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Abstract

Seaweeds are known for their nutritional benefits; however, they contain one of the highest levels of arsenic content. Arsenic
species are found in various oxidation states in the environment, where inorganic arsenic is more toxic than organic ones.
This study describes the optimization of extraction conditions for the determination of arsenic species, namely, arsenate
[As(V)], arsenite, [As(IIT)], arsenobetaine (AsB), dimethylarsenic acid (DMA), and monomethylarsenic acid (MMA) in
Kappaphycus alvarezii (K. alvarezii), a carrageenan-producing red seaweed, using high-performance liquid chromatography-
inductively coupled plasma-mass spectrometry (HPLC-ICP-MS). A series of nitric acid solutions (0 to 2.0%) as extraction
solutions and various extraction times (0 to 240 min) were investigated with heating at 90 °C. The proposed method was
validated for matrix effects, linearity and working range, the limit of detection (LOD), the limit of quantification (LOQ),
repeatability, within-lab reproducibility, and trueness using certified reference material (CRM, NMIJ 7405-a) and spiking
with arsenic species. Among the nitric acid concentration tested, the concentration of 0.2% nitric acid gave recovery val-
ues of 86.8 to 94.2%, which complied with the European guidelines 2002/657/EC. Arsenic species were recovered at the
maximum level from K. alvarezii at the extraction time of 60 min. The proposed method measured the As(V) concentration
in CRM as 9.7 +0.3 mg kg™! and therefore was compliant with the certified level of 10.1+0.5 mg kg™!. The measurement
of trueness for the fortified seaweed was within the acceptable limits, with recoveries between 87.8 and 107.4% for all five
arsenic species. The proposed method demonstrated accuracy by complying with the provisions stated in the guidelines for
validation performance characteristics. The efficacy of this method was further validated for the determination of arsenic
species in K. alvarezii varieties.
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Introduction

The seaweed industry is a lucrative business in countries
such as the Philippines, Indonesia, and Malaysia, where their
coastlines provide a conducive environment for seaweed
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farming of various species types, namely Kappaphycus
spp., Euchema denticulatum, and Gracilaria manilaensis
(Phang et al. 2019). The global seaweed industry is worth
more than USD 11.5 billion in 2020 (Seaweed Market:
Global Industry Trends, Share, Size, Growth, Opportunity
and Forecast (2021-2026) 2020). The Kappaphycus spp. is
mainly cultivated in Sabah, Malaysia, and it represents one
of the essential sources of carrageenan (Mohammad et al.
2019). Carrageenan is a family of sulfated linear polysac-
charides with a fundamental structure of alternate units of
D-galactose and 3,6-anhydro-galactose (3,6-AG) joined by
a-1,3 and p-1,4-glycosidic linkages (Manuhara et al. 2016).
The distinct thickening, gelling, and stabilizing properties
of carrageenan are widely valued and utilized in the food
industry for multiple applications. However, there has been
a growing concern regarding its effects on human health as
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arsenic species have been detected in seaweed (Hussain et al.
2021). In addition, seaweed is known to be susceptible to
the accumulation of arsenic from the environment (Klumpp
and Peterson 1979; Klumpp 1980; Diaz et al. 2012; Chen
and Zhang 2019).

Arsenic (As) is a ubiquitous metalloid that exists in the
environment both from natural sources and anthropogenic
activities (Park et al. 2019; Herath et al. 2020). The toxic-
ity of arsenic is based on its chemical form or “species,”
in which the inorganic forms of arsenic [arsenate, As(V)
and arsenite, As(III)] are more toxic than the organic forms
of arsenic [arsenobetaine (AsB), arsenocholine (AsC),
dimethylarsenic acid (DMA), and monomethylarsenic acid
(MMA)], with As(III) being more toxic than As(V) (Reis
and Duarte 2019).

Anionic carboxyl and sulfate in the cell wall polysaccha-
rides of seaweed such as carrageenan create perfect binding
sites for heavy metals (Wang et al. 2015; Yong et al. 2017).
Thus, to extract the arsenic species, these chemical bonds
or binding sites need to be fragmented to ease the release of
arsenic into the extracting medium or solution. Furthermore,
since these elements are volatile, the extraction steps need
to be performed carefully to avoid modifying their forms
and concentrations (Rahman et al. 2012; Wolle and Conklin
2018b). Another vital factor to remember when considering
an extraction procedure is that various arsenic species have
different physical and chemical properties (Benramdane
et al. 1999). This characteristic is essential when selecting
a suitable extraction solution as the extraction efficiency
depends on the solubilities of the arsenic compounds in the
chosen solution and the ability of the solution to come into
contact with the arsenic compounds (Kuehnelt et al. 2001;
Reis and Duarte 2018).

The main goal for many emerging studies on arsenic
speciation is the development of a rapid technique with a
simplified sample treatment process, low reagent and con-
sumables consumption, minimal use of expensive supporting
equipment, as well as minimal contamination and wastage
(Kazi et al. 2009; Park et al. 2019; Pétursdéttir and Gunn-
laugsdottir 2019; Bullen et al. 2020). The studies on arsenic
speciation in seaweed are an ongoing process that is tedious
and labor-intensive as some of the extraction processes are
matrix-dependent, especially when the taxonomic differ-
ences between seaweed (red, green, or brown) are crucial
in obtaining better extraction percentages and trustworthy
results (Reis and Duarte 2018). Hence, sample extraction
optimization processes are necessary to fulfill these require-
ments and to ensure that the arsenic species are efficiently
solubilized without degradation or conversion for accurate
quantification (Park et al. 2019). Numerous studies have
experimented with different types of extraction techniques
such as sonication, heating, microwave-assisted extraction,
solid-phase extraction (SPE), and enzymatic hydrolysis

(B'Hymer and Caruso 2004; Garcia-Salgado et al. 2012;
Narukawa et al. 2012; Khan et al. 2015; Wolle and Conklin
2018a; Huang et al. 2020; Narukawa et al. 2020). In addi-
tion, some experiments require the use of supporting equip-
ment, specific enzymes, and consumables such as anion
exchange cartridges, which are costly. Thus, identifying
factors influencing arsenic species extraction, such as the
type of extraction solution, incubation temperature and time,
and species behavior, will ensure the achievement of higher
extraction efficiency.

The extraction solution commonly used in the extraction
process is either water, methanol (MeOH), a combination
of MeOH and water, dilute nitric acid (HNO;), or dilute
hydrochloric acid (HCl). Extraction using water is consid-
ered soft extraction, which is suitable for extracting polar
natured arsenic species (Wolle and Conklin 2018a). The
MeOH:water extraction solvent is widely recognized as a
suitable extractor for organic arsenic. However, it decreases
the extraction efficiency of inorganic arsenic and increases
the solvent loading effect on inductively coupled plasma-
mass spectrometry (ICP-MS), thus requiring increased
power usage (Amaral et al. 2013). It has been shown that
acidification increases the extraction efficiency by preserv-
ing the arsenic species as well as decomposing the sample
matrix efficiently (Park et al. 2019). However, for samples
that are extracted using HCI, the chloride will form argon
chloride (*°Ar*>Cl) in the plasma in the ICP-MS, and this
ion shares the same m/z ratio with arsenic ("> As) (Wils-
chefski and Baxter 2019). Nitric acid has been reported as a
strong oxidizing acid and produces less spectral interference
in ICP analyses (Liu et al. 2020) besides generating better
peak separation and faster analysis time (Park et al. 2019).
In the notable works of arsenic species extraction from sea-
weed, the diluted HNOj; solutions were studied between 1
and 2.95% (Narukawa et al. 2012; Khan et al. 2015; Matsu-
moto-Tanibuchi et al. 2019; Park et al. 2019; Pétursdéttir and
Gunnlaugsdéttir 2019; Kim et al. 2020; Lorenc et al. 2020).
The challenge with these existing methods is that their nitric
acid concentrations do not allow for efficient extraction of
As species from carrageenan-producing seaweed due to their
gelation properties. In addition to that, these studies were
conducted on brown seaweed, which contains alginate with
solubility and arsenic-binding capacity different from car-
rageenan (Alba and Kontogiorgos 2019). Therefore, a study
to optimize the concentration of nitric acid in the extraction
of As species from Kappaphycus spp. is necessary.

