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Abstract: Direct iodization in fish sauce, soy sauce, and seasoning sauces plays a crucial role in
optimizing the iodine intake of Thailand’s people. However, determining the iodine content to
ensure that these sauces meet the standard of Thailand’s Food and Drug Administration (FDA) is
challenging. In this study, all local laboratories equipped with inductively coupled plasma-mass
spectrometry (ICP-MS) and with experience in iodine analysis by any analytical method were invited
to participate in a hands-on training workshop and two rounds of interlaboratory comparison. The
aim was to improve laboratory performance and assess the potential for iodine monitoring for
mandatory direct-iodized sauces. All target laboratories participated in this study. The hands-on
training workshop harmonized the analytical method and increased the capacity of participating
laboratories. Most laboratories (7/8) achieved satisfactory performance for six test samples based on
interlaboratory comparison. Samples were extracted by tetramethylammonium hydroxide (TMAH),
with the presence of 6% 2-propanol, 0.01% triton X-100, internal standard, and iodine determination
in direct-iodized sauces by ICP-MS. The reproducibility standard deviation (Sy), after the removal of
outlier results for iodine content, was 7-22% iodine at a level of 0.03—4.81 mg/L. Moreover, the Thai
FDA’s judgment range for official control activities should expand the range of 2-3 mg per 1 L (ppm)
by at least 22%.

Keywords: iodine deficiency; iodine analysis; inductively coupled plasma—mass spectrometry; fish
sauce; SOy sauce; seasoning sauces

1. Introduction

Iodine is an essential micronutrient for producing thyroid hormones that are crucial
for cell metabolism, reproduction, and growth. Iodine deficiency is the main public health
problem associated with thyroid dysfunction, leading to goiters, cretinism, the development
of abnormalities, intellectual disability, and increased perinatal mortality [1,2]. Since 1994, the
World Health Organization (WHO) and the United Nations Children’s Fund (UNICEF) have
been promoting universal salt iodization (USI) to eliminate iodine deficiency worldwide [3].
After two decades of USI implementation, global perspectives on iodine status in 2020 found
that the populations of most countries (118 out of 152, including Thailand) have achieved
adequate iodine intake. However, other countries have either deficient or excessive intakes
(21 and 13 from 152 countries, respectively) [4].

In Thailand, the first notification for mandatory salt iodization at a level not less
than 30 mg iodine per 1 kg (ppm) of table salt was announced in 1994 [5]. Thailand then
adopted USI in 1999 and enacted a notification on iodized salt in 2010 that extended the
scope to include edible salt used in food or used as a mixture or an ingredient in food in
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order to increase the efficiency of the iodine deficiency reduction program [6,7]. However,
Chavasit et al. found that after 12 months of fermentation, the loss of iodine varied between
13 and 55% in fish sauce produced using standard iodized salt (approximately 30 ppm
iodine) as an ingredient, and residual iodine in the final product was up to 80-143 pg per
serving (15 mL) [8,9]. Moreover, the Thai people usually consume other direct-iodized
sauce, such as fish sauce, soy sauce, and seasoning sauces, in greater quantities than for
just table salt alone [10,11]. Consequently, Thailand modified the USI concept according
to the country’s direct-iodized sauce preference and unique cultural context. Hence, the
Thai Food and Drug Administration (FDA) allowed for the direct addition of iodine in the
range of 2-3 mg per 1 L (ppm), or approximately 3045 pg per serving, to fish sauce, soy
sauce, and seasoning sauces, as well as using iodized salt as an ingredient. The notification
on edible salt was also revised to mandate that edible salt should have an iodine content
between 20 and 40 ppm [9,12-15].

Salt iodization requires an efficient machine to homogeneously mix iodine into salt.
Moreover, the direct addition of iodine solution into a sauce does not change the color or
taste of the product and does not require any specific technology [16,17]. Consequently, it
can save tremendously on fortification costs. Either potassium iodide (KI) or potassium
iodate (KIO3) can be used as the iodine fortificant. However, KIOj3 is more stable and can
be used alone for any type of salt quality, while KI is used for salt of very good quality
and using other substances to stabilize KI [18]. Moreover, iodine in direct-iodized sauce
with KIO3 is quite stable. The loss of iodine in direct-iodized fish sauce using potassium
iodide (KI) or potassium iodide (KIO3) after 3-month storage is less than 18.5% and 0%,
respectively [17].

The estimated iodine intake of Thai non-pregnant adults in 2021 from household salt
and 12 processed foods contributed the most to daily iodine intake when using iodized salt
in all suitable products, reaching up to 147% of the recommended nutrient intake (RNI)
for iodine. The daily iodine intake when iodized salt was used in nine products with and
without direct iodization (2-3 ppm) as per fish sauce, soy sauce, and seasoning sauces was
approximately 116% and 89% of the RNI [19]. Consequently, directly adding iodine to fish
sauce, soy sauce, and seasoning sauces has a crucial role to play in achieving optimal iodine
intake in the Thai population.

Iodine determination for those directly iodized sauces, however, is challenging, since
the fortification concentration is quite low, and iodine tends to be easily reduced and oxi-
dized. Several analytical methods have been developed for analyzing and measuring iodine
in any food sample matrix. Among them, inductively coupled plasma—mass spectrometry
(ICP-MS) detection can provide excellent selectivity and sensitivity [20-22]. The iodine
content from the ion-selective electrode (ISE) tends to be lower than the value from ICP-MS
because ISE is sensitive to iodide, while the ICP-MS technique takes all forms of iodine into
account [23]. Moreover, the iodine content of foods containing iodine at more than 0.25 ppm,
as determined by spectrophotometry, is higher than the value from ICP-MS, which varies
from 25% to 122% [24]. The ICP-MS technique for iodine determination in food has now
been published as an international standard and noted in the Elemental Analysis Manual
(EAM) for food and related products of the U.S. FDA [25,26]. In Thailand, two laboratories
(one government and one private) are known to provide iodine-determination services in
foods by using ICP-MS, but variations in their test results are problematic when using the
Thai FDA standard range for direct-iodized sauces. As a case in point, Chavasit and Photi
in 2020 (unreported data) found that the iodine levels determined by ICP-MS in the same
fish sauce sample as reported by three different laboratories (the two mentioned earlier
and one internationally recognized laboratory from abroad) were 3.29, 1.88, and 2.70 ppm.
The results differed by 3-28% from an average of 2.62 and were not in the same direction.
One was stated to meet the standard (2-3 ppm), while the others were above or below
the standard. Consequently, discrepancies in analytical results can mislead regulators and
policymakers and can potentially cause unfair legal actions against food industries.
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Improving the capabilities of Thailand’s laboratories is required in order to sustain the
mandatory iodized program for direct-iodized sauces and optimize the iodine intake of the
population. In addition, limitations in iodine monitoring under the present standard of the
Thai FDA must be assessed. Potential improvements in the monitoring program should
also be specified and integrated into the legal framework.

