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Abstract: Although the Universal Salt Iodization (USI) program has been highly successful,
it remains relevant due to the continued risk of Iodine Deficiency Disorders (IDDs) in
vulnerable groups, such as children and pregnant women. This program empowers the
relevant authority to continuously monitor iodine levels in iodized salt. Our study reports
on the use of a Salt Iodate Micro-Method Reagent (SIMR) detection kit for this purpose.
The kit was validated, with a linearity of 5.0-60.0 mg/Kg, at a detection limit of 6.8 mg/Kg,
with excellent recovery ranging from 93.0 to 108.3%, whereas the repeatability, intermediate
precision, and reproducibility achieved a mean coefficient of variation (CV) of 5.3%, 6.8%,
and 5.9%, respectively. The stability of the reagents used in the kit was tested using freshly
prepared iodine standard quality control (QC) samples of 20.0 mg/Kg and 40.0 mg/Kg,
all of which were observed to be stable, within the range of the mean £ 2 x (standard
deviation, SD), for 10 days. The suitability of the kit was proven when no difference was
found in the mean results of 70 salt samples, using a paired t-test and the Bland—Altman
plot, compared to the reference method, at a 95% confidence interval (CI). Thus, the SIMR
detection kit is a highly feasible alternative method for iodine monitoring, with a fast
analysis time, as well as being cost effective, and environmentally friendly.

Keywords: universal salt iodization; salt fortification; iodized salt; table salt; portable kit;
on-site kit; iodine detection

1. Introduction

Iodine, a vital micronutrient for thyroid hormone production, plays a crucial role in reg-
ulating human metabolism, growth, and development; the most efficient and widespread
way to ensure adequate iodine intake is through the consumption of iodized table salt (also
known as iodized salt) [1]. Deficiencies of iodine can cause goiter, and, in more severe cases,
impaired mental growth and stunting [2].

According to the Malaysia Food Regulation 1985 pursuant to the Malaysia Food
Act 1983, iodized salt for human consumption must contain iodine within the range of
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20 mg/Kg to 40 mg/Kg. The form of iodine is either potassium iodate, potassium iodide,
sodium iodate, or sodium iodide [3]. The implementation of these rules is part of the Uni-
versal Salt Iodization (USI) program, a cost-effective measure, which has been instrumental
and reassuring in regard to the prevention of lodine Deficiency Disorders (IDDs).

Globally, approximately 2 billion people are at risk of iodine deficiency, with around
50 million exhibiting symptoms of IDDs [4]. Nearly 241 million school-age children world-
wide are iodine deficient and, of these, 58 million (40%) are from Africa [5]. Based on a
recent report [6], in Asia, the prevalence rate of IDDs was 2609.6 per 1,000,000 people in
2019, showing a 28.3% decrease since 1990, when the rate was 3639.2 per 1,000,000 people.
Malaysia has shown a tremendous decrease in the IDD prevalence rate, decreasing by 69.1%
from 5699.3 people in 1990 to 837.1 people in 2019, per 1,000,000 people. This positive trend
is due to the implementation of salt iodization legislation.

However, it is concerning that despite the implementation of iodized salt consumption
rules, an inadequate iodine status is still a prevalent issue, particularly among pregnant
women in Sarawak, one of the states in Malaysia, even after 10 years of USI program
implementation [7]. Therefore, consistently monitoring iodine levels in iodized salt is
essential to mitigate the health risks. Monitoring iodine levels in iodized salt within the
specified range is crucial for preventing the recurrence of IDDs, particularly in high-risk
groups, such as children and pregnant women [8,9]. While conventional methods, such as
iodometric titration [10] or the use of instrumentation of inductively coupled plasma mass
spectrometry (ICP-MS) [11], are commonly employed for iodine analysis, these methods are
often labor intensive, expensive, and require significant reagent usage [12]. These methods
are generally suited to laboratory settings and are not ideal for point-of-care testing (POCT).

For instance, iodometric titration involves the preparation of reagents and two general
procedures: (1) sample preparation and (2) titration using thiosulphate, with starch as a
color-change indicator. Although less expensive, this method requires the involvement of
an experienced technician; where less experienced technicians are involved, comprehensive
training in regard to troubleshooting was essential, otherwise the results would suffer
from human error [13]. On the other hand, ICP-MS is regarded as the most reliable tool
for iodine detection [14,15]. However, the acquisition and maintenance of this instrument
can be costly, making it unaffordable for some laboratory setups [16]. Additionally, the
crystallization of salt in the plasma tubing of ICP-MS was prone to interrupting the analysis,
due to clogged tubing [16,17]. This method, in turn, requires a highly skilled technician for
the maintenance of the instruments.