The extraction time required is dependent on the inter-
action of the extraction solution with the sample matrix
and the rate of conversion of arsenic species (Ellwood
and Maher 2003). Previous literature has stated extraction
times that ranged from 30 min to overnight and even 24 h in
some cases (Nan et al. 2018; Huang et al. 2020; Narukawa
et al. 2020). The discrepancies in the duration between the
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improved and adopted methods may lead to delays when
reporting arsenic species content of seaweed, especially for
food safety monitoring.

Method validation is an essential protocol used to assess
a method and to confirm the accuracy and reliability of the
results, especially when the method is modified or optimized
differently from its original method. This requirement is
mandatory for the development of an accredited laboratory
framework for regulatory purposes (Murphy et al. 2013).
Various guidelines, protocols, and journals have proposed
recommendations for the assessment of the performance
characteristics in method validation. In addition, statisti-
cal procedures have been proven to provide valuable and
realistic measurement indicators of study outcomes (Sanagi
et al. 2010).

This study aims to develop a rapid and economical extrac-
tion method using an optimized heating protocol for the
identification of five arsenic species (As(V), As(IIl), AsB,
MMA, and DMA) in carrageenan-producing seaweed, K.
alvarezii samples analyzed using HPLC-ICP-MS. Varied
acid concentrations and extraction times were evaluated to
identify the optimum conditions for arsenic species extrac-
tion. The optimized method was further validated for its
matrix effect, LOD, LOQ, linearity and working range,
repeatability, within-lab reproducibility, and trueness using
fortified blank seaweed samples and certified reference
material (CRM) to determine its fitness for purpose. The
validated method was subsequently used to determine the
arsenic species content of four varieties of K. alvarezii.

Materials and Methods
Instrumentation

Arsenic species from seaweed samples were determined
using ICP-MS (NexION® 300XX, PerkinElmer Inc., CT,
USA). The sample introduction system consisted of a Mein-
hard® modified type A concentric baffled cyclonic quartz
spray chamber. The equipment is equipped with a unique
triple-cone interface and quadrupole ion deflector. Potential
polyatomic interferences such as *“*Ar*>CI* produced as a
result of the reaction between argon gas and chlorine were
eliminated using dynamic reaction cell (DRC) technology,
and the As species were detected as BAs%0* (m/z of 91)
using oxygen reaction gas. The ICP-MS analytical condi-
tions are shown in Table 1a.

The chromatographic separation of the arsenic spe-
cies was achieved by the coupling of ICP-MS with HPLC
(FLEXAR™ HPLC, PerkinElmer Inc., CT, USA) instru-
mentation consisting of a binary pump, autosampler, vacuum
degasser, and column oven. An ODS C18 MG analytical col-
umn (Capcell Pak C18 MG; 100 /0%, 5 um, 250 mm X 4.5 mm,
Shiseido Ltd., Tokyo, Japan) was used for separation and
connected to the switching valve using PEEK tubing prior to
ICP-MS detection. The analytical conditions for the HPLC
setup are shown in Table 1b.

For data acquisition, peak signals for speciated arse-
nic compounds were obtained at m/z 75 (As) and dis-
played as mass intensity—time plots. The arsenic species

Table 1 Analytical conditions
for HPLC-ICP-MS: (a) ICP-MS

Parameters

Operation conditions

instrumental conditions, (b) a)
HPLC conditions for arsenic

. . RF power
species separation

Nebulizer gas flow
Auxiliary gas flow
Plasma airflow
Cell gas flow
Monitored ion

b)
Column
Column temperature
Mobile phase

Elution mode
Injection volume
Flow rate

Total acquisition time

1550 W

1.03 L min™"

1.2 L min~!

17 L min™!

0.9 mL min~"

m/z 91 (75As 160+)

Capcell Pak C18 MG 100 A, 5 um, 250 mm x 4.5 mm
Room temperature

10 mol 1-octanesulfonic acid sodium salt, 4 mol malonic acid and
4 mol tetramethylammonium hydroxide in 1 L fo 0.05% (v/v)
methanol

(The pH of the mobile phase was adjusted to pH 4 using ammonium
hydroxide)

Isocratic

50 ul

1.2 mL min~!

5.0 min
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concentrations were computed using peak area intensities
and compared with established standard concentrations.

Reagents and Standards

Ultrapure water (Water Purification Systems, Younglin,
Anyang, Korea) was used to prepare the standards and rea-
gents. For speciation analyses, As(III) and As(V) solutions at
concentrations of 1000 mg L™, respectively, were procured
from Perkin Elmer (CT, USA). Dimethylarsinic acid (DMA)
was obtained as cacodylic acid (98%), and arsenobetaine
(AsB) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Monosodium acid methane arsonate sesquihydrate
(MMA) was purchased from Chem Service (West Chester,
PA, USA). DMA, AsB, and MMA stock solutions were pre-
pared separately by dissolving their salts in ultrapure water
accordingly. All prepared solutions were stored in the dark
at 5 °C to inhibit decomposition. The Hijiki seaweed certi-
fied reference material (CRM) (NMIJ CRM 7405-a) was
obtained from the National Metrology Institute of Japan
(Ibaraki, Japan) and used for method validation. Concen-
trated 65% nitric acid (HNO;) was obtained from Merck
(Suprapur grade, Darmstadt, Germany) and used for the
extraction process after dilution.

For the mobile phase, 1-octanesulfonic acid sodium salt
(OSA), malonic acid, tetramethylammonium hydroxide solu-
tion (TMAH), and methanol (HPLC grade) were obtained
from Sigma-Aldrich (St. Louis, MO, USA) and Merck
(Darmstadt, Germany), respectively. Ammonium hydroxide
(Fisher Scientific, Pittsburgh, PA) was used to adjust the pH
of the mobile phase.

Sample Preparation

Seaweed varieties belonging to the K. alvarezii species
were harvested from Sempurna, Sabah, Malaysia, and sun-
dried in the harvesting area before being transported to the
laboratory. These varieties included K. alvarezii var brown
tambalang, K. alvarezii var tangan-tangan, K. alvarezii
var buaya, and K. alvarezii var durian. The samples were
rinsed with distilled and deionized water to remove salt and
epiphytes. The washed and drained seaweeds were then
frozen at —20 °C for 24 h before placing them in a freeze-
dryer (Benchtop PRO 9L, Virtis SP Scientific, Warminster,
PA, USA). The freeze-dried seaweeds were blended using
a heavy-duty blender (Waring, Albuquerque, NW, USA)
prior to milling in an ultra-centrifugal mill (Retsch, Haan,
Germany) to achieve a particle size of 0.12 mm. The freeze-
dried seaweed powders were stored in air-tight amber glass
bottles (arsenic is light sensitive) at room temperature until
further analyses.

Moisture Content Determination

The moisture content of each seaweed sample was deter-
mined by drying approximately 5 g of pulverized seaweed
(in triplicates) in an oven (Memmert UF110, Schwabach,
Germany) at 105 °C until a constant weight was achieved
following the recommended guidelines from the Association
of Official Analytical Chemists (AOAC) (2005).