2. Materials and Methods
2.1. Hands-on Training Workshop

A hands-on training workshop in iodine analysis in food using ICP-MS was organized
in Thailand by the Institute of Nutrition, Mahidol University (INMU), in cooperation with
an expert from the Institute of Food, Nutrition and Health, the Swiss Federal Institute of
Technology Zurich (ETH Zurich). A list of laboratories in Thailand was compiled from
an information database for food entrepreneurs about agencies registered with the Thai
FDA or FDA that had acceptable analysis results [27]. In addition, the available websites of
those laboratories were browsed with the keywords “lodine” and “ICP-MS” to identify
those equipped with ICP-MS and having experience in iodine analysis using it. The
National Institute of Metrology of Thailand (NIMT) laboratory was also classified as a
target laboratory. All potential and target laboratories were invited to participate in the
hands-on training workshop.

During the hands-on training workshop conducted from 21 to 23 March 2022, a senior
chemist from the Human Nutrition Laboratory, ETH Zurich, who had expertise in iodine
determination gave a lecture on iodine analysis using the ICP-MS method (extraction,
digestion, and determination) and the critical control points for each step. On the following
day, participants practiced iodine determination under the supervision of senior chemists
from ETH and INMU, using samples of non-iodized fish sauce (Rayong Fish Sauce Indus-
try Co., Ltd., Rayong, Thailand), non-iodized fish sauce containing an iodine standard
(TraceCERT®, 1000 mg/L iodide in water, Merck Ltd., Darmstadt, Germany), and SRM
1869 Infant/Adult Nutritional Formula II (National Institute of Standards and Technology:
NIST). The steps of sample extraction (acid or alkaline digestion), standard preparation, de-
termination of iodine content using ICP-MS, and data analysis were performed in triplicate.
In addition, alkaline digestion and ICP-MS condition followed the method published by
Todorov and Gray in 2016 [22].

2.2. Collaborative Interlaboratory Comparison

Two rounds of interlaboratory comparison for iodine analysis in iodized and non-
iodized sauces were organized by INMU in March 2020 (round 1) and February 2023
(round 2). All participating laboratories from the hands-on training workshop and an ETH
laboratory, which was identified as a reference laboratory, were invited to participate. An
invitation letter provided relevant information, instructions, and reporting tables. All par-
ticipants were anonymized with confidential code numbers. In addition, the participating
laboratories were requested to submit a report of triplicate test results in the unit of mg/L
(ppm) with at least two decimal digits within two months of receiving the test materials.

2.2.1. Test Materials Preparation

Iodized and non-iodized fish sauce, soy sauce, and seasoning sauce samples were
commercial products purchased from supermarkets and factories within a week before
organizing each round of interlaboratory comparison. The iodine solution (480 ppm) was
prepared by dissolving 4 g of potassium iodate (KIO3 Calibre Chemicals Pvt. Ltd., Gujarat,
India) in 100 mL of DI water and then diluted 50 times with DI water. During sample
preparation, the prepared iodine solution was added to some commercial products at the
ratio of 3.5 mL of iodine solution per liter of sauce to cover iodine content approximately
two times the standard range in the FDA notification (Table 1). Two liter of the sample
from a single bulk package was mixed using a magnetic stirrer (IKA®, C MAG HS7, IKA
Works Inc., Wilmington, DE, USA) for 15 min and repacked into individual 50 mL bottles
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(50 mL x 40 bottles). Ten test samples were selected by stratified random sampling for
homogeneity testing, and duplicate sample portions from each bottle were tested using
ICP-MS prior to dispatch. Stability testing was conducted at the end of the study (2 months)
by selecting 4 test materials using simple random sampling and analyzing iodine content
by ICP-MS. Immediately after batch preparation, randomly selected containers were stored
at room temperature (25 & 5 °C) followed by determination of iodine content using ICP-MS.
Samples were distributed to participating laboratories under sunlight-protected packages.
The aim was for the laboratories to receive their samples within 2 weeks after preparation.

Table 1. Details of test materials.

o Sample Brand and
Study Round Sample Code Description Manufacture Collection Sites Lot/ MPG
Commercial iodized
seasoning sauce added Yan Wal Yun Co., Healthv bov:
MU-ETH 104 more potassium iodate Ltd., Samut Supermarket 11 Oze AF AylL01y3" 47
solution during the Sakhon, Thailand ’
sample preparation
1st Rayong Fish Sauce
MU-ETH 105 Non-iodized fish sauce Industry Co., Ltd., Factory Ist grade of tank
. no. 220
Rayong, Thailand
Yan Wal Yun Co., Healthv bov:
MU-ETH 106 Iodized soy sauce Ltd., Samut Supermarket Y boy;
. 21311ABA26 16:30
Sakhon, Thailand
Tang Sang Hah . 1.
MU-ETH 107 Todized fish sauce Co., Ltd., Chon Supermarket Tiparos; 10:03
. . (4025)
Buri, Thailand
Thai Theparos .
ond MU-ETH 108 Iodized seasoning sauce PLC, Samut Supermarket Golden Mountain;

16:12 (89)

Prakan, Thailand

MU-ETH 109 Non-iodized soy sauce

Thai-Sino Food
Co., Ltd., Samut Factory 10/8/22
Sakhon, Thailand

2.2.2. Statistical Analysis

Statistical analysis for homogeneity testing was conducted based on ISO 13528:2022 [28].
After passing the Cochran’s test (test for outliers for duplicate results), the between-sample
standard deviation (s;) of each test material was calculated. Values should be less than 0.3 times
the standard deviation for proficiency testing (ss < 0.30)¢), which is considered to be adequately
homogeneous. The standard deviation for the PT of each sample was derived from Horwitz’s
equation [28]. If this criterion was not met, the expand criterion (¢ = Fi07,,,, + [>s3,) was
applied to allow for an actual sampling error and repeatability in the homogeneity study [28]. If
ss < /¢, the proficiency test items were considered to be sufficiently homogeneous.