This situation highlights the need for more efficient and cost-effective alternatives,
such as the Salt Iodate Micro-Method Reagent (SIMR) detection kit. The SIMR detection
kit (Figure 1), developed using a micro-method approach, only uses small volumes of
reagents with diluted concentrations, making the kit more environmentally friendly and
less hazardous. The use of diluted reagents significantly reduces the time taken for the
reaction to occur, making the overall procedure for analysis remarkably faster compared to
the conventional titration method. For instance, it requires less than 10 min for the SIMR
detection kit to carry out the procedure versus 20 min for the conventional titration method.
The detection kit is an improvement of our previously unreported in-house qualitative
kit, known as the Institute for Medical Research (IMR) iodine rapid test kit (RTK), which
was conducted qualitatively based on the appearance of the color-change reaction. The
coloration observed was due to the presence of iodate, which forms a complex with the
starch solution. On the other hand, using the same iodine—starch reaction principle in
regard to the SIMR detection kit, the detection of iodate is based on the absorbance intensity
measured by the photo absorbance reader provided in the kit.
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Figure 1. Overall illustration of SIMR detection kit, containing the complete content for on-site
analysis, including: (1) pipet tips; (2) IMR iodine RTK-containing solution A, B, and C; (3) weighing
boats; (4) Nitrile gloves; (5) plastic spatula; (6) mini pipet; (7) pestle and mortar; (8) SIMR reagent A;
(9) 3 mL syringe; (10) 13 mm nylon filter (0.45 um pore size); (11) 75% alcohol wipe; (12) disposal bag
with zip tie; (13) portable photo absorbance reader; (14) 0.2 mL tubes for sample scooping; (15) rack
with 5 mL sample tube containing pre-filled 4 mL of deionized water; and (16) 0.2 mL tube rack
pre-filled with SIMR reagent B.

Our objective was to study the feasibility of the SIMR detection kit as an alternative
method for salt iodate analysis. We aimed to demonstrate that it offers good accuracy
and precision, comparable to the reference method, namely ultra-high performance liquid
chromatography (UHPLC) [18]. A more straightforward iodine detection method using an
SIMR detection kit would make monitoring iodine levels in iodized salt more feasible and
scalable, especially in regions where laboratory-based methods are impractical due to cost
or infrastructure constraints. This alternative method could significantly improve the USI
program, making it more feasible in various settings.

2. Materials and Methods

2.1. Materials
2.1.1. Chemicals and Reagents

The deionized water used in the study was sourced from an ultra-purification system
(18.2 M) grade, Sartorius, Gottingen, Germany), whereas all the chemicals, including 98%
sulfuric acid, phosphoric acid, potassium iodate, potassium iodide, soluble starch, sodium
chloride, sodium bisulfite, sodium phosphate monohydrate, and sodium pyrophosphate
decahydrate, were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.1.2. Salt Samples

Three commercial iodized salts, labelled as sample S1, S2, and S3, obtained from
the local market in Klang Valley, Malaysia, were used to validate the SIMR detection kit.
The real samples were obtained from the samples collected by the National Health and
Morbidity Survey (NHMS) 2024: Nutrition program, where approximately 30 g of the
salt samples was collected from household kitchens throughout all 13 states and three
federal territories in Malaysia. A total of 1429 salt samples were collected, which were
immediately placed in airtight polythene bags. For this study, all 1429 salt samples were
qualitatively screened to assess the type of iodine in the sample, using the IMR iodine
RTK. Only the iodate form of salt samples was randomly selected for comparison with the
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reference method. Eventually, 70 salt samples were selected. There were no specific criteria
for the random selection.

2.2. Instruments

Ultra-high performance liquid chromatography (UHPLC), using a diode array de-
tector (UltiMate 3000, Thermo Scientific, Waltham, MA, USA), was used as the reference
method. The SIMR detection kit uses a photo absorbance reader (model PAS-110-YU, Pi-
COEXPLORER, Yamato Scientific, Tokyo, Japan), with a red light-emitting diode (LED) set
at 40% output, for the detection of the iodine concentration. This setting, adjusted based on
the manufacturer’s manual, ensures that the intensity reading for the blank measurement
falls within the specified range from 30,000 to 60,000 in terms of the intensity reading,
which immediately automatically converts to the absorbance reading.

2.3. Methods
2.3.1. Optimization of Scooping Weight Using 0.2 mL Tube

Two different salts were obtained from the local market to study the weight of one
scoop using a 0.2 mL tube. The salts were ground using the pestle and mortar before the
study was conducted. Each salt was scooped using the 0.2 mL tube, wherein the 0.2 mL
tube was compressed and compacted using a finger, while, later on, the top of the scooped
sample was flattened to align with the rim of the 0.2 mL tube (Figure 2). This procedure
was conducted in regard to 12 replicates using 0.2 mL tubes, with each replicate weighed

three times.

Salt sample compacted
and flattened to align with
the rim of the 0.2 ml tube

0.2 ml tube filled with
ground salt sample

Figure 2. Illustration of scooped salt sample using a 0.2 mL tube, with flattened top, after being
compressed and compacted using a finger.

2.3.2. Preparation of Stock Solution

e  Sulfuric acid (1.0 M):

In a 15 mL tube, 552.0 puL of sulfuric acid (98%) was mixed with 9448.0 uL of deionized
water in order to produce 1.0 M of sulfuric acid.

e Jodate stock (5.7 mM, or 1000 mg/L; and 571.7 uM, or 100 mg/L) from potassium iodate:

A total of 8.2 mg of potassium iodate was dissolved in 10.0 mL of deionized water in
order to produce 5.7 mM of iodate stock. Then, 571.7 uM of stock was prepared by diluting
5.7 mM of iodate to a total volume of 10.0 mL using 1.0 mL of deionized water.

