to 3000 times higher than other seaweed species. The iAs concentration
of the sample with the lowest arsenic concentration in the above two groups was 12.62 mg kg~!,
which was more than 8 times higher than the highest sample among the other 8 seaweed categories.
Although the reason for the high iAs concentrations in some types of seaweed is not clear, seaweed
is known to store arsenic byproducts resulting from the detoxification pathway that converts iAs to
arsenosugar [36]. Furthermore, the accumulation rate of arsenic varies depending on the growth rate
and location of the seaweed, and the degree of accumulation may vary depending on whether arsenic
can be easily transferred between tissues [37]. In this experiment, both hijiki and gulfweed with high
concentrations of iAs were identified as members of the Sargassum genus. It has been suggested that
high iAs concentrations in Sargassum may be due to energy constraints limiting their efficiency in
completing As conversion or lack of genetic capability of detoxifying iAs species [22].
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Figure 2. Boxplots of total and inorganic arsenic in seaweeds. Box and whiskers plot with central lines
(median), box (first and third quartiles), whiskers (lower and higher boundaries), and dots (outliers) for
total arsenic (tAs) (a) and inorganic arsenic (iAs) (b) levels in various types of seaweed analyzed in
this experiment, three species of seaweed with higher daily consumption rates than other seaweeds
(kelp, sea mustard, laver), and two species of seaweed with a high ratio of harmful iAs, as determined
by the clustering analysis (gulfweed and hijiki) were assessed for risk. The small symbols represent
outlier points in the figure.

The results of these analyses are similar to those that were previously reported in other studies that
evaluated similar categories of seaweed to those analyzed in this experiment (Table 3). The seaweed
categories, which were reported by their scientific names in other studies, were grouped by their
common names in this experiment according to the defined categories. Although there was variation in
As content between samples within each group, it was found that tAs and iAs accumulation trends were
similar. In other studies that analyzed samples from New England, Spain, Japan, Korea, and China,
tAs concentrations of kelp and sea mustard were reported at around 50 mg kg~!, and iAs concentrations
were below 1 mg kg™, similar to the results of this study. Approximately 20 mg kg~ and below
10 mg kg ™! of tAs were detected in laver and sea lettuce, respectively, and around 0.2 mg kg~! of iAs
was detected in both groups, which was also similar to the results of this study [17,23,38]. The results
of the current study were also similar to those found in other studies that reported tAs in gulfweed
and hijiki over 100 mg kg~! and iAs around 70 mg kg~! [17,25].
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Table 3. Comparison of mean concentrations of arsenic species (mg kg~! DW) in this study with those reported in previous studies for similar seaweed samples.

Species Trade Name Country nl tAs iAs As(V) As(II) MMA DMA AsB AsC Reference
Laminaria digitata Kelp New England 6 57.77 8.32 - - 0.06 0.97 ND - [23]
Saccharina latissima  Kelp New England 1 56.29 ND 2 - - ND 0.39 ND - [23]
Laminaria sp. Kelp Spain 1 39.6 0.473 - - - - - - [23]
Laminaria sp. Kelp Japan 1 483 0.145 - - - - - - [23]
Laminaria japonica Kelp Japan 2 110 0.838 - - - - - - [23]
Laminaria digitata Kelp - 1 65.7 0.251 - - - - - - [23]
Alaria esculenta Sea mustard New England 4 34.46 0.03 - - ND 0.47 ND - [24]
Undaria pinnatifida~ Sea mustard Japan 3 42.7 ND - - - - - - [23]
Undaria pinnatifidlc  Sea mustard Spain 3 35.5 0.586 - - - - - - [23]
Undaria pinnatifida  Sea mustard Korea 1 46 1.06 - - - - - - [23]
Porphyra umbilicalus ~ Laver New England 1 20.73 0.12 - - 0.05 0.25 ND - [24]
Porphyra tenera Laver Japan 2 23.65 0.224 - - - - - - [23]
Porphyra umbilicalis ~ Laver Spain 1 34.5 0.239 - - - - - - [23]
Porphyra sp. Laver Japan 1 32.7 0.189 - - - - - - [23]
Porphyra sp. Laver Spain 1 24.3 0.383 - - - - - - [23]
Porphyra sp. Laver South Korea 3 20.9 0.141 - - - - - - [23]
Porphyra sp. Laver China 2 50 0.313 - - - - - - [23]
Ulva lactuca Sea lettuce New England 2 4.74 0.075 - - ND 0.05 0.04 - [24]
Ulva prolifera Sea lettuce New England 1 14.65 0.12 - - ND 0.04 ND - [24]
Enteromorpha sp. Sea lettuce - 1 2.15 0.346 - - - - - - [23]
Ulva pertusa Sea lettuce - 1 3.24 0.268 - - - - - - [23]
Chondrus crispus Sea string New England 3 10.12 0.07 - - ND 0.05 0.04 - [24]
Graciaria Sea string New England 1 118 023 - - ND 004 ND - [24]
vermiculophylla