The end-of-study stability results were evaluated using the criteria of ISO 13528:2022 [28],
which compared the mean value of the iodine at the end of study (/) to the mean value of
homogeneity testing (i7;). If [i7; — ¥,| < 0.3074, the proficiency test items were considered to
be adequately stable.

The laboratories’ results were analyzed and interpreted by the organizer of this col-
laborative study who was not involved in performing iodine determination for any test
sample in order to prevent any conflict of interest. For each study round, the test results
from all participating laboratories were analyzed to establish assigned values according to
ISO 13528:2022 [28]. Firstly, a scatter plot and kernel density plot were used to determine
the distribution of all submitted results. Grubb’s test and Dixon'’s test were used to identify
outliers. Grubbs’ test (G test) is used to identify an outlier in a data set if a minimum
value or a maximum value is an outlier ((suspected result — mean)/standard deviation)
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compared to the critical value at 95% confidence. If the calculated G value is larger than
the critical G value at 95% confidence, it is defined as an outlier. Dixon’s test (Q test) is
also used to identify and reject outliers. To apply a Q test for suspected data, the gap in the
closeness of data was divided by the range (max-min) of data (Q = gap/range) after sorting
as per increasing data. If the calculated Q value is more than the critical Q value at 95%
confidence, it is defined as an outlier. Meanwhile, Cochran’s test at 95% confidence was
used for intralaboratory evaluation (within-laboratory). Cochran’s test is used to identify a
single estimate of variance compared to group variances. If the calculated Cochran value is
larger than the critical Cochran value at 95% confidence, it is defined as an outlier.

For between-laboratory evaluation, test results for each laboratory (x;) were evaluated
for laboratory performance, using a z-score (Equation (1)), against two approaches, includ-
ing reference values from ETH laboratory (xpt) and standard deviation based on Horwitz’s
RSD (0pt). Another approach using the consensus mean (xpt) and standard deviation (opt)
of all participants after removing outliers was also used for performance evaluation. The
z-score against assigned values was evaluated for between-laboratory variations as follows
(Equation (1)):

Z — score = M (1)

Opt

where x; is the average value reported by each participating laboratory; xpt is the assigned
mean value of reference laboratory or consensus mean after removing the outlier; and opt
is the standard deviation PT, as estimated by Horwitz’s equation [28], or the consensus
SD after outlier removal. The uncertainty of assigned value (uy,) was calculated by the
standard deviation of all submitted results after removing outliers (SD) and divided by
the square root of the number of participating laboratories (p) (ux,, = SD/,/p). If the
standard uncertainties of the assigned values in this study were smaller than 0.30,, then
the uncertainty of the assigned value was negligible and not included in the interpretation
of the evaluation results in this study.

Laboratories with the |z | for <2 for between-laboratory variations were considered to
have a satisfactory performance. Those with2 < |z| <3 or |z| > 3 presented questionable
or unsatisfactory results, respectively. The summary of each round of collaborative study
was reported to all participating laboratories in a technical meeting for each round.

For repeatability and reproducibility of the standard deviation for the group of labo-
ratories, they were calculated using one-way ANOVA based on the EURACHEM guide-
line [29]. The repeatability standard deviation (S;) was calculated by taking the square
root of the within group (MSy,). The reproducibility standard deviation (Sg, Spetween) Was
calculated from the different of mean square between group (MS;) minus within group
(MS,,) divided by the number of replicate (1) as follows (Equation (2)):

V n
3. Results

3.1. Homogeneity and Stability Testing

The results for the homogeneity and stability of the test materials are summarized in
Table 2. Most test materials demonstrated sufficient homogeneity; the MU-ETH 104 test
material was only adequately homogeneous. In addition, all test materials were adequately
stable after storing for 2 months (end of study). These indicated that all test materials were
suitable for interlaboratory comparison.



Foods 2023, 12, 3513 60of 13
Table 2. Homogeneity and stability of all test materials.
MU-ETH 104 MU-ETH 105 MU-ETH 106 MU-ETH 107 MU-ETH 108 MU-ETH 109
Homogeneity 5.036 0.267 2.069 2.218 0.083 0.029
mean
Ss 0.142 0.026 0.100 0.106 0.009 0.004
Opt 0.632 0.052 0.297 0.315 0.019 0.008
0.30p 0.190 0.016 0.089 0.094 0.006 0.002
Adequately
5 < 0.30p0 homogeneous i ) i ) i
Ve - 0.027 0.129 0.155 0.011 0.004
Sufficiently Sufficiently Sufficiently Sufficiently Sufficiently
ss < \/C -
homogeneous homogeneous homogeneous homogeneous homogeneous
Stability mean 4974 0.261 2.064 2.252 0.080 0.033
171 — 72| 0.062 0.006 0.005 0.035 0.004 0.004
171 — Va2l Adequately Adequately Adequately Adequately Adequately Adequately
< 030yt stable stable stable stable stable stable
3.2. Results of the Hands-on Training Workshop
Twenty-one staff members from all target laboratories in Thailand (Table 3) partici-
pated in the hands-on training workshop. The test results for iodine determination using
ICP-MS during the workshop revealed that the result of the NIST SRM 1869 (infant formula)
from alkaline extraction passed the accuracy test (.51cuiate = 0.824; and tjticq = 4.303). How-
ever, the test result for acid microwave digestion did not pass the criteria (tgicyiare = —19.842;
and tyiticq; = 4.303). Consequently, higher precision was obtained from alkaline extraction
(4.1% RSD) compared to 28% RSD by microwave digestion. The recoveries of the iodine-
spiked samples were 90.8 = 7.1% (1 = 3, 7.9% RSD) and 27.0 & 1.66% (n = 3, 6.2% RSD) in
sample dissolution by alkaline extraction and acid microwave digestion, respectively. The
recovery of the alkaline extraction stayed within an acceptable range (80-110% at the level
of 800 ng/kg) [30]. The method limit of detection (3 SD of 10 analysis of lowest concentra-
tion) and method limit of quantitation (10 SD of 10 analysis of lowest concentration) were
0.06 and 0.20 mg/L, respectively.
Table 3. List of participating laboratories.
Expert laboratory Institute of Food, Nutrition and Health, Swiss Federal Institute of Technology Zurich (ETH), Switzerland