2.3.3. Preparation of lodate Standard

A series of iodate concentrations were prepared for the calibration of the iodine
concentration by the photo absorbance reader. A volume of 65.7 uL, 131.3 uL, 197.0 uL,
262.6 uL, and 328.3 uL of iodate stock (571.7 uM) were individually added to a 5 mL
tube, containing one scoop of sodium chloride (using a 0.2 mL tube), to produce an iodine
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concentration of 12.0 mg/Kg, 24.0 mg/Kg, 36.0 mg/Kg, 48.0 mg/Kg, and 60.0 mg/Kg,
respectively. Then, deionized water was added to each of the tubes to achieve the final
volume of 4.0 mL. The mixture was then mixed to form a homogeneous solution.

2.3.4. Preparation of QC Solution

Two QC solutions were used to monitor the stability of the SIMR detection kit, namely
QC1 and QC2. QC1 was prepared by mixing 109.4 uL of iodate stock (571.7 pM) with
3890.6 pL of deionized water, containing one scoop of sodium chloride, scooped using the
0.2 mL tube. A similar preparation was conducted for QC2, except 218.9 uL of 100 mg/L
iodate stock was mixed with 3781.1 uL. of deionized water instead. The QC solutions were
the only solutions prepared daily for the stability study. The other solutions used in regard
to the SIMR detection kit, including the solutions for the IMR iodine RTK (solution A,
solution B, and solution C), SIMR reagent A, and SIMR reagent B, were only prepared once
during the first day of the study and were kept at room temperature. This was to ensure
the stability result was reflected throughout the process, due to the stability of the prepared
reagents used in the SIMR detection kit.

2.3.5. Preparation of IMR Iodine RTK

e  Solution A:

A total of 0.2 g of soluble starch was dissolved in 1.0 L of warm deionized water
(80 °C). Then, another 0.2 g of oxalic acid was added and mixed into the solution after it
had cooled down to room temperature.

e  Solution B:

A total of 20.0 g of potassium iodide was added to 1.0 L of deionized water. The
mixture was mixed until the solute had completely dissolved.

e  Solution C:

A total of 20.0 g of potassium iodate was mixed with 1.0 L of deionized water until it
was completely dissolved and which would be used as solution C.

2.3.6. Preparation of SIMR Reagents
e SIMRreagent A:

SIMR reagent A contains potassium iodide (192.8 mM, or 3.2% (w/v)). Moreover, 1.6 g
of potassium was mixed with 50.0 mL of deionized water.

e SIMR reagent B:

SIMR reagent B comprises soluble starch (1.5 mM) and sulfuric acid (32.0 mM). In
a 50 mL volumetric flask, 25.7 mg of soluble starch was mixed with 25.0 mL of warm
deionized water (80 °C). Then, 1.6 mL of sulfuric acid (1.0 M) was added and mixed into
the solution, before the solution was cooled down to room temperature. Later on, more
deionized water was added to achieve a final volume of 50.0 mL. This reagent was pipetted
(50 pL) into 0.2 mL tubes, arranged in a 96-position rack.

2.3.7. Method Validation

The SIMR detection kit was validated according to linearity, the detection limit, method
recovery, repeatability, intermediate precision, and reproducibility [19,20].

The linearity and method recovery were tested by analyzing a series of iodine con-
centrations, namely 5.0 mg/Kg, 10.0 mg/Kg, 20.0 mg/Kg, 30.0 mg/Kg, 40.0 mg/Kg,
50.0 mg/Kg, and 60.0 mg/Kg. These concentrations were prepared by dissolving 27.4 uL,
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54.7 uL, 109.4 uL, 164.2 uL, 218.9 uL, 273.6 uL, and 328.3 uL of iodine, in regard to io-
dine concentrations from 5.0 mg/Kg to 60.0 mg/Kg, respectively, the solutions of which
had a total volume of 4.0 mL, containing one scoop of sodium chloride, scooped using a
0.2 mL tube. The detection limit was calculated based on the standard deviation (SD) of
the y-intercept of the regression line.

Precision validation was performed using three commercial salt samples, namely
sample S1, S2, and S3. The repeatability assessment was conducted by analyzing sample
51, S2, and S3 in regard to 10 replicates, with each replicate analyzed two times. The
intermediate precision assessment was conducted by analyzing sample S1, S2, and S3, with
two analyses of each sample, on three different days. The reproducibility assessment was
carried out by a different technician, analyzing sample S1, 52, and S3, in regard to five
replicates, with two analyses for each preparation.

2.3.8. Analysis of Salt Samples Using UHPLC

An analysis of the salt samples was also performed using UHPLC as a reference
method, in order to be used as a comparison with the proposed method. The method was
described in a previous study [18]. First, the salt sample was weighed (0.5 g) and mixed
with sodium bisulfite (0.5 M), achieving a final volume of 10.0 mL. A total of 50 pL of
the sample solution was ready for UHPLC injection and the following chromatographic
conditions applied: isocratic mobile phase of sodium phosphate (120 mM), monobasic pH
3.0 (containing pyrophosphate, 560 pM) and methanol with a ratio of 1:1 (v/v); flow rate
of 0.2 mL/min for 15 min; a Thermo Scientific Acclaim® Mixed-Mode WAX-1 analytical
column, 2.1 mm x 150 mm, with a 5 um particle size at 30 °C; and an observed wavelength
of 223 nm. The use of pyrophosphate during mobile phase A was intended to prevent
the non-specific binding of iodide ions to the stainless steel tubing used in the UPLHC
setup [21], which otherwise would produce a poor level of recovery in regard to the
chromatogram, whereas a mixed-mode WAX-1 column was chosen for its ability to interact
with iodide ions through weak anion-exchange interactions [22].