Contamination Removal

For the removal of contamination, all glassware used for
arsenic species analyses were washed with detergent and
rinsed with ultrapure water. Then, they were soaked over-
night in an acid bath containing 10% HNO; solution and
rinsed three times with ultrapure water before drying them
in an oven (Memmert UF750, Schwabach, Germany). A
reagent blank (without sample) and ultrapure water were
analyzed to check for contamination.

Experimental Design for Arsenic Species Extraction
Optimization

Single-factor experiments were employed for the optimiza-
tion of the extraction method in this study. The independent
variables consisting of acid concentration and extraction
time were evaluated. The four varieties of K. alvarezii were
pooled for these experiments. The arsenic species recovery
level for each of the independent variables ranged between
80 and 110% as required by the Official Journal of the Euro-
pean Communities, 2002/657/EC (European Parliament and
the Council of the European Union 2002).

Effect of Nitric Acid (HNO;) Concentration

Approximately 0.5 g of freeze-dried K. alvarezii powder was
weighed into a 15-ml polytetrafluoroethylene (PTFE) cen-
trifuge tube and spiked with 0.2 mg kg~ of arsenic species
prior to the addition of 10 ml of dilute HNO; as an extraction
solution. Different concentrations of HNO; solution were
applied: 0% (ultrapure water only), 0.05%, 0.10%, 0.20%,
0.50%, 1.00%, 1.50%, and 2.00%. The tubes were heated for
1 h at 90 °C in a water bath (Memmert WNB 7, Schwabach,
Germany). After cooling the tubes to room temperature, they
were centrifuged (Kubota 5500, Tokyo, Japan) at 2200 X g
for 30 min, and each of their supernatants was collected and
diluted five times or less with the mobile phase solution.
The dilution factor varied depending on the total arsenic
concentration. The diluted supernatant was filtered using a
0.45-um PTFE membrane filter (Agilent, Santa Clara, CA,
USA) prior to HPLC-ICP-MS analysis. The optimal HNO,
acid concentration was selected based on the recovery of
the arsenic species that was spiked into the freeze-dried K.

@ Springer



2862

Food Analytical Methods (2022) 15:2858-2878

alvarezii powder. The optimization process was performed
in triplicates for each variable by the addition of standard
arsenic to sample and reagent blanks. The sample blank was
prepared by boiling seaweed with 5% HNO,, while the rea-
gent blank was HNOj; at each concentration being studied.

Effect of Extraction Time

The freeze-dried K. alvarezii powder was extracted using
the optimal HNO; concentration determined in the above
experiment, and the extraction times were varied: 0, 15, 30,
45, 60, 90, 120, 150, 180, and 240 min. The optimum extrac-
tion time was then selected according to the recovery of
arsenic species, as mentioned previously.

Statistical Analyses

The results were displayed as means + standard deviations
(SD) of a non-equal replicate of assays and analyzed using
SPSS V.23. A one-way analysis of variance (ANOVA) was
performed together with Scheffe’s test to determine the sig-
nificant differences between means at the 5% significance
level.

Method Validation

Method validation was performed to prove that the method
employed was fit for its purpose, especially for future
enforcement and monitoring activities. A single laboratory
validation (SLV) was employed according to the method
validation guidelines, journals, and International Organiza-
tion for Standardization (ISO) standards (ISO 11095 1996;
European Parliament and the Council of the European Union
2002; Thompson et al. 2002; ISO 5765-6 2003; ISO 5725-1
2003; International Organization of Vine and Wine (OIV)
2005; Association of Official Analytical Chemists (AOAC)
International 2007; Magnusson 2014; Sanagi et al. 2010;
Association of Official Analytical Chemists (AOAC) 2019).
The tested validation parameters consisted of matrix effect,
LOD, LOQ, linearity and working range, precision (repeat-
ability and within-lab reproducibility), and trueness (spike
recovery and CRM). To reflect the characteristics of the
matrix of different varieties of K. alvarezii, each variety was
used in equal amounts and homogenized for a representative
sample.

Matrix Effect

The matrix effect was evaluated to identify any significant
differences between calibrations using the standard solu-
tion and in the K. alvarezii (matrix). A set of six-point cali-
brations ranging from 0.015 to 0.075 mg kg~! for As(V),
As(IIT), AsB, DMA, and MMA were prepared using
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standard solutions and spiked into K. alvarezii powder.
Both sets of calibrations were analyzed on the same day.
An ordinary least squares (OLS) regression, Snedecor’s F
test, and Student’s #-test parameters were calculated for both
calibration curves. The F test was performed by calculating
the residual variances, S, using the formula shown below:

Fcal = Szresl/‘SQresZ

where §7 ., was the residual variance from the calibration
in the standard solution and S, was the residual variance
from the calibration in K. alvarezii. The calculated F (F cal)
values were then compared against F critical (F crit) val-
ues at a 95% confidence interval to identify any differences
in the residual variances. A hypothesis test was performed,
whereby H, indicated that there was no difference in the
residual variance (F cal < F crit), while H, indicated a dif-
ference in the residual variance (F cal > F crit).

Next, the 7 value (¢ cal) was calculated using the Student’s
t-test to determine the differences between both calibration
slopes (standard solution and K. alvarezii). The ¢ cal calcula-
tion was dependent on the residual variances. Therefore, if
the residual variances from the F test were not different, the
following formula was used:

|b1 — b2
tcal = 1/2
(=282, +(n2-2)8?,,2) 1 1

+
14+n2—-4 < - L _
e 21 (xil_xl)z 2‘1 (xiz—xz)2
= i=

where the slopes of regression (b) were represented by b1
(calibration using the standard solution) and b2 (calibration
using K. alvarezii). The total levels of calibration (n) were
represented by n1 (standard solution) and n2 (K. alvarezii).
The residual variances (S°,,) were represented by S, (cal-
ibration using the standard solution) and S, (calibration
using K. alvarezii). The standard solution calibration values
of the ith calibration level (x;) were represented by x;; (stand-
ard solution) and x;, (K. alvarezii). The means of all the
standard calibration values of n calibration levels ()7) were
represented by X, (standard solution) and x,(K. alvarezii).

However, if the residual variances from the F test were
different, a different approach was used to calculate ¢ cal
based on the formula shown below:

res

. b1 — b2|
w =T .
(241 +522) !

where the standard deviations of the regression line
slopes (S%,) were represented by S2,, (standard solution)
and §?,, (K. alvarezii).

The hypothesis testing was performed by comparing
the slopes for both calibrations using the Student’s z-test,
where H, indicated that the slopes were not different and
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H, indicated there were differences in the slopes for both
the standard solution and K. alvarezii calibrations. Two
approaches were used to calculate the ¢ crit value. In the first
formula, ¢ cal was compared to the ¢ crit value at (n1 +n2)-4
degrees of freedom at a 95% confidence limit.

In the second formula for ¢ cal, ¢ crit was calculated based
on the following formula:

. (t152b1 + t2S2b2)
(Szm + S2h2)

where ¢, and t, were the theoretical ¢ values at a 95%
confidence limit with n1-2 and n2-2 degrees of freedom,
respectively.

When ¢ cal was less than or equal to the value of ¢ crit,
the null hypothesis, H,, was accepted, and the extraction
method could proceed using the standard solution calibra-
tion for routine analysis. However, if the ¢ cal was more than
¢ crit, the alternate hypothesis, H,, was accepted, and it can
be concluded that the slopes were different. This observa-
tion indicated that a matrix effect was present, whereby the
calibration for this method should be prepared in K. alvarezii
powder.