Government laboratories

Bureau of Nutrition, Ministry of Public Health (MOPH), Thailand

Bureau of Quality and Safety of Food (BQSF), Department of Medical Sciences, Thailand

Institute of Nutrition, Mahidol University (INMU), Thailand

National Institute of Metrology of Thailand (NIMT), Thailand

Private laboratories

Central Laboratory (Thailand), Thailand

ALS laboratory (group) Thailand, Thailand

SGS Thailand, Thailand

3.3. Interlaboratory Comparison
3.3.1. Participating Laboratories

Nine laboratories participated in the collaborative study for interlaboratory comparison,
including all seven target laboratories, the laboratory that represented the collaborating group
of government, and the private laboratories during the hands-on training workshop, as well
as the ETH’s laboratory. Eight laboratories participated in each round of the collaborative
study, all of which used the alkaline extraction method for extracting iodine content from
the test samples. The exact amounts of samples (0.5-2.0 g) and 4-5% tetramethylammonium
hydroxide (TMAH) were mixed and extracted in an oven at about 90 °C for 3 h. For the
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ICP-MS condition, 10 ppb tellurium (Te) or 2 ppb rhodium (Rh) in 1% TMAH, 0.01% triton
X-100, and 6% 2-propanol were used as internal standards. The details of each laboratory’s
method of analysis and instruments are shown in Tables 4 and 5, respectively.

Table 4. Details of extraction method of participating laboratories.

Accredited . Chemicals Used for Digestion Condition (Temp. Digestion
Lab Code ISO 17025 Sample Weight (g) Extraction Method and Time) (Round)
Lab 01 No 2.0 5% TMAH * Oven 90°C,3h 4 rounds
Lab 02 No 0.5-0.6 5% TMAH Oven 90 °C,3h 1 round
Lab 03 No 0.5 5% TMAH Oven 90°C,3h 1 round
Lab 04 No 0.5 5% TMAH Oven 90°C,3h 1 round
Lab 05 Yes 0.5 4% TMAH Oven 90 °C,3h 1 round
Lab 06 No 0.3 5% TMAH Oven 85°C,3h 1 round
Lab 07 No 0.5 5% TMAH Oven 90°C,3h 1 round
Lab 08 No 0.5 5% TMAH Oven 90°C,3h 1 round
Lab 09 No 0.5 5% TMAH Oven 90°C,3h 1 round
* Tetramethylammonium hydroxide.
Table 5. Details of ICP-MS conditions of participating laboratories.
Lab Code Detail of the Instrument Internal Standard Used
Triple Quadrupole ICP-MS (Agilent 8800, Agilent Technologies, Inc., .
Lab 01 Santa Clara, CA, USA) 2 ppb rhodium
Lab 02 Triple Quadrupole ICP-MS 1st study round: 2 ppb rhodium
(PerkinElmer®’s NexION 2000, PerkinElmer, Inc., Waltham, MA, USA)  2nd Study round II: 10 ppb tellurium
Single Quadrupole ICP-MS (Agilent 7900, Agilent Technologies, Inc., .
Lab 03 Santa Clara, CA, USA) 2 ppb rhodium
Single Quadrupole ICP-MS (Agilent 7900, Agilent Technologies, Inc., .
Lab 04 Santa Clara, CA, USA) 10 ppb tellurium
Single Quadrupole ICP-MS (Agilent 7900, Agilent Technologies, Inc., .
Lab 05 Santa Clara, CA, USA) 10 ppb tellurium
Multicollector (MC) ICP-MS (Thermo Fisher Scientific, Thermo Fisher
Scientific Inc., Waltham, USA), Single Quadrupole ICP-MS .
Lab 06 (Thermo Fisher Scientific iCap RQ, Thermo Fisher Scientific Inc., 10 ppb tellurium
Waltham, MA, USA)
Triple Quadrupole ICP-MS .
Lab 07 (PerkinElmer®’s NexION 2000, PerkinElmer, Inc., Waltham, MA, USA) 2 ppb rhodium
Lab 08 Triple Quadrupole ICP-MS 1st study round: 2 ppb rhodium

(PerkinElmer®'s NexION 2000, PerkinElmer, Inc., Waltham, MA, USA)  2nd study round II: 10 ppb rellurium

3.3.2. Assigned lodine Content

The results of the collaborative study’s first round showed that all participating
laboratories passed all the outlier tests. The mean iodine contents in sample codes MU-ETH
104, 105, and 106 were 4.81, 0.27, and 2.10 mg/L, respectively. In the second round, however,
the test results for each sample indicated that one of the eight laboratories did not pass
the kernel density plot and a scatter plot. Moreover, one of the eight laboratories did not
pass the Cochran’s test at 95% confidence in the case of sample codes MU-ETH 107 and 109.
Kernel density plots for all test materials with the suitable bandwidth at 0.75 oyt [28] for
all data and data removing outliers are shown in Figure 1. The results clearly indicate the
unimodality (normal distribution) of each assigned value. Consequently, after removing
the outliers, the mean iodine content in sample codes MU-ETH 107, 108, and 109 were 2.10,
0.088, and 0.032 mg/L, respectively (Table 6). The standard uncertainties of the assigned
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values for each test material were smaller than 0.30pt. Consequently, the z-score was used
for a performance evaluation.