2.3.9. Iodine Qualitative Screening Using IMR Iodine RTK

The salt samples were screened qualitatively using the IMR iodine RTK, prior to the
quantitative analysis. The IMR iodine RTK is an in-house kit that was previously used to
determine the presence of iodine in the field, based on the color-change reading. It consists
of solutions A, B, and C, according to which, when three drops of A are mixed with three
drops of B on the salt sample, any appearance of a color change will indicate the presence of
iodate, whereas when three drops of A are mixed with three drops of C on the salt sample,
a color change will indicate the presence of iodide. The color appearance may range from
light purple to dark grey or bluish-black. The SIMR detection kit can only be conducted if
the color change is due to the presence of a form of iodate.

2.3.10. Iodine Quantitative Determination Using SIMR Detection Kit

The salt sample was meticulously ground using a pestle and mortar for several
minutes, until it reached the desired fineness. The fineness of the ground salt was achieved
when it had reached the optimal consistency and could not be made any finer. The ground
salt sample was then carefully scooped using a 0.2 mL tube, ensuring it was pressed and
compacted, and leveled to align with the rim of the tube using a finger. It was then mixed
with 4.0 mL deionized water, pre-filled into the sample tube, and shaken until the salt had
dissolved. SIMR reagent A was pipetted (50 pL) into a 0.2 mL tube that was pre-filled
with SIMR reagent B. The sample solution was then pipetted (50 uL) into the same 0.2 mL
tube; the mixture solution was pipetted several times to mix the solution in the 0.2 mL
tube. The 0.2 mL tube was then inserted into the photo absorbance reading chamber, before
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the iodine concentration reading was taken (Figure 3A). The representation of the process
involving the photo absorbance reader is shown in Figure 3B.

ol

SINCE 1889
el sl

SINCE 1859

B 0.2 mL tube Sample measurement

chamber button for detection
Display for iodine
concentration readings
On/off button in mg/Kg
Photo Smartphone
absorbance  with dedicated
sensor software
application

Figure 3. An overview of the process involving the photo absorbance reader used in the SIMR
detection kit, where (A) demonstrates the 0.2 mL tube being placed in the tube chamber and (B) details
the general notations in terms of the photo absorbance reader, which was linked with a smartphone.

2.3.11. Statistical Analysis
IBM SPSS statistics version 26 for Windows was used to analyze the sample results

using a paired t-test, whereas the Bland—Altman plot was constructed using Windows
Microsoft Office Excel 2019.

3. Results
3.1. Kit Optimization
3.1.1. Optimization of 0.2 mL Tube Scooping Weight

The study of weight optimization for one scoop of the ground salt sample, using
a 0.2 mL tube, resulted in a weight of 396.9 & 10.0 mg (Table 1). This value was used
to back-calculate the concentration of iodate in the solution, with respect to the iodine
concentration in the salt samples.

Table 1. Summary of the data on the weight of one scoop by a 0.2 mL tube, using two different salt
samples, in regard to 12 replicates.

Salt Weight (mg)
0.2 mL Tube

Mean (n = 3) SD
1 381.8 16.2
2 376.8 9.1
3 375.9 10.1
4 387.2 5.8
5 382.4 7.5
6 378.5 10.0
7 417.8 20.3
8 397.6 6.2
9 414.6 8.2
10 416.0 9.6
11 411.9 6.3
12 4225 11.2

Total mean 396.9 10.0
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3.1.2. Device Calibration and Detection Limit

The photo absorbance reader was calibrated according to the iodate standard, with
an iodine concentration of 12.0 mg/Kg, 24.0 mg/Kg, 36.0 mg/Kg, 48.0 mg/Kg, and
60.0 mg/Kg (Figure 4A). The calibration curve was obtained by using a four-parameter
logistic (4-PL) to get a better representation of the results (Figure 4B). Thus, it was found
that the calibration (R? = 0.9986) follows the formula below:

—0.0002 — 0.1981

Y = 0.1981 + 1
X )1.5521 ( )

L+ ( 5750
which follows the 4-PL general formula:

Yodgp 1o )

b
X
1+ (%)
where a is the theoretical response at zero concentration, b is the slope factor, ¢ is the
mid-range concentration (inflection point), and d is the theoretical response at an infinite

concentration. Y is the absorbance reading in A.U., and X is the independent variable of
the iodine concentration in mg/Kg unit.

A

7
k fl 3 1
4 4 B 3
| [ 'y R |
5 A B |
4 ! 1 d
4 h 3

Blank 12.0mg/Kg  24.0mg/Kg 36.0mg/Kg  48.0 mg/Kg 60.0 mg/Kg

0.180

oie0{ B

0.140 A

0.120 A

0.100 A

2 =
0060 | R? = 0.9986

0.060 1 ~0.0002 — 0.1981
Y =0.1981 4 — " ———
0.040 A 1.5521
1+ (357508
0.020 A

Absorbance (A.U.)