Chondrus crispus Sea string Spain 2 14.1 0.599 - - - - - - [23]
Hizikia fusiforme Hijiki Japan 9 109.6 73.5 - - - - - - [23]
Sargassum fulvellum — Gulfweed - 1 110.3 69.9 69.9 ND ND 2.1 ND ND [25]

! n is the number of samples analyzed in each group; > ND = not detected (<LOD).
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3.3. Correlation Analysis between Total Arsenic and Inorganic Arsenic

The correlation between the two was tested, based on the results of tAs and iAs analysis. In order
to estimate the correlation of tAs and iAs for each seaweed species, we calculated the correlation
factor (r) for the concentration of tAs and iAs of each seaweed group using the Equation (3) shown
in Section 2.8, and compared these values by Student’s t-test through p-value at a 95% confidence
level. The hijiki group was the only group with a p-value less than the significance threshold p = 0.05
(95% confidence level). Thus, it was concluded that there was no significant correlation between tAs
and iAs in any of the seaweed groups except for hijiki. Therefore, in seaweed, the estimation of iAs is
not an accurate predictor of tAs, and vice versa; arsenic speciation analysis is needed to more accurately
determine levels of iAs.

3.4. Clustering Analysis for Grouping

Because arsenic species concentrations appeared to differ by seaweed category, statistical clustering
analysis was performed to group categories with similar appearance patterns (Figure 3). The k-means
clustering analysis was performed using the tAs concentrations and iAs to tAs ratios of each sample
as factors. As a result, hijiki and gulfweed, which were both characterized by high iAs:tAs ratios,
were grouped together, and the other 8 seaweed categories comprised a second group. Hijiki and
gulfweed also showed higher overall iAs concentrations compared to other seaweeds analyzed.

Clustering
o
8
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@ Seaweed fulvescens
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Figure 3. K-means clustering analysis according to the tAs and iAs/tAs distribution pattern of each
seaweed group.

3.5. Risk Assessment

Daily seaweed intake and dietary exposure of iAs arsenic for two different groups (general
and seaweed consumer groups) are shown in Table 4. Estimated daily consumption data for each
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seaweed group were derived from KNHNES 2016. Among the 10 seaweed categories analyzed in
this experiment, three species of seaweed with higher daily consumption rates than other seaweeds
(kelp, sea mustard, laver) and two species of seaweed with a high ratio of harmful iAs as determined
by the clustering analysis (gulfweed and hijiki) were assessed for risk.