a Kernel Density Plot b Kernel Density Plot c Kernel Density Plot
MU-ETH 104 (Iodized Seasoning Sauce) MU-ETH105 (Non-fortified fish sauce) MU-ETH 106 (Iodized soy sauce)
Fixed h:0.42 s Fixed h: 0.04 Fixed h: 0.21
0.8 1.6
7 4
0.7 14 A
6 -
0.6 1.2 A
05 51 14
04 41 0.8 -
03 37 0.6 -
0.2 2 0.4
0.1 1 A 0.2
0 T T T T T T 0 T T T T T 0
2 3 4 5 6 7 8 0 0.1 0.2 0.3 0.4 0.5 0.6 0 1 2 3 4
d Kernel Density Plot e Kernel Density Plot Kernel Density Plot
MU-ETH 107 (Fortified fish sauce): All data MU-ETH 107 (Fortified fish sauce): MU-ETH 108 (Non-fortified seasoningsauce): All data
Fixed h: 0.22 Data after remove outlier Fixed h:0.014
14 Fixed h: 0.22 18
1.6
16 o
2
12 14 A
14 4
11 12 -
12 4
08 - 1 10 4
0.6 - 08 1 81
06 - 64
0.4 -
04 4 4
02 -
0.2 1
0 T T Y T T 0 T 0 T T >
2 X X . . .
0 1 2 3 4 5 6 0 1 5 3 4 -0.1 0.05 0 0.05 0.1 0.15 0.2
g Kernel De.nf)ity Plot ) h Kernel Density Plot i Kernel Density Plot
MU-ETH 108 (Non-fortified seasoning sauce): MU-ETH 109 (Non-fortified soy sauce): All data MU-ETH 109 (Non-fortified soy sauce):
Data remove outlier Fixed h: 0.007 Dataremove outlier
Fixed h: 0.014 25 Fixed h: 0.007
20 46
18 " | 35 4
16 4
30 A
14 4
12 15 4 25 -
10 4 20 4
10 A
8 4 15 4
6
10 4
4 4 5/
2 4 51
0 T T ' 6 f T = T T T T
0 0.05 0.1 0.15 0.2 -0.05 0 0.05 0.1 0.15 -0.04 -0.02 0 0.02 004 006 0.08 0.1

Figure 1. Kernel density plots of all test materials: (a) MU-ETH 104, (b) MU-ETH 105, (¢) MU-ETH
106, (d) MU-ETH 107 (all data), (e) MU-ETH 107 (data removing outlier), (f) MU-ETH 108 (all data),
(g) MU-ETH 108 (data removing outlier), (h) MU-ETH 109 (all data), and (i) MU-ETH 109 (data
removing outlier).
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Table 6. Results of the assigned values in this study.

The Portion of the Laboratory that Passed the Test

. Assigned Value
Study Sample (The Code of the Lab That Did Not Pass the Test) (Mean + SD) Uncertainty of Assigned
Round Code Grubb’s  Dixon’s  Kerneland Cochran’s of Iodine Content * Value (ppm) (uy,,)
Test Test Scatter Plot Test (ppm)
MU-ETH 104 8/8 8/8 8/8 8/8 4.81 +0.38 0.133
1st MU-ETH 105 8/8 8/8 8/8 8/8 0.27 +0.04 0.014
MU-ETH 106 8/8 8/8 8/8 8/8 210 £0.16 0.057
7/8 7/8
MU-ETH 107 8/8 8/8 (Lab 08) (Lab 08) 218 £0.17 0.061
7/8
2nd MU-ETH 108 8/8 8/8 (Lab 09) 8/8 0.088 £ 0.016 0.005
7/8 7/8 lab
MU-ETH 109 8/8 8/8 (Lab 09) (Lab 05) 0.032 4= 0.009 0.003
* Outliers were removed before calculating the mean and SD for the assigned values.
3.3.3. Performance of Participating Laboratories
Figure 2 shows the combined laboratory performance from two rounds of the collab-
orative study when the z-score is based on the reference lab as ETH’s mean and standard
deviation from the Horwitz equation. It indicates that the test results of all samples from
lab codes 01-07 showed satisfactory results (1z1 < 2.0). Meanwhile, the test results of lab
code 08 in test sample MU-ETH 107 and lab code 09 in two test samples (MU-ETH 108 and
MU-ETH 109) were unsatisfactory (1z| > 3.0). Figure 3 shows the laboratory performance
when the z-score is based on the consensus-assigned mean and standard deviation, and the
interpretation of the plot is similar to that of Figure 2. The test results of the two collaborative
study rounds showed the same pattern. The standard deviation from all laboratories after
outlier removal indicated that the repeatability standard deviation (S,) varied from 2 to 17%,
while the reproducibility standard deviation (S, or Sg) ranged from 7 to 22% (Table 7).
Table 7. Summary of standard deviation from all laboratories in the collaborative study.
Standard Deviation of Repeatability (S,)  Standard Deviation of Reproducibility (Sy)
Sample Code Mean (ppm)
(ppm) (%) (ppm) (%)
MU-ETH 104 4.81 0.11 22 0.35 7.3
MU-ETH 105 0.27 0.01 55 0.04 14.3
MU-ETH 106 2.10 0.05 2.5 0.16 7.7
MU-ETH 107 2.18 0.05 (0.09) * 23(4.0)* 0.17 (0.66) * 7.9 (30.4) *
MU-ETH 108 0.088 0.005 (0.006) * 6.2 (6.6)* 0.013 (0.034) * 15.0 (38.8) *
MU-ETH 109 0.032 0.006 (0.006) * 17.1 (18.3) * 0.007 (0.013) * 21.7 (40.7) *