0.000

0 1l0 2l0 3I0 4IO 5'0 6I0 70

lodine concentration (mg/Kg)
Figure 4. The calibration of the iodine standard for blank, 12.0 mg/Kg, 24.0 mg/Kg, 36.0 mg/Kg,
48.0 mg/Kg, and 60.0 mg/Kg, with (A) a comparison of the color intensity for different levels of

iodine concentration, and (B) a calibrated curve of the iodine concentration from 12.0 mg/Kg to
60.0 mg/Kg using 4-PL.

Also, the detection limit of the reading was calculated based on the SD of the back-
ground response of the blanks. It was found that the curve produced a detection limit of
6.2 mg/Kg in terms of the iodine concentration.
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3.2. Method Validation
3.2.1. Linearity and Detection Limit

The linearity of the detection was tested by analyzing the iodine standard according
to various concentrations, including 5.0 mg/Kg, 10.0 mg/Kg, 20.0 mg/Kg, 30.0 mg/Kg,
40.0 mg/Kg, 50.0 mg/Kg, and 60.0 mg/Kg. The iodine readings were plotted against the
respective expected concentrations (Figure 5) and the readings were found to be highly
correlated due to a calibrated R? of 0.9811.

80.00

70.00

XA

60.00

50.00

40.00

30.00

20.00

lodine concentration reading (mg/Kg)

10.00

0.00
0 10 20 30 40 50 60 70

Expected iodine concentration (mg/Kg)

Figure 5. The correlation between the readings in terms of the iodine concentration by the SIMR
detection kit and the expected iodine concentration from 5.0 mg/Kg to 60.0 mg/Kg.

Additionally, the detection limit was obtained based on the y-intercepts’ SD of the
regression line. It was found that the validated detection limit was 6.8 mg/Kg of iodine.

3.2.2. Method Recovery

The study of the method recovery was performed to validate the iodine concentra-
tion range. For instance, iodine concentrations of 5.0 mg/Kg, 10.0 mg/Kg, 20.0 mg/Kg,
30.0 mg/Kg, 40.0 mg/Kg, 50.0 mg/Kg, and 60.0 mg/Kg were studied (Table 2) and it was
found that the iodine concentration showed a good recovery of 93.9%, 106.6%, 97.2%, 94.1%,
93.0%,94.0%, and 108.3%, respectively.

Table 2. Recovery of iodine concentration, from 5.0 mg/Kg to 60.0 mg/Kg.

Iodine Concentration Readings (mg/Kg) Recovery (%)
(mg/Kg) Mean SD
5.0 4.7 0.3 93.9
10.0 10.7 0.3 106.6
20.0 194 2.1 97.2
30.0 28.2 1.0 94.1
40.0 37.2 1.1 93.0
50.0 54.0 6.8 94.0
60.0 65.0 1.9 108.3

3.2.3. Repeatability

The repeatability assessment was conducted to oversee the variation in the results
when performed repeatedly. This was to ensure the accuracy and precision of the SIMR
detection kit. For this study, 10 replicates of samples 51, S2, and S3 were analyzed, and it
was found that the coefficient of variation (CV) for S1 was 4.9%, S2 was 5.5%, and S3 was
5.5% (Table 3). The mean CV was 5.3%.
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Table 3. Comparison of the mean and SD of 10 replicates of samples S1, S2, and S3 in order to study
their CVs.

Iodine Concentration Readings (mg/Kg)

Replicate Sample S1 Sample S2 Sample S3
Mean Mean Mean
(n=3) 5D (n=3) SD (n=3) SD
1 29.6 0.8 23.6 2.2 24.6 1.7
2 26.1 1.0 28.3 1.7 28.3 2.6
3 27.0 2.2 26.1 0.3 26.1 1.2
4 28.2 1.0 23.8 0.4 28.9 2.1
5 335 0.0 26.8 1.8 24.0 0.7
6 28.8 0.8 29.0 0.0 28.9 1.7
7 30.1 2.3 27.4 2.2 32.6 0.0
8 33.3 2.8 31.6 2.8 29.9 24
9 27.7 1.3 29.6 1.9 29.5 2.8
10 30.2 2.2 26.5 1.8 32.6 0.6
Mean 29.5 1.4 27.3 1.5 28.5 1.6
CV (%) 49 5.5 55
Mean CV (%) 5.3

3.2.4. Intermediate Precision

The analysis of samples S1, 52, and S3 was performed on three different days using
the SIMR detection kit in order to study the intermediate precision and the results, detailed
in Table 4 below, were realized. It was discovered that the mean CV of samples 51, S2, and
53 were 7.5%, 8.2%, and 4.9%, respectively, and the mean CV for all the samples was 6.8%.

Table 4. Comparison of CVs for samples S1, S2, and S3 measured on three different days.