Limit of Detection (LOD)

The LOD was determined using linear regression (Interna-
tional Organization of Vine and Wine (OIV) 2005), whereby
the instrument response was assumed to be linearly associ-
ated with the standard concentration at a lower concentration
range. The equation used is as follows:

y=a+bx

Six diluted standard solutions ranging between 0.005 and
0.035 mg kg~! were homogenously prepared and analyzed in
three different batches. The data obtained were used to cal-
culate the parameters of the calibration functions. In addition
to obtaining LOD, a predetermined value of the LOQ was
also calculated. The formulas for LOD and predetermined
LOQ calculations are shown below:

LOD = b% LOQ(predetermined) = lob@,

where s, represents the standard deviation of the intercept
point, and b represents the slope of the regression line. The
predetermined LOQ was confirmed in the following section.

Limit of Quantification (LOQ)

The predetermined LOQ value obtained in this study was
further verified to determine if the LOQ value obtained was
achievable. In total, ten independent samples (K. alvarezii
powder) were spiked based on the predetermined LOQ

value. For the acceptance of the predetermined value, the

measured \ialue must fulfill the two conditions shown below:
|LOQ—x

if —— < 10, then the predetermined LOQ was consid-
7
ered valid,

if 56 <LOQ), then the predetermined LOQ was accepted,

where x was the mean value of the ten measurements, ¢
represented the standard deviation of the ten measurements,
and n was the number of datasets.

Linearity and Working Range

ICP-MS was employed as it provides a wide linear dynamic
range. A calibration curve was constructed, starting with
the lowest LOQ level to the highest expected level. Six
calibration concentrations were prepared and analyzed in
three replicates with concentrations ranging from 0.025 to
0.250 mg kg_1 for As(IIl), As(V), MMA, and DMA, respec-
tively, and 0.05 to 0.50 mg kg™~! for AsB.

The parameters of the calibration functions consisting
of linearity, regression, and intercept significance were
estimated based on the ISO 11095 recommendations (ISO
11095 1996), whereby the regression model was defined
using OLS. For estimating the parameters, two types of
charts were constructed. The first chart represented the val-
ues measured against the true values of the arsenic species
standards. The second chart was a y-residual plot, in which
the residual values were plotted against the arsenic species
standard concentrations.

The confirmation of linearity was performed based on
the lack-of-fit test and regression model test using ANOVA.
The linearity was ascertained based on two hypotheses;
regression model acceptance (if F cal > F crit) and linear
model acceptance (if F cal < F crit). The significant test was
performed using Snedecor’s F tests. Subsequently, the Stu-
dent’s z-test was used to decide whether an intercept was
significantly different from zero if the calibration was found
to be linear:

a
S

a

tcal =

where ¢ cal represented the calculated ¢ value, a was the
intercept, and S, was the standard deviation of the intercept.
If ¢ cal was lower than or equal to the critical value ¢ distribu-
tion for n degrees of freedom at the 95% confidence limit,
the intercept was not significantly different from zero and
passed through the origin (zero).

Precision

To evaluate the precision for single laboratory validation
(SLV), particularly for in-house methods, repeatability and
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within-lab reproducibility, or sometimes known as intermedi-
ate precision, were employed in this study (Bratinova et al.
2009). For repeatability, independent test results were acquired
on identical test items analyzed by a single analyst using the
same method and instrumentation in the same laboratory
within a short period of time. On the other hand, for within-lab
reproducibility, the same conditions as in repeatability were
employed, except that more than one analyst performed the
analysis over a longer duration.

For repeatability, blank K. alvarezii powder samples were
spiked with three concentration levels of arsenic species stand-
ard, ranging from low (preferably at the LOQ level), mid-
dle to high. The spiked concentrations were 0.025 mg kg~!,
0.075 mg kg™!, and 0.250 mg kg~" for As(III), As(V), MMA,
and DMA, respectively, and 0.05 mg kg~!, 0.15 mg kg~!, and
0.50 mg kg™ for AsB. Each concentration was analyzed in ten
different batches by a single analyst with a set of duplicates for
each concentration.

The same spiking concentrations used for the repeatability
analysis were applied to the within-lab reproducibility test, in
which three different analysts analyzed four different batches
by running duplicates for each batch within a 3-month interval.
All these concentrations were read against standard solution
calibration that was within the working range.

Relative standard deviation was calculated for each con-
centration for both test conditions, namely RSD,. for repeat-
ability and RSDy, for within-lab reproducibility. To evaluate
the acceptance, the Horwitz equation was used to calculate the
predicted relative standard deviation (RSD) (Association of
Official Analytical Chemists (AOAC) 2019) as shown below:

RSDr - C—0.15
RSD; = 2C7*15

where C represented the concentration expressed as a mass
fraction of the concentration expressed in the powers of 10
(1 ppm=1079).

To fulfill the acceptance criteria for repeatability and
within-lab reproducibility, the calculated RSD, and RSD,
should be lower than the predicted RSD, and RSDj, obtained
from the Horwitz equation.

Precision limits of » and R were derived from the repeat-
ability and within-lab reproducibility data, where r and R rep-
resented the absolute difference between the two test results
obtained under repeatability and within-lab reproducibility
conditions with a 95% confidence limit (2\/ 2=2.8). They
were acquired from the standard deviation and calculated
according to the formula shown below:

r=288S,
R =28S,

where S, and Sy represented the standard deviations of
the total differences of duplicate results for different batches
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for repeatability and within-lab reproducibility, respectively.
These precision limits would be recommended for the evalu-
ation of future test results for internal quality control.

Trueness

Trueness is an agreement that is established between the
mean value derived from a broad series of test measure-
ments and a conventional true value or an accepted reference
value. In this study, trueness was estimated using a CRM
Hijiki seaweed (NM1J CRM 7405-a) and a series of spiked
K. alvarezii powder. However, the CRM was only certified
as reference material for As(V). Thus, a series of K. alva-
rezii powder spiked with other arsenic species were required.
The procedure for trueness measurement was executed as
stated in the Eurachem guidelines (Magnusson 2014) and
the acceptance of the recovery percentage (80 to 110%) was
based on the guidelines by the Official Journal of the Euro-
pean Communities, 2002/657/EC (European Parliament and
the Council of the European Union 2002).

At least five replicates of NMI1J CRM 7405-a with a dupli-
cate of each replicate were analyzed to evaluate the recovery
percentage against the certified value. Estimation of true-
ness was obtained by spiking three levels of arsenic species
standard into blank K. alvarezii powder: 0.025 mg kg™,
0.075 mg kg™!, and 0.250 mg kg~! for As(III), As(V), MMA,
and DMA; 0.05 mg kg~!, 0.15 mg kg™!, and 0.50 mg kg~!
for AsB. The samples were analyzed in ten replicates with a
duplicate of each replicate. The mean value of the duplicate
was computed for each replicate and the total replicates to
obtain the recovery percentage. The recoveries of arsenic
species in CRM and spiked K. alvarezii powder that were
within the accepted range were used to determine the accu-
racy of the validated method.

Proficiency Test

The extraction method was tested with the Food Analysis
Performance Assessment Scheme (FAPAS) proficiency test
of a metallic contaminant in seaweed, involving 52 partici-
pants from around the world, from October to November
2020. Dried seaweed powder was analyzed for quantification
of seven heavy metals, including inorganic arsenic (As(V)
and As(IIl)), which were present at natural levels. The analy-
sis was carried out twice in triplicates. The final measure-
ments were calculated as means and evaluated with Z-score
(satisfactory if 1z1< 2).

Application of the Optimized and Validated Method
on K. alvarezii

The proposed method was subsequently employed to deter-
mine the arsenic species levels in K. alvarezii var brown
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tambalang, K. alvarezii var tangan-tangan, K. alvarezii var
buaya, and K alvarezii var durian.
Results and Discussion

Effect of Nitric Acid Concentration on the Extraction
Efficiency

The selection of a suitable extraction solution was performed
using increasing concentrations of HNOj; solution for 1 h at

90 °C. K. alvarezii powder was spiked with 0.2 mg kg™! of

arsenic species to compare its extraction efficiency and the
results are shown in Fig. 1.