* Value in parenthesis included all results of all laboratories without the removal of any outlier.
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Figure 2. Z-score based on the reference lab (Lab 06) as ETH’s mean (xpt) and standard deviation (opt)
from the Horwitz equation [28]: |z| < 2, satisfactory (acceptable) result (v'); 2 < Iz < 3, questionable
(warning) result; |z| > 3, unsatisfactory (unacceptable) result (X). First-round study samples (ETH’s
mean iodine content): MU-ETH 104 (4.36 ppm), MU-ETH 105 (0.25 ppm), and MU-ETH 106 (1.95 ppm).
Second-round study samples (ETH’s mean iodine content): MU-ETH 107 (2.08 ppm), MU-ETH 108
(0.08 ppm), and MU-ETH 109 (0.04 ppm). Green line indicated satisfactory result (|z| < 2) whereas
red line indicated unsatisfactory results (1z| > 3).
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Figure 3. Z-score based on the consensus-assigned mean (xy) and standard deviation (o): 1zI <2,
satisfactory (acceptable) result (v'); 2 < |z| < 3, questionable (warning) result; |z| > 3, unsatisfactory
(unacceptable) result (X). First-round study samples (assigned mean iodine content): MU-ETH 104 (4.81
ppm), MU-ETH 105 (0.27 ppm), and MU-ETH 106 (2.10 ppm). Second-round study samples (assigned mean
iodine content): MU-ETH 107 (2.18 ppm), MU-ETH 108 (0.09 ppm), and MU-ETH 109 (0.03 ppm). Green
line indicated satisfactory result (1z| < 2) whereas red line indicated unsatisfactory results (1z| > 3).
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4. Discussion

Hands-on training workshop results showed that alkaline extraction by TMAH pro-
vides higher accuracy and precision for iodine determination in food compared to acid
digestion. These results support the finding of Lehner et al. [31] that indicated that io-
dine recoveries from the alkaline method were significantly higher than those from acid
digestion. Consequently, all participating laboratories in this collaborative study used
the alkaline extraction method for interlaboratory comparison. The hands-on training
workshop could increase the capacity of service laboratories for iodine analysis in food,
since the z-score and the repeatability standard deviation (S;) for all participating labo-
ratories indicated that most laboratories achieved a satisfactory performance. Alkaline
extraction by TMAH and ICP-MS detection with 6% 2-propanol and 0.01% triton X-100 in
an internal standard can be used for iodine determination in direct-iodized sauces. The
adjusted standard deviation of reproducibility (S;) after removing the outliers from all
laboratories with that iodine determination method stayed within the acceptable range
of AOAC International (S;, = 11%, 16%, and 22% for concentrations of 10 ppm, 1 ppm,
and 100 ppb, respectively) [30]. Alkaline extraction and ICP-MS detection have been used
to determine the iodine content of soy sauces sampled in China [26,32]. In addition, in
Taiwan, the ICP-MS method with sample preparation by diluting the sample 100-fold into
an aqueous solution containing Triton X-100 and 0.5% ammonia solution has been used as
the reference method for validating the modified microplate method to measure iodine in
soy sauces [33,34].

The unacceptable z-score of some laboratories and high S; (>35%) were found in
sample codes MU-ETH 108 and MU-ETH 109 due to a small amount of iodine (<100 ppb) in
the test samples. That amount is below the method limit of quantification (LOQ), 200 ppb, as
indicated by the results of the hands-on training workshop. However, this study intended
to compare the capability and performance of all participating laboratories. Therefore, all
laboratories reported the actual amount of iodine in all test materials. The collaborative
study of Jerse et al. about iodine determination in feed by ICP-MS also found Sy, of
approximately 35% when the iodine content in the test sample was less than 1 ppm [35]. In
addition, a closed-group discussion with Lab 08 concerning corrective action indicated that
the high Sy, in sample code MU-ETH 107 could have been due to the ICP-MS equipment
having had problems during data determination.

To increase the efficacy and accuracy of an iodine monitoring program, a national or
international proficiency testing (PT) program for iodine determination in direct-iodized
sauces should be regularly organized at least once a year. Internal corrective actions
and/or recruitment of consulting expertise should be undertaken for laboratories with
unacceptable results in the PT program. Moreover, using the current national standard
(2-3 ppm), iodine monitoring in the mandatory direct-iodized sauce is limited when the
iodine test result is weighed by the adjusted maximum Sy (+22%) based on this study. To
meet the current standard, the iodine content in iodized products should be at least 2.6 ppm.
However, the iodine content of a product will be 3.2 ppm when the test result has a positive
bias (+22%). The prospective standard will range from 1.6 to 3.4 ppm when the Thai
FDA'’s judgment range is expanded by the adjusted maximum S;, (£22%). The potential
contribution of iodine intake among Thai non-pregnant adults from household salt, as per
the nine processed foods that contribute the most to daily iodine intake and direct-iodized
sauce, will be 106-126% of the recommended nutrient intake (RNI) and 27-32% of tolerable
upper intake (UL) when calculated based on the assumption of a previous study [19] and
prospective standard. In addition, this study’s maximum S; for iodine greater than method
LOQ is 14%. Consequently, the Thai FDA’s judgment range for official control activities
for iodine concentration in direct-iodized sauce should be expanded by 14-22% of the test
result from each laboratory and have test results acceptable to the PT program and/or
those of an accredited laboratory. The judgment range should also be revised and tightened
following the standard set by yearly PT program results to be more precise and practical
for implementation.
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5. Conclusions

All target laboratories participated in a hands-on training workshop and two rounds
of interlaboratory comparison for iodine analysis in direct-iodized sauce. The capacity
of service laboratories increased via the hands-on training workshop in this study. Most
of the participating laboratories (7/8) achieved a satisfactory performance (l1z| <2.0) for
all six test samples from two rounds of interlaboratory comparison. Sample extraction
using TMAH and ICP-MS detection with 6% 2-propanol and 0.01% triton X-100 as an
internal standard can be used for iodine determination in direct-iodized sauce. After outlier
removal, the reproducibility standard deviation (Sy) varied from 7 to 22% at an iodine level
of 0.03—4.81 ppm. Moreover, the Thai FDA’s judgment range for official control activities
should be expanded by at least 22% (up to 41% based on reproducibility SD) to increase the
efficacy and accuracy of an iodine monitoring program for the mandatory direct-iodized
sauce.