Iodine Concentration Readings (mg/Kg)

S1 S2 S3
Day
Mean Mean Mean
n=3) SD o =3) SD (=3 SD
1 26.6 2.0 26.2 5.1 28.4 1.6
2 27.0 22 26.1 0.3 26.1 1.2
3 26.3 1.7 26.5 1.0 26.6 1.2
Mean 26.6 2.0 26.3 2.1 27.0 1.3
CV (%) 7.5 8.2 49
Mean CV (%) 6.8

3.2.5. Reproducibility

A different technician was employed to perform the analysis of samples S1, S2, and S3,
using the SIMR detection kit, in regard to five replicates. As shown in Table 5, it was found
that the CV for sample S1 was 5.0%, S2 was 6.4%, and S3 was 6.4%, resulting in a mean CV
for all the samples of only 5.9%.
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Table 5. Tabulated data on the iodine concentration in five replicates of sample S1, S2, and S3, with

their respective CVs.
Iodine Concentration Readings (mg/Kg)
Replicate Sample S1 Sample S2 Sample S3

Mean (n=3) SD Mean(n=3) SD Mean(n=3) SD
1 26.6 0.2 21.6 1.0 24.8 2.3
2 23.7 21 26.7 0.9 242 14
3 20.6 0.3 26.8 2.0 274 1.6
4 24.4 12 254 2.3 31.8 1.9
5 26.9 2.3 27.4 2.0 28.6 1.6
Mean 244 12 25.6 1.6 274 1.8

CV (%) 5.0 6.4 6.4

Mean CV (%) 5.9

3.3. Stability of the SIMR Reagents

The stability of the prepared reagents, i.e., SIMR reagent A and SIMR reagent B, was
observed for 10 days, based on the iodine readings obtained for the QC1 and QC2 solutions,
which represent an iodine concentration of 20.0 mg/Kg (Figure 6A) and 40.0 mg/Kg
(Figure 6B), respectively. SIMR reagent A and SIMR reagent B were only prepared once,
whereas the QC1 and QC2 solutions were prepared daily, for this purpose. The QC1
and QC2 results remained stable for 10 days within the range of the mean £ 2 SD of
20.3 + 2.1 mg/Kg for QC1 and 40.7 + 3.7 mg/Kg for QC2.

230 A
_ 220
G
b4
E 21.0
< /\- —— Mean+2SD
s b = o - Mean+1SD
£ 200
$ Mean
8
g - gl N ol T Mean- 1SD
8
: 19.0 N— Mean-25D
K —&— 20.0 mg/Kg lodine
= 180
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Figure 6. Charts on the 10 days of iodine concentration monitoring for the iodate standard that was
equivalent to an iodine concentration of (A) 20.0 mg/Kg as QC1 and (B) 40.0 mg/Kg as QC2.

3.4. Real Sample Analysis

A paired sample t-test was performed to compare the iodine concentration results of
the 70 salt samples measured using the UHPLC method (n = 4) and the SIMR detection kit
(n = 2), as presented in Table 6. At a 95% confidence interval (CI), the analysis yielded a
p-value of 0.091, greater than the significant level (« = 0.05). This indicates that the null
hypothesis (no significant difference between the two methods) cannot be rejected.
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Table 6. Comparison of the iodine concentration results from the UHPLC method with the SIMR
detection kit, using 70 salt samples.

Iodine Concentration (mg/Kg)

Sample Number UHPLC SIMR Detection Kit
Mean (n = 4) SD Mean (n =2) SD

1 10.9 2.5 12.8 1.8
2 23.1 1.8 30.6 1.5
3 16.1 1.3 14.6 2.1
4 31.9 0.6 28.9 0.2
5 23.5 24 15.8 0.1
6 114 14 10.0 1.0
7 4.2 0.1 2.7 0.0
8 214 0.9 26.9 4.1
9 21.1 0.2 21.8 0.9
10 24.7 1.1 31.8 0.1
11 24.3 14 22.9 0.3
12 32.7 42 35.0 0.2
13 7.5 3.3 17.6 2.2
14 28.2 4.3 32.8 0.2
15 22.1 2.6 23.8 1.3
16 24.8 25 23.5 0.0
17 27.2 7.2 24.2 0.2
18 2.2 0.0 0.5 0.0
19 17.7 6.9 23.9 0.2
20 14.3 0.3 25.0 0.1
21 18.6 2.2 29.3 0.2
22 23.5 0.9 34.1 0.0
23 23.2 1.3 28.1 0.9
24 204 04 28.8 0.2
25 22.5 1.1 33.4 2.1
26 20.5 0.1 28.2 0.1
27 20.1 2.3 34.1 0.0
28 27.7 1.8 42.8 0.1
29 9.7 0.5 16.0 3.7
30 17.5 1.0 229 1.2
31 17.8 0.5 33.5 2.9
32 17.6 0.2 27.6 1.6
33 0.0 0.0 0.6 0.9
34 25.5 0.2 25.0 1.3
35 25.3 0.9 28.6 3.7
36 11.1 0.3 12.8 3.1
37 23.7 1.3 20.8 04
38 16.7 0.5 40.1 5.3
39 15.5 0.7 14.2 0.1
40 32.3 2.6 43.4 0.1
41 21.0 5.1 26.5 0.1
42 12.6 3.3 13.0 0.0
43 22.9 0.3 22.6 0.2
44 174 2.1 20.5 3.7
45 25.5 1.1 23.6 1.3
46 25.6 0.3 25.2 1.3
47 12.5 24 14.2 1.3
48 19.9 1.9 26.6 2.3
49 30.6 0.9 33.5 1.6
50 32.5 2.8 16.9 0.9
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Table 6. Cont.