The MOE method approach was used to assess the carcinogenic risks associated with the
consumption of seaweeds. The MOE calculations yielded values greater than 10* for the intake of all
seaweed species in negligible risk [39]; we determined that there is no significant risk to the general
population with regard to iAs intake by seaweed. The seaweed consumer group, which contained
only those who consumed seaweed, showed a value greater than 10% for kelp, sea mustard, and laver,
indicating no significant risk. However, for gulfweed and hijiki, values below 10® were calculated as
MOE values for the general group, because the guidelines consider values above 10° of between 102
and 103 to reflect “no-to-low” risk levels [39]. Although MOE values for these categories in the seaweed
consumer group indicated a higher associated risk in comparison to the general group, it is unlikely
that the arsenic levels would pose a meaningful risk when seaweeds are consumed in normal quantities;
however, it may be advisable to avoid an overconsumption of gulfweed or hijiki by consumers with
higher-than-average seaweed intake, such as those living on islands or in coastal regions. Similar
research in Japan, where hijiki is used more frequently for food, reported that Sargassum seaweed
generally contained high amounts of iAs and recommended handling these species with caution [40].
Moreover, since As'!! ’s toxicity is more toxic than that of As" [8], separate iAs speciation with different
toxicity can be considered in the risk assessment, whereas the current MOE for health risk of iAs is
based on EFSA’s BMDL 1 of 0.3 ug kg™ day~! and does not evaluate As'! and As separately.

Table 4. Daily intake of seaweed and dietary exposure of arsenic through seaweed ingestion.

Consumption Data Margin of Exposure

(MOE) 3
Exposure Group  Seaweed Species Dall)(,gcc;):;_l;Tlp tion (pgll?gs_lln;zl;gl) 2 BMDLy/iAs Intake
General group *
Kelp 1.55 x 107 6.30 x 1077 4.76 x 10°
Sea mustard 1.14 x 1074 7.99 x 108 3.75 x 100
Laver 1.66 x 1074 4.04 x 1077 7.43 x 10°
Gulfweed 2.90 x 1077 248 x 1077 1.21 x 10°
Hijiki 1.10 x 107° 1.63 x 107° 1.84 x 10*
Seaweed consumer
group 5
Kelp 214 %1073 8.69 x 1070 3.45 x 10*
Sea mustard 7.68 x 1074 5.37 x 1077 5.58 x 10°
Laver 4.85x107* 1.18 x 107 2.55 x 10°
Gulfweed 5.18 x 107* 442 x107* 6.79 x 102
Hijiki 1.76 x 1073 2,62 x 1073 1.15 x 107

! Daily consumption data based on the National Health and Nutrition Survey published by the Korea Health
Daily consumption (g day’l) X iAs concentration (ug kg_l) .

Average body weight (65.28 kg) ’
3 MOE = Margin of exposure, =BMDLg; (0.3 ug kg™ day~')/iAs intake (ug kg™ day™!); # A group comprising
everyone who took the survey, regardless of reported seaweed intake; > A group consisting only of people who
reported eating seaweed in the survey.

Industry Development Institute (KCDC) in 2016; 2 iAs intake =

4. Conclusions

The distribution of arsenic species and the ratio of harmful inorganic arsenic to total arsenic differ
between seaweed species. It would therefore be important to analyze As species as well as tAs in
order to carry out an objective risk evaluation of consuming any given species of seaweed in which
the As species could be one of the factors when assessing the dietary risk of arsenic. According to
the results of the risk assessment for South Koreans, all seaweeds are generally safe for consumption
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in standard quantities, but those who consume above average levels of seaweed should be cautious
about overconsuming hijiki and gulfweed. The risk assessment did not take into account the cleaning,
cooking, and human uptake rate of seaweed nutrients, which may have resulted in an overestimated
risk. With the recent trends of increasing seaweed consumption around the world, the findings of this
study will establish a basis for dietary arsenic risk assessment in other seaweed-consuming regions of
the world.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3298/7/9/68/s1,
Figure S1: Map of sampling cities on the south coast of Korea, Table S1: Target compounds, structure, and molecular
weight, Table S2: Instrumental operating conditions of HPLC and ICP-MS for arsenic determination.
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