Author Contributions: Conceptualization, K.J., ].P. and S.G.; methodology, KJ., J.P, PS,, S.G., ].S. and
C.Z.; laboratory analysis, K.J., J.P.,, P.S., ].S. and C.Z,; statistical analysis, K.J. and J.P,; writing original
draft preparation, J.P. and K.J.; writing review and editing, ].P. and K.J.; project administration, J.P.
and K.J.; funding acquisition, ].P. and K.J. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by Mahidol University and Swiss Federal Institute of Technology
Zurich, year 2022-3.

Institutional Review Board Statement: This study did not require ethical approval.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank all of the participating laboratories and the experts
for their voluntary participation in this collaborative study and their useful comments. We would also
like to thank the late Prof. Dr. Visith Chavasit and Prof. Michael Bruce Zimmermann for initiating the
MOU between Mahidol University and ETH to establish the iodine research and training joint unit. We
are also grateful to the Director of the Institute of Nutrition, Assoc. Prof. Dr. Chalat Santivarangkna, for
his approval of this project’s concept and for also providing valuable suggestions for this study:.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1.  Knust, K,; Leung, A. Chapter 11—Iodine: Basic Nutritional Aspects. In Molecular, Genetic, and Nutritional Aspects of Major and
Trace Minerals; Collins, ]., Ed.; Academic Press: London, UK, 2017; pp. 133-141.

2. Pearce, EN.; Lee, S.L. IODINE | Iodine-deficiency Disorders. In Encyclopedia of Food Sciences and Nutrition (Second Edition);
Caballero, B., Ed.; Academic Press: London, UK, 2003; pp. 3360-3366.

3. UNICEEF. Sustainable Elimination of lodine Deficiency, Progress Since the 1990 World Summit for Children; UNICEF: New York, NY,
USA, 2008.

4. Zimmermann, M.B.; Andersson, M. Global Endocrinology: Global perspectives in endocrinology: Coverage of iodized salt
programs and iodine status in 2020. Eur. ]. Endocrinol. 2021, 185, R13-R21. [CrossRef] [PubMed]

5. Royal Thai Government Gazette. MOPH Notification B.E. 2537 (No. 153) Re: Edible Salt; Royal Thai Government: Bangkok,
Thailand, 1994.

6.  UNICEF EAPRO. Review of National Legislation for Universal Salt lodization: South Asia and East Asia and the Pacific, UNICEF EAPRO:
Bangkok, Thailand, 2013.

7. Royal Thai Government Gazette. MOPH Notification B.E. 2553 (No. 153) Re: Edible Salt; Royal Thai Government: Bangkok,
Thailand, 2010.

8. Chanthilath, B.; Chavasit, V.; Chareonkiatkul, S.; Judprasong, K. Iodine stability and sensory quality of fermented fish and fish
sauce produced with the use of iodated salt. Food Nutr. Bull. 2009, 30, 183-188. [CrossRef] [PubMed]

9.  Royal Thai Government Gazette. MOPH Notification B.E. 2541 (No. 182) Re: Nutrition Labeling; Royal Thai Government: Bangkok,
Thailand, 1998.

10. National Bureau of Agricultural Commodity and Food Standards. National Food Consumption Data of Thailand; National Bureau of

Agricultural Commodity and Food Standards, Ministry of Agriculture and Cooperatives: Bangkok, Thailand, 2006.


https://doi.org/10.1530/EJE-21-0171
https://www.ncbi.nlm.nih.gov/pubmed/33989173
https://doi.org/10.1177/156482650903000210
https://www.ncbi.nlm.nih.gov/pubmed/19689097

Foods 2023, 12, 3513 13 0f 13

11.

12.
13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rojroongwasinkul, N.; Chitjang, U.; Vongwaimatee, N.; Boonpraderm, A.; Wanijjakul, C.; Sanaprom, S.; Rattanayoung, T.
Thailand’s National Food Consumption Survey; National Bureau of Agricultural Commodity and Food Standards, Ministry of
Agriculture and Cooperatives: Bangkok, Thailand, 2016.

Royal Thai Government Gazette. MOPH Notification B.E. 2553 Re: Fish Sauce (No2); Royal Thai Government: Bangkok, Thailand, 2010.
Royal Thai Government Gazette. MOPH Notification B.E. 2553 Re: Brine for Cooking; Royal Thai Government: Bangkok, Thailand, 2010.
Royal Thai Government Gazette. MOPH Notification B.E. 2553 (No. 153) Re: Food Seasoning Derived from Hydrolysis or Fermentation
of Soybean Protein (No.2); Royal Thai Government: Bangkok, Thailand, 2010.

Royal Thai Government Gazette. MOPH Notification B.E. 2554 (No. 153) Re: Edible Salt; Royal Thai Government: Bangkok,
Thailand, 2011.

Chavasit, V.; Tuntipipopipat, S.; Watanapaisantrakul, R. Fortification of fish sauce and soy sauce. In Handbook of Food Fortification
and Health from Concepts to Public Health Applications; Preedy, V.R., Srirajaskanthan, R., Patel, V.B., Eds.; Humana Press: New York,
NY, USA, 2013; Volume 2, pp. 113-125.

Saleppan, S.; Chavasit, V.; Sinawat, S.; Viriyausahakul, N.; Saiwongse, N. Feasibility study of iodine fortification through fish Sauce:
Mixed fish sauce and brine for cooking in order to address iodine deficiencies in Thailand. J. Public Health 2014, 44, 199-216.

World Health Organization. Guideline: Fortification of Food-Grade Salt with Iodine for the Prevention and Control of Iodine Deficiency
Disorders; World Health Organization: Geneva, Switzerland, 2014.