Iodine Concentration (mg/Kg)

Sample Number UHPLC SIMR Detection Kit
Mean (n =4) SD Mean (n =2) SD

51 31.6 3.8 31.4 1.5
52 23.1 49 259 3.6
53 32.8 0.7 24.6 0.2
54 25.9 1.7 223 2.4
55 23.2 1.5 227 1.6
56 19.8 0.9 20.9 0.1
57 19.6 1.8 12.6 0.2
58 34.7 4.0 33.9 0.2
59 38.3 1.7 34.2 1.3
60 18.2 14 17.8 0.7
61 20.2 1.5 21.2 0.2
62 30.7 1.7 28.2 1.5
63 29.0 1.9 21.5 2.6
64 18.9 3.7 17.2 0.1
65 18.0 0.2 13.7 3.3
66 27.0 4.3 20.8 3.8
67 452 29 31.0 4.4
68 33.8 0.2 26.7 3.7
69 42.5 1.2 30.5 2.4
70 29.6 1.5 15.7 0.2

Moreover, a Bland—-Altman plot was constructed, as shown in Figure 7, to visualize
the agreement in the results of the methods, between the UHPLC reference method and
the SIMR detection kit, based on the bias (—1.5 mg/Kg) and limit of agreement (LOA)
from —15.7 mg/Kg to 12.7 mg/Kg, calculated as bias & 1.96 x SD at a 95% CI. It was
observed that all of the comparison data points were within the allowable LOA, within the
outlier border.

Blant—Altman plot
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Figure 7. The Bland-Altman plot for the UHPLC method versus the SIMR detection kit in terms of
the results for 70 salt samples.
4. Discussion

The micro-method technique is a sustainable solution that uses a small sample volume
with a diluted concentration, making it more environmentally friendly. As the name
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implies, the SIMR detection kit, developed based on this concept, uses reagents with a
diluted concentration, with a total volume of 150 puL, when mixed prior to detection, using
a photo absorbance reader. For instance, SIMR reagent A uses only 192.8 mM of potassium
iodate, while SIMR reagent B contains only 1.5 mM of soluble starch and 32.0 mM of sulfuric
acid. These reagents, each requiring a volume of 50 uL only, are not only cost effective,
but also environmentally friendly, as they produce less waste. The slightly high volume of
4.0 mL of deionized water used to dissolve the salt samples can be safely disposed of due
to its non-hazardous nature, further enhancing the sustainability of the method.

The development of the SIMR detection kit aimed to miniaturize the kit for maximum
total analysis with the shortest analysis time. The miniaturization of the kit was conducted
by minimizing the size of the consumables required for complete on-site analysis. For
example, the use of a smaller sized pestle and mortar and a mini pipet minimized the space
required in the kit box. However, the principle of detection in terms of the photo absorbance
reader was to detect the intensity of the color change due to the presence of iodine in the
samples; the challenge was to detect colored salt samples, such as pink rock salt. To ensure
the accuracy of the results, we introduced a syringe and a nylon filter to filter the colored
salt samples before the analysis. While this solution necessitates additional consumables, it
highlights the study’s commitment to thoroughness and ensures both process efficiency
and the accuracy of the results.

During the development of the SIMR detection kit, the uniformity of the weighing
technique for the salt samples was a critical factor in determining the trueness of the results.
The salt samples, regardless of their grain size, had to be ground first to minimize error.
The ground salt samples were then scooped using a 0.2 mL tube, compacted with a finger,
and the top of the scooped sample was leveled to align with the rim of the 0.2 mL tube. Our
study found the weight of the scooped ground salt sample, 396.9 £ 10.0 mg, to be a key
determinant in establishing the expected concentration of iodine in the solution, relative to
its concentration in the salt sample (mg/Kg).

Another one of the crucial steps in obtaining accurate readings is the proper mixing
of SIMR reagent A, SIMR reagent B, and the sample solution. This is a task of utmost
importance, before the 0.2 mL tube, filled with these three mixtures, is placed on the photo
absorbance reader chamber for measurement. Improper mixing can lead to the introduction
of air gaps at the bottom of the 0.2 mL tube, resulting in an error in reading the iodine
concentration. This is because the absorbance reading is performed at the bottom of the
0.2 mL tube. The diagram below (Figure 8) provides several examples to demonstrate the
correct way of placing the sample solution in the 0.2 mL tube, reiterating the importance of
this procedure in obtaining accurate readings.

Air gaps
The solution gap

fully covers
the bottom of
0.2 mL tube

Correct Incorrect

Figure 8. A comparison of the correct versus incorrect way of placing the sample solution in a 0.2 mL
tube for detection.