The results revealed significant differences (p <0.05) in
the recoveries of the arsenic species using the eight acid
concentrations investigated. These results indicated that the
acid solution with a concentration of 0.2% HNO; produced
recoveries ranging between 86.8 and 94.2%. This finding
was in agreement with the recommended recovery percent-
age of 80 to 110% proposed by the Official Journal of the
European Communities, 2002/657/EC (European Parliament
and the Council of the European Union 2002). The recovery
percentage using 0.2% HNO; solution was also found to be
higher than the recovery obtained using other acid concen-
trations. This HNOj; concentration is five times lower than
that recommended by other researchers, and it was able to
overcome the problem of sample congealment, which can
occur during the extraction of As species from K.alvarezii.

The addition of nitric acid into the extraction process is
known to improve the extraction efficiencies of arsenic spe-
cies not only in marine animals but also in marine plants
(Hsieh and Jiang 2012). The low concentration of nitric acid
has been shown to disintegrate the polysaccharides in marine
and terrestrial plants (Sadee et al. 2016). To determine the
natural forms of the arsenic species, it is crucial to preserve
As(IIT) and As(V) during the extraction process, as they are

Fig. 1 Effect of nitric acid 120 -
concentration on recoveries of
five arsenic species from K. 100 -

alvarezii (N=13) spiked with
0.2 mg kg~! of each arsenic
species. The extraction was per-
formed at 90 °C for 1 h. Results
are shown in percentages (mean
recovery + SD). The error bars
represent the standard devia-
tions of all points within the
measurement region. Accept-
able recovery is between 80 and
110% for concentrations above
10 ug kg.™! according to the 0+
Official Journal of the European

Communities (2002/657/EC)

80 -

Recovery (%)

40 -

20 4

As (V)

B0%

H0.05%

a redox couple and readily interconvert if the oxidative or
reductive properties of the extraction solution change prior
to analysis. The stability of the As(III) and As(V) could only
be achieved using a narrow range of HNO; concentrations
(within 0 to 1.00%) (Amaral et al. 2013). By considering
the sample complexity and arsenic species conversion, the
extraction process with 0.2% HNO; solution revealed satis-
factory extraction efficiency.

It should also be noted that when the HNO; concentration
was increased from 0.50 to 2.00%, a decline in the extrac-
tion efficiency was detected (61.7 to 79.9%). Narukawa et al.
(2012) suggested that nitric acid was vital in destroying the
seaweed body tissue. However, arsenic species are likely to
decompose in harsh conditions, and it becomes challenging
to determine the natural content of arsenic species in the sea-
weed matrix. The extraction efficiencies gradually improved
(53.2 to 84.3%) from extraction with ultrapure water to that
with 0.05 to 0.10% HNO; solution. These two HNO; con-
centrations were added to observe whether the extraction
behavior did come closer to that of ultrapure water, as sug-
gested by Narukawa et al. (2014).

A low recovery (less than 5%) was observed at 0% HNO;
solution (ultrapure water) for all five arsenic species. During
the extraction with 0% HNO; solution, the liquid became
viscous after the heating process, and only a small amount
of supernatant was able to be decanted for injection into
HPLC-ICP-MS. The viscosity of the extract could be due to
the carrageenan in the seaweed samples. As mentioned ear-
lier, one of the challenges in arsenic species extraction is the
chemical conversion of the arsenic species. It has also been
previously stated that noninvasive extraction method such
as using water does not alter the arsenic species, especially
the conversion of As(III) to As(V) (Narukawa et al. 2014,
Wolle and Conklin 2018b). However, it was duly observed
that the drawback of water as an extractant was the produc-
tion of a highly viscous solution that significantly decreased
the recoveries (Hirata and Toshimitsu 2005; Park et al.

As (1) AsB

80.10% £0.2% B0.5% B1.0% 0O1.5% B2.0%
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2019) of the arsenic species. Raab et al. (2005) stated that
water extraction efficiency depends on the type of seaweed
or algae. It was observed that Sea Lettuce and Black Moss
gave low recoveries (30% and less than 5%, respectively),
while Hijiki showed a recovery of between 77 and 84%. In
this study, K. alvarezii was added to the list of seaweeds that
has a low recovery of arsenic species when water was used
as an extractant.

In summary, for optimization of the following extraction
parameters, 0.2% HNOj; solution was selected as the most
appropriate extractant.

Effect of Extraction Time

Extraction times were evaluated to achieve optimum extrac-
tion efficiency, rapid extraction process, and high sample
throughput. The 0 min was a non-heating process, where the
sample was extracted after the weighing step. Figure 2a—d
shows the effect of extraction time on arsenic species con-
centration in K. alvarezii. Arsenobetaine was not recovered
from K. alvarezii, thus the results are only presented for
As(V), As(Ill), MMA, and DMA.

There was a gradual increase in the concentrations of
arsenic species from K. alvarezii with an increase in the
extraction time, but they declined after adequate interaction
of the sample with the extractant. The highest concentration
was achieved at 60 min for As(V), As(IIl), and DMA, while
for MMA, 120 min was necessary to achieve the maximum
concentration. MMA might have required a longer time to
weaken its covalent bond with one or more carbon atoms
containing functional groups in K. alvarezii to be released
into the diluted acid (Huang et al. 2020). A noticeable
decline in the levels of As(V) (from 0.431 to 0.306 mg kg_l)
and As(III) (from 0.047 to 0.010 mg kg™!) extracted was
observed at 240 min and 120 min, respectively. There was
a possibility of absorption of the analyte by the seaweed
matrix at the longer extraction time (Amaral et al. 2013), in
addition to a change in the stability of the arsenic species
(Herath et al. 2020).

Many studies have stated that the length of the extrac-
tion time did not affect extraction efficiency (Tukai et al.
2002; Giingor and Elik 2007; Kazi et al. 2009; Narukawa
et al. 2017), and any additional extraction time would cre-
ate a plateau (Giingor and Elik 2007; Narukawa et al. 2017).
Therefore, a shorter extraction time was preferred to pre-
serve the arsenic species, mainly to prevent the conversion
of As(V) to As(IIl) (Amaral et al. 2013). However, this study
has illustrated that extending the extraction time gives more
information about the extraction efficiency against time. As a
compromise between prevention of the conversion of As(V)
to As(II) and maintaining the yield of the arsenic species,
the optimum extraction time of 60 min was selected as it was
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also proven to be an economical and cost-effective way to
extract all the arsenic species.

Matrix Effect

The experiment in this section was used to determine if
the sample matrix influenced the analyte response. Table 2
shows the Snedecor’s F and Student’s ¢-test for the arsenic
species matrix effect. The slopes of the calibration using
standard solutions and spiked K. alvarezii did not differ sta-
tistically, whereby the calculated value of the #-test (¢ cal)
was lower than the ¢ critical value (¢ cal <t crit) for all arse-
nic species at a 95% confidence level. These results indicated
that there was no effect of the seaweed matrix on the arse-
nic species studied. Therefore, calibration using standard
solutions can be utilized for arsenic species determination
as this approach would provide practicality and simplicity
for routine analysis compared to enriched matrix calibration
(Trindade et al. 2020).

Limit of Detection and Quantification

The linear ordinary least-squares regression analysis param-
eters were calculated by analyzing three batches at six dif-
ferent concentration levels. The concentration level and the
response of each concentration level were used to acquire
the two coefficients of the calibration curve. Additionally, a
lack-of-fit test was used to prove that the curve was linear.
The standard deviation of the intercept point (s,) and the
slope of the regression line (b) were also calculated from
the above parameters.