Chotivichien, S.; Chongchaithet, N.; Aksornchu, P.; Boonmongkol, N.; Duangmusik, P.; Knowles, J.; Sinawat, S. Assessment of
the contribution of industrially processed foods to salt and iodine intake in Thailand. PLoS ONE 2021, 16, e0253590. [CrossRef]
[PubMed]

L’Abbé, M.R. IODINE | Properties and Determination. In Encyclopedia of Food Sciences and Nutrition (Second Edition); Caballero, B.,
Ed.; Academic Press: London, UK, 2003; pp. 3350-3357.

Kanoh, H.; Konishi, T. Analytical Methods for Iodine and Iodides. In Iodine Chemistry and Applications; Kaiho, T., Ed.; Wiley:
Weinheim, Germany, 2014; pp. 15-24.

Todorov, T.L; Gray, P.J. Analysis of iodine in food samples by inductively coupled plasma-mass spectrometry. Food Addit. Contam.
Part A Chem. Anal. Control Expo. Risk Assess. 2016, 33, 282-290. [CrossRef] [PubMed]

Hammer, D.; Andrey, D. Comparison of ion-selective electrode and inductively coupled plasma-mass spectrometry to determine
iodine in milk-based nutritional products. . AOAC Int. 2008, 91, 1397-1401. [CrossRef] [PubMed]

Judprasong, K.; Jongjaithet, N.; Chavasit, V. Comparison of methods for iodine analysis in foods. Food Chem. 2016, 193, 12-17.
[CrossRef] [PubMed]

Edwin, P. Iodine. In Official Methods of Analysis of AOAC International, 22; Latimer, G., Ed.; AOAC International: Rockville, MD,
USA, 2023; pp. C50-166-C50-173.

Todorov, T.I; Gray, PJ. U.S. FDA Elemental Analysis Manual, 4.13 Inductively Coupled Plasma-Mass Spectrometric Determination of Iodine in
Food Using Tetramethyl Ammonium Hydroxide Extraction; U.S. Food and Drug Administration: Silver Spring, MD, USA, 2017.
Thailand’s Food and Drug Administration. Information for Entrepreneurs: Food/Food Containers Analysis Agency. Available
online: https://food.fda.moph.go.th/for-entrepreneurs/category/food-analysis-agency (accessed on 5 June 2023).

ISO 13528; Statistical Methods for Use in Proficiency Testing by Inter-Laboratory Comparisons. International Organization for
Standardization: Geneva, Switzerland, 2022.

Magnusson, B.; Ornemark, U. (Eds.) Eurachem Guide: The Fitness for Purpose of Analytical Methods—A Laboratory Guide to Method
Validation and Related Topics, 2nd ed.; Eurachem: Gembloux Belgique, Belgium, 2014; ISBN 978-91-87461-59-0. Available online:
www.eurachem.org (accessed on 1 August 2023).

AOAC International. Guidelines for Standard Method Performance Requirements AOAC Official Methods of Analysis; Appendix F;
AOAC International: Rockville, MD, USA, 2016.

Lehner, A.; Zyskowski, J.; Johnson, M.; Buchweitz, ]. Improved accuracy in measurement of iodine in animal feeds by ICP/MS
with alkaline dissolution. Anim. Feed. Sci. Technol. 2021, 272, 114781. [CrossRef]

Wang, Z.; Wang, J.; Xu, W.S.; Xu, J.; Li, X.W.; Zhao, ].; Wang, G.D.; Yang, X.G. Iodine content of processed foods and condiment
sampled in China, 2017-2019. Food Nutr. Sci. 2021, 12, 1217-1231. [CrossRef]

Huang, C.J.; Lee, L.H.; Cheng, C.P; Yao, S.F; Chen, H.S.; Hwu, CM,; Tang, K.T.; Wang, EF,; Shih, CW.; Yang, C.C,; et al.
Measurements of elemental iodine in soy sauces in Taiwan using a modified microplate method. Front. Endocrinol. 2023, 14,
1058695. [CrossRef] [PubMed]

Huang, CJ.; Lee, L.H.; Cheng, C.P,; Chen, H.S.; Hwu, C.M.; Tang, K.T.; Shih, CW.; Yeh, C.C.; Wang, EE,; Yang, C.C. Analytical
validation of an inductively coupled plasma mass spectrometry method for urinary iodine concentration measurements in
Taiwan. . Formos. Med. Assoc. 2023, 122, 757-765. [CrossRef] [PubMed]

Jerse, A.; Amlund, H.; Rasmussen, R.R.; Sloth, ].J. Iodine determination in animal feed by inductively coupled plasma mass
spectrometry-results of a collaborative study. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2021, 38, 261-267.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0253590
https://www.ncbi.nlm.nih.gov/pubmed/34228736
https://doi.org/10.1080/19440049.2015.1131337
https://www.ncbi.nlm.nih.gov/pubmed/26730958
https://doi.org/10.1093/jaoac/91.6.1397
https://www.ncbi.nlm.nih.gov/pubmed/19202800
https://doi.org/10.1016/j.foodchem.2015.04.058
https://www.ncbi.nlm.nih.gov/pubmed/26433281
https://food.fda.moph.go.th/for-entrepreneurs/category/food-analysis-agency
www.eurachem.org
https://doi.org/10.1016/j.anifeedsci.2020.114781
https://doi.org/10.4236/fns.2021.1212089
https://doi.org/10.3389/fendo.2023.1058695
https://www.ncbi.nlm.nih.gov/pubmed/37008932
https://doi.org/10.1016/j.jfma.2023.02.010
https://www.ncbi.nlm.nih.gov/pubmed/36878768
https://doi.org/10.1080/19440049.2020.1856942
https://www.ncbi.nlm.nih.gov/pubmed/33412087

	Introduction 
	Materials and Methods 
	Hands-on Training Workshop 
	Collaborative Interlaboratory Comparison 
	Test Materials Preparation 
	Statistical Analysis 


	Results 
	Homogeneity and Stability Testing 
	Results of the Hands-on Training Workshop 
	Interlaboratory Comparison 
	Participating Laboratories 
	Assigned Iodine Content 
	Performance of Participating Laboratories 


	Discussion 
	Conclusions 
	References