The standard deviation of the intercept point (s,), the
slope of the regression line (b), LOD, and LOQ values of
the arsenic species are shown in Table 3. The LOD for the
arsenic species demonstrated a low concentration, which
ranged from 0.008 to 0.010 mg kg™!, thus reflecting the
lowest detection by the HPLC-ICP-MS for this particular
arsenic species.

The predetermined value of LOQ observed in this study
differed slightly from the confirmed LOQ. The predeter-
mined LOQ was estimated by multiplying the standard
deviation of the intercept (s,) with the slope of the regres-
sion line (b) by ten. This value was used as a guide to pro-
ceed with the experiments for the LOQ confirmation using
areal sample; K. alvarezii. For LOQ confirmation, the pre-
determined value might have differed as it needed to fulfill
two conditions for the confirmation. The confirmed LOQ in
Table 3 shows there was a slight difference with the prede-
termined LOQ value, and it was adjusted to a more uniform
value to ease the preparation of the mixed reference mate-
rial for routine analysis (0.025 mg kg_1 for As(V), As(IlI),
MMA and DMA; 0.050 mg kg™! for AsB were used). Only
AsB showed a higher level of LOQ compared to the rest
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Fig. 2 Effect of the extraction
time (in min) on concentra-
tion (mg kg.™!) of a As(V), b
As(Il), ¢ MMA, and d DMA
from K. alvarezii (N=23)
extracted using 0.2% of HNO,
at 90 °C. Results are shown in
concentration (mean recov-
ery = SD). The error bars repre-
sent the standard deviations of
all points within the measure-
ment region
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of the arsenic species because, at this concentration, the
response (intensity count) of AsB was equal to the rest of
the arsenic species. Although the LOQ of AsB was doubled
compared to that of the other arsenic species, it did not sup-
press the rest of the peaks observed in the HPLC-ICP-MS
chromatogram in Fig. 3.

For the monitoring of food regulation and safety stand-
ards for seaweed in countries like Malaysia, Australia,

and New Zealand, inorganic arsenic [As(V) and As(II)]
is monitored at the level of 1.0 mg kg™', while in France,
the safety limit is 3.0 mg kg~! (Food Regulations 2019;
Australia New Zealand Food Standards Code, schedule
19, maximum levels of contaminants and natural toxicants
2021; Edible seaweed and microalgae, regulatory status in
France and Europe 2020). The results of this study show
that the LOQ values for As(V) and As(III) were 40 times

Table 2 Statistical results of

- : . Arsenic species Snedecor’s F Decision Student’s ¢t Decision
matrix effect for arsenic species . .
in K. alvarezii F cal H, Fcal<Fcr¥t t cal H, tcal<tcr¥t
H,: F cal>F crit H,: tcal>tcrit
As(V) 0.05 Residual variances are not different 0.02 Slopes are not different
As(I1D) 0.08 Residual variances are not different 0.04 Slopes are not different
AsB 1.15 Residual variances are not different 0.02 Slopes are not different
MMA 0.36 Residual variances are not different 0.01 Slopes are not different
DMA 0.18 Residual variances are not different 0.01 Slopes are not different

The critical value of the F crit, 5.

05 (¢=0.05)

The critical value of the ¢ crit, 2.31 (x=0.05)

Table 3 Standard deviations

" . Arsenic species Linear regression LOD (mg kg") Predetermined LOQ Confirmed
of the intercept points (s,), 3 -1
- a X5, (mgkg™) LOQ (mg
regression lines (b), LOD, and S, b b L0xs ke
LOQ of five arsenic species (T")
As(V) 1044 410,143 0.008 0.025 0.025
As(1IT) 1104 505,923 0.007 0.022 0.025
AsB 1397 409,312 0.010 0.034 0.050
DMA 1333 562,680 0.007 0.024 0.025
MMA 1290 437,828 0.009 0.029 0.025
AsB
MMA
1600
1400
As5+ As3+ DMA
1200
Z 1000
x
£ 800
600
400
5 W/\MWWMW
0.0 05 1.0 15 20 25 3.0 35 40 45
Time (min)

Fig.3 HPLC-ICP-MS chromatogram of arsenic species in K. alvarezii spiked at LOQ levels; 0.025 mg kg~! for As(V), As(Ill), MMA, and
DMA; 0.050 mg kg.™! for AsB. The extraction of arsenic species from K. alvarezii was performed in 0.2% HNO, at 90 °C for 1 h
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Table 5 Results of ANOVA statistics on significance test for regression model and linearity for the five arsenic species

Sources of variation Sum of squares Degrees of Mean squares Fcal F crit Conclusion
freedom

As(V) (0.025 to 0.250 mg kg™1)
Regression 4,611,852,895.84 1 4,611,852,895.84 306.00 4.75 Regression accepted
Lack-of-fit 34,826,158.66 4 8,706,539.67 0.58 3.26 Linearity accepted
Pure error 180,857,078.00 12 15,071,423.17

Total 4,827,536,132.50 17

As(III) (0.025 to 0.250 mg kg™!)
Regression 4,520,826,780.13 1 4,520,826,780.13 210.54 4.75 Regression accepted
Lack-of-fit 30,905,537.20 4 7,726,384.30 0.36 3.26 Linearity accepted
Pure error 257,673,724.67 12 21,472,810.39

Total 4,809,406,042.00 17

AsB (0.05 to 0.5 mg kg™")
Regression 14,317,034,774.85 1 14,317,034,774.85 307.30 4.75 Regression accepted
Lack-of-fit 74,245,921.43 4 18,561,480.36 0.40 3.26 Linearity accepted
Pure error 559,077,906.00 12 46,589,825.50

Total 14,950,358,602.28 17

MMA (0.025 to 0.250 mg kg™!)
Regression 5,825,347,622.84 1 5,825,347,622.84 210.30 4.75 Regression accepted
Lack-of-fit 37,551,442.27 4 9,387,860.57 0.34 3.26 Linearity accepted
Pure error 332,403,374.67 12 27,700,281.22

Total 6,195,302,439.78 17

MMA (0.025 to 0.250 mg kg™!)
Regression 6,150,803,729.11 6,150,803,729.11 243.39 4.75 Regression accepted
Lack-of-fit 47,627,599.33 4 11,906,899.83 0.47 3.26 Linearity accepted
Pure error 303,260,245.33 12 25,271,687.11

Total 6,501,691,573.78 17

The critical value of the F crit, at a=0.05

lower than the regulatory limit. Since the arsenic species
in seaweed is one of the primary concerns of the food
industries, achieving a low LOQ is vital to monitor the
contamination rate.

The linear regression approach for LOD and LOQ
determinations can also be used for other contaminants
parameters such as pesticides and drug residues. However,
it is most suitable for analytical methods that do not have
background noises (International Organization of Vine and
Wine (OIV) 2005). This procedure was adopted in this
study as it uses a low concentration range that is close
to zero for the calibration curve. Several studies (Garcia-
Salgado et al. 2012; Hsieh and Jiang 2012; Khan et al.
2015; Zmozinski et al. 2015) have adopted this approach
as it takes into consideration errors in the concentrations
and the instrument responses (del Rio Bocio et al. 2003).
Studies employing the classical approach of signal-to-
noise ratio or blank determination exhibited slightly higher
LOD and LOQ values (Hirata and Toshimitsu 2005; Han
et al. 2008; Choi et al. 2011), as previously shown by San-
agi et al. (2009). Since arsenic species are found in trace
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amounts in food matrices, low LOD and LOQ values are
desirable for quantification of the level of contamination.
The concentrations of the arsenic species in this study are
shown on a dry weight basis, in which the moisture content
obtained for the K. alvarezii was 67%.

The LOD and LOQ obtained in this study were com-
pared with that of other studies for As(V), As(IIl), DMA,
MMA, and AsB in various types of seaweeds (Table 4).
They were found to be comparable with those of stud-
ies using the heating extraction method with HNO; and
isocratic condition for HPLC-ICP-MS (Kim et al. 2020;
Peng et al. 2020) but better than that reported by Mat-
sumoto-Tanibuchi et al. (2019). Khan et al. (2015) uti-
lized sonication with a mixture of MeOH and HNO; as
extraction solvent, and the extract was eluted using the
anion-exchange cartridge. However, a comparison of
detectability levels for As species quantification was not
possible since this study provided its information on a
unit as ppb, and it can be interpreted either in solution
or in seaweed sample. Pétursdéttir and Gunnlaugsdéttir
(2019) obtained lower concentrations of LOD and LOQ);
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Table 6 Linear range, calibration equation, R.%, and significance test results for the y-intercepts for all five arsenic species

Arsenic species Linear range (mg kg™!)

calibration

Final equation for linear R?

Test on y-intercept

tcal t crit H,: tcal<tcrit

H,: tcal>tcrit

As(V) 0.025-0.250 y=186,389x +2603
As(III) 0.025-0.250 y=184,540x 42473
AsB 0.050-0.500 y=164,202x 43936
MMA 0.025-0.250 y=209,480x 42766
DMA 0.025-0.250 y=215,252x 42525

0.9553 2.08 2.78
0.9400 1.70 2.78
0.9576 1.82 2.78
0.9403 1.68 2.78
0.9460 1.58 2.78

Intercept is not different from zero
Intercept is not different from zero
Intercept is not different from zero
Intercept is not different from zero
Intercept is not different from zero

The critical value of the ¢ crit, at a=0.05

however, hydride generation is only feasible for inorganic
arsenic. Some studies obtained their LOD and LOQ in
solution instead of in the actual matrix (Choi et al. 2011;
Khan et al. 2015; Pétursdéttir and Gunnlaugsdottir 2019),
in which the values of the LOD or LOQ would appear to
be lower. The LOD and LOQ obtained in the solution are
only a representation of the instrumentation detection limit
(IDL) (Belter et al. 2014; Kumar et al. 2021). The usage

of the actual sample in LOQ determination in the method
validation gives an accurate representation of the sample
treatment from extraction to quantification.

Linearity and Working Range

The results from the linearity experiments using six con-
centration levels were analyzed for regression and lack of

@ Springer
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Table 7 Repeatability, within-

o Arsenic species concentration
lab reproducibility, and trueness

Repeatability

Reproducibility Trueness (%)

of method for arsenic species RSD, (cal- RSD, (pre- RSDj(cal- RSDy (pre-
determination at three levels of culated) dicted) culated) dicted)
concentration
As(V)
0.025 mg kg™ 12.9 13.8 19.0 27.6 101.3
0.075 mg kg™ 8.4 11.7 10.7 234 102.6
0.25 mgkg™! 7.5 9.8 9.0 19.6 100.5
As(III)
0.025 mg kg~! 11.6 13.8 10.1 27.6 103.7
0.075 mg kg~! 10.7 11.7 7.7 234 91.0
0.25 mg kg™! 9.4 9.8 8.7 19.6 89.1
AsB
0.05 mg kg™! 9.1 124 9.8 24.9 103.3
0.15 mg kg™! 6.7 10.8 8.3 21.1 92.1
0.50 mg kg™! 3.4 8.8 6.6 17.6 91.9
MMA
0.025 mg kg™ 12.6 13.8 13.1 27.6 103.4
0.075 mg kg™ 8.1 11.7 8.3 23.4 94.2
0.25 mg kg™! 6.4 9.8 6.9 19.6 93.6
DMA
0.025 mg kg™ 8.5 13.8 11.9 27.6 107.4
0.075 mg kg™ 7.2 11.7 8.6 23.4 93.0
0.25 mg kg™! 8.1 9.8 8.6 19.6 87.8

RSD, (calculated) < RSD,. (predicted): Repeatability is accepted
RSDy, (calculated) < RSD, (predicted): Reproducibility is accepted

Trueness acceptance: 80-110%

fit using the simple OLS regression method. Additionally, a
significance test was performed to confirm if the y-intercept
passed through the origin. The statistical data was trans-
formed into a line fit plot and a y-residual plot.

The concentrations investigated in this study were cor-
related to their responses using ANOVA (Table 5). The
results indicated that the alternate hypothesis was rejected
for all arsenic species, and the hypothesis for regression was
accepted. For the lack-of-fit test, F cal was lower than the
corresponding F crit, and thus, the linearity was accepted
for the arsenic species. If the calibration line displayed a
significant curvature, the null hypothesis of linearity would
be rejected. If this were to occur, more studies are required
to find more suitable models (Sanagi et al. 2010).

A visual examination of y-residual plots indicated pos-
sible outliers for all the arsenic species and revealed no
other apparent deficiencies. Therefore, these plots can be
employed to reveal any heteroscedastic data formation. Fur-
thermore, the concentrations investigated in this study (0.025
to 0.250 mg kg~! for As(III), As(V), MMA, and DMA; 0.05
to 0.50 mg kg~! for AsB) illustrated a homogeneous scatter,
thus indicating that the distribution of the data in this experi-
ment was relatively homoscedastic (Sanagi et al. 2010) due
to the narrow study range selected as shown in Fig. 4a—e.

@ Springer

Once the calibration was found to be linear, a final test
was performed to determine if the linear calibration curve
passed through the origin. The Student’s #-test in Table 6
showed that all the calibration curves for the arsenic species
passed through the origin. Therefore, a more straightforward
calibration approach could be utilized in routine analyses
of all arsenic species. If a significant nonzero intercept was
obtained, the accuracy of the method must be established
(Moosavi and Ghassabian 2018).

According to Araujo (2009) and Moosavi and Ghassa-
bian (2018), most studies (Hirata and Toshimitsu 2005; Choi
et al. 2011; Khan et al. 2015; Park et al. 2019) commonly
failed to indicate the statistical methods used to evaluate the
linear relationship. The FDA guidance for the validation of
analytical procedures proposed the use of appropriate sta-
tistical methods for the evaluation of linearity (International
Conference on Harmonization (ICH) 2005). It was also
emphasized that the “r-test” was unlikely to be tested for lin-
earity as it cannot be concluded that r=0.999 is more linear
than r=0.997. Hence, R*> was not exerted as an acceptance
of linearity, although the data was recorded in this study.

Linearity in the validation procedure encapsulated the
capability of the method in producing test results that were
directly proportional to the analyte in the matrix over various
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«Fig.5 HPLC-ICP-MS chromatograms for arsenic species and an uni-
dentified peak in the extracts from four varieties of four varieties K.
alvarezii: a K. alvarezii var brown tambalang, b K. alvarezii var tan-
gan-tangan, ¢ K. alvarezii var buaya, and d K. var durian

analyte concentrations of interest (working concentration
range). The linearity of the proposed working range for all
five arsenic species investigated in this study has been statis-
tically proven and can be used for routine analyses.

Repeatability and Within-Lab Reproducibility

The values of 3.4 to 12.9% and 6.6 to 19.0% for the rela-
tive standard deviation for repeatability (RSD,) and relative
standard deviation for within-lab reproducibility (RSDy),
respectively, were found to be lower than the predicted RSD,
and RSDy, thus indicating that the method was capable of
producing repeatable results (Christensen and Granby 2001).
These results also indicated the errors from repeatability
were minor since it was analyzed in a singular condition as
compared to reproducibility, which produced more substan-
tial errors due to multiple sources. The precision data are
summarized in Table 7.

The precision data illustrated the similarity of the results
obtained by the proposed method. This method was applied
in various experimental conditions to include the random
errors that could occur during extreme measurement condi-
tions (Magnusson 2014). The data collected from the preci-
sion analyses are essential for the measurement of uncer-
tainty. Additionally, the precision limits (» and R) derived
from the standard deviations of repeatability and within-lab
reproducibility are useful as acceptance criteria for internal
quality control in routine analyses (ISO 5765-6 2003).

Trueness

In this study, the value of As(V) derived from NMIJ CRM
7405-a was 9.7 +0.3 mg kg~! with a mean recovery (N=6)
of 96.0 +£2.5% (SD). This result was in good agreement with
the certified value of 10.1+0.5 mg kg~'. CRM 7405-a has
been used in previous studies to validate the accuracy of
the method for seaweed and has shown recoveries of above

90% (Khan et al. 2015; Matsumoto-Tanibuchi et al. 2019;
Park et al. 2019). Undeniably, there is an urgent need for
the development of certified reference material with more
arsenic species to enhance the applicability of the analytical
methods selected (Wolle and Conklin 2018a).

Since no CRMs for As(IIl), AsB, MMA, and DMA in
seaweed were available commercially, the targeted analytes
were spiked into a blank seaweed at three concentration lev-
els, ranging from low, middle, to high. Although the trueness
of As(V) was determined through CRM, the analyte was
still included for spiking. The recoveries of As(V), As(II),
AsB, MMA, and DMA ranged between 87.8 and 107.4% and
complied with the recommended values of 80 to 110% pro-
posed by the Commission Decision 657/2002/EC (European
Parliament and the Council of the European Union 2002) as
shown in Table 7.

CRM analysis and recovery study were used to deter-
mine the trueness of this method for the determination of
arsenic species, and it was found that the proposed method
is suitable and efficient. Similar to the precision study that
indicates the random errors of the method, the determination
of trueness estimates the magnitude to which the systematic
errors can affect this method (Araujo 2009).

Based on the results of the validation parameters ana-
lyzed, the extraction method with HPLC-ICP-MS used in
this study was found to be efficient for the determination
of the arsenic species in carrageenan-producing seaweed
samples.

Proficiency Test

The concentration of inorganic arsenic (As(V) and As(III))
in the dried seaweed sample from the proficiency test pro-
vider was 56.3+2.3 mg kg™'. The assigned value with stand-
ard deviation from the consensus of the results submitted by
the 52 participants was 52.0 +4.59 mg kg~!. Therefore, the
obtained result was satisfactory because the Z-score calcu-
lated was 0.9 corresponding to IzI<2. Besides the assessment
of the performance of the laboratory for the testing of this
method, it also provides a comparison of performance with
that of other laboratories internationally.

Table 8 Concentrations of the As species found in Kappaphycus alvarezii var brown tambalang, Kappaphycus alvarezii var tangan-tangan,
Kappaphycus alvarezii var buaya, and Kappaphycus alvarezii var durian, expressed in mg/kg at dry weight (dw)

Seaweed Concentration of As species, mg/kg dw

As(V) As(III) DMA MMA AsB
Kappaphycus alvarezii var brown tambalang (N=14)  0.1513+0.1393  0.2947+0.1673  0.1270+0.1008  0.3020+0.1079  <LOQ
Kappaphycus alvarezii var tangan-tangan (N=13) 0.1825+0.1976  0.1157+0.0463  0.0781+0.0710  0.2752+0.1696  <LOQ
Kappaphycus alvarezii var buaya (N=10) 0.0504+0.0452  0.0610+0.0280  0.0666+0.0383  0.0492+0.0204 <LOQ
Kappaphycus alvarezii var durian (N=16) 0.0688+0.0464  0.0480+0.0177  0.0602+0.0374  0.0645+0.0573 <LOQ
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Method Validation Using Seaweed Samples

The identification of arsenic species in the actual seaweed
sample (Kappaphycus spp.) was performed using the vali-
dated method. Chromatograms depicting the identity of four
arsenic species peaks consisting of As(V), As(Ill), MMA,
and DMA based on their retention times relative to their
standards in K. alvarezii var brown tambalang, K. alvarezii
var tangan-tangan, K. alvarezii var buaya, and K. alva-
rezii var durian are shown in Fig. Sa—d. In all four seaweed
varieties, a peak was observed to elute before DMA. The
unidentified peak was detected and reported as arsenosugar
by several studies (Raab et al. 2005; Han et al. 2008; Choi
et al. 2011; Yu et al. 2015; Kroukamp et al. 2019). This
compound is possibly a component of the metabolism of
arsenic in marine organisms (Hirata and Toshimitsu 2005).
The nonavailability of this compound commercially poses a
challenge in establishing its presence in seaweeds (Garcia-
Salgado et al. 2012).

The mean concentration (+ standard deviation) of each
arsenic in the K. alvarezii varieties is presented in Table 8.
As(V), As(Ill), DMA, and MMA were present in all the
samples. Whereas, AsB was not detected in any of the K.
alvarezii varieties. The occurrence of AsB is likely to be
linked with epiphytes that adhere to the seaweed (Wolle and
Conklin 2018a). MMA was predominant in both K. alvarezii
var brown tambalang and K. alvarezii var tangan-tangan.
DMA and As(V) were prevalent in K. alvarezii var buaya
and K. alvarezii var durian, respectively. The variation of
arsenic species levels in K. alvarezii varieties is due to the
degree of reduction and methylation that occur in the sea-
weed (Farfas et al. 2007). It is reported that arsenate is read-
ily and actively taken up by seaweeds from seawater, where
it is reduced to As(III), methylated to MMA and DMA, and
then excreted (Ma et al. 2018). Different seaweeds may have
different affinity for heavy metals due to different reasons,
including their cell wall structures with different amounts
and compositions of polysaccharides (Yong et al. 2017). In
this study, it is suggested that the capacity for the absorption,
retention, and excretion of As differs among the varieties in
the same Kappaphycus spp. Comparing the results to the
recommended values for inorganic As in food regulation and
safety standards in Malaysia, Australia, and New Zealand
for seaweed (Food Regulations 2019; Australia New Zea-
land Food Standards Code, schedule 19, maximum levels of
contaminants and natural toxicants 2021), it can be seen that
Kappaphycus spp. analyzed were safe, and their contribution
of inorganic arsenic [A(V)+ As(III)] is within the permis-
sible specified limits.

Conclusions

The extraction conditions of the proposed method in this
study were optimized and validated for the determination
of As(V), As(Ill), AsB, DMA, and MMA in carrageenan-
producing seaweed using HPLC-ICP-MS. The method fea-
tured a short extraction time of 1 h at 90 °C and the use of a
low concentration of the nitric acid solution (0.2% HNO;).
It was deemed to be rapid and economical without affecting
the integrity of the arsenic species. Validation of the method
was performed according to the guidelines proposed by the
Official Journal of the European Communities, 2002/657/
EC (European Parliament and the Council of the European
Union 2002). There was no matrix effect observed through-
out this study. The proposed method achieved a low LOQ of
0.025 mg kg‘1 for As(V), As(Ill), MMA, and DMA, respec-
tively, and 0.050 mg kg~! for AsB, thereby fulfilling the
Malaysian regulatory limit of 1.0 mg kg~! for inorganic arse-
nic (Food Regulations 2019). The random and systematic
errors in this method were addressed through the evaluation
of accuracy based on precision and trueness studies. The
RSD values for repeatability and within-lab reproducibility
were below 20% and close to the predicted RSD. The meas-
urement of trueness with recovery percentages for CRM and
the spiked samples above 90% was within the range of 80
to 110% as indicated by the Official Journal of the Euro-
pean Communities, 2002/657/EC (European Parliament and
the Council of the European Union 2002). The validation
parameters were also statistically evaluated to demonstrate
that the method is fit for its purpose. The proposed method
can also be utilized for the determination of arsenic species
in similar matrices, such as other carrageenan-containing
seaweeds.
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