The total analysis time was mainly made up of the time taken to grind the salt samples
and several steps in terms of the chemical reaction required for a color change-based
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reaction to occur. The color change in the sample solution was due to the formation of an
iodine-starch complex. This can be illustrated by the chemical reaction below:

10; +5I" +6H" — 31, + 3H,0 3)

I, + starch — I — starch complex 4)

where 105 represents the iodate ion, I represents the iodide ion, H' represents the
hydrogen ion, H,O represents water, and I, represents the iodine compound. The iodate
form of iodine in the salt samples necessitates the addition of excess iodide in an acidic
medium to form iodine, which later on also requires the addition of starch for a color
change to appear. These multiple steps in terms of the chemical reaction significantly
extend the overall procedure of the analysis. Therefore, the pre-adding of SIMR reagent B,
which contains an excess of starch solution in diluted sulfuric acid, into the 0.2 mL tube,
was carried out in advance, highlighting the efficiency and productivity of this method in
regard to saving time.

Finally, the developed and optimized SIMR detection kit was able to accommodate a
total of 50 analyses, with one analysis requiring less than 10 min of analysis time only.

The SIMR detection kit was rigorously validated, including studies on the linearity,
detection limit, method recovery and imprecision. The successful validation of the SIMR de-
tection kit, with a linear detection range of 5.0-60.0 mg/Kg in terms of iodine concentration,
a detection limit of 6.8 mg/Kg, and a recovery range between 93.0-108.3%, emphasizes its
reliability and indicates the high accuracy of the method within the studied iodine concen-
tration range. The detection limit was determined to be 6.8 mg/Kg and estimated based
on the SD of the calibration curve’s SD of the regression line [23], which was higher than
the lowest iodine calibration concentration of 5.0 mg/Kg. This discrepancy was attributed
to the lack of sensitivity of the photo absorbance reader [24], which resulted in a poor SD
when comparing the measured iodine concentrations to the expected values. However, this
limitation does not affect the performance of the SIMR detection kit, as it was still capable
of detecting iodate in salt samples within the recommended range from 20.0 mg/Kg to
40.0 mg/Kg. On the other hand, the mean CVs for the repeatability, intermediate precision,
and reproducibility of 5.3%, 6.8%, and 5.9%, respectively, demonstrate the high precision
of the SIMR detection kit. In summary, the successful validation of the SIMR detection kit
leaves no doubt about its effectiveness and reliability.

The prepared SIMR reagent A and SIMR reagent B demonstrated remarkable stability,
remaining unchanged for a minimum of 10 days when tested with QC1 and QC2. The
results were 20.3 &+ 2.1 mg/Kg for QC1 and 40.7 & 3.7 mg/Kg for QC2. These QCs represent
iodine concentrations of 20.0 mg/Kg and 40.0 mg/Kg in the QC1 and QC2 salt samples,
respectively. The excellent mean recovery of 101.5% for QC1 and 101.8% for QC2 further
validates the effectiveness of our SIMR reagents.

The statistical comparison of the paired t-test (p-value = 0.091 > 0.05, 95% CI) and the
Bland—-Altman plot (bias = —1.5 mg/Kg; LOA: —15.7-12.7 mg/Kg, 95% CI) performed in
regard to the 70 salt samples indicates the potential of the SIMR detection kit. It produces
results similar to the reference method, suggesting that it could be a promising alternative
for iodine concentration monitoring in salt samples.

Nevertheless, there were limitations to the methods used in regard to the SIMR
detection kit, including the fact that it could only detect the iodate form of iodized salt.
This limitation may restrict its applicability in regions where other forms of iodized salt are
prevalent. However, most of the salt samples in Malaysia were in iodate form due to their
stability [25], meaning that the method is still applicable to salt iodine monitoring. More
studies need to be conducted to monitor the stability of the SIMR reagents over a longer
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period of time. Extended stability is preferable, so it would be more feasible to be used as
an on-site detection kit for salt iodization monitoring.

Based on the results from the salt samples obtained using the SIMR detection kit, the
mean iodine concentration was 23.8 + 1.8 mg/Kg. This indicates that the 70 salt samples
collected fell within the recommended range of 20-40 mg/Kg, suggesting the initial success
of the USI program in Malaysia. However, a more definitive conclusion should be based on
a larger sample size that accurately represents the Malaysian population, specifically a total
of 1429 salt samples collected as part of the NHMS 2024: Nutrition program, as mentioned
in Section 2.1.2.

The SIMR detection kit allows for the rapid measurement of iodine in salt in the
field, reducing the risk of iodine evaporation during the transportation of salt samples to
laboratories. This helps to prevent the underestimation of iodine levels in samples, which
should reflect the entire salt consignment at the port of entry. Additionally, high-risk groups,
such as pregnant women and children, in particular, would benefit from the real-time, fast,
and immediate measurements provided by the SIMR detection kit. These real-time data can
help guide these individuals in adjusting their dietary intake to prevent the risks associated
with IDDs.

5. Conclusions

The development and optimization of the SIMR detection kit were conducted in
order to provide an alternative salt iodate analysis method for on-site detection. The kit
uses a color change-based reaction to quantify the iodate concentration in salt samples.
It accommodated up to 50 analyses per kit, with a total run time of less than 10 min
per analysis. The kit was well-validated, with a linearity of 5.0 mg/Kg to 60.0 mg/Kg,
a detection limit of 6.8 mg/Kg, method recovery ranging from 93.0% to 108.3%, with
a repeatability mean CV of 5.3%, an intermediate precision mean CV of 6.8%, and a
reproducibility mean CV of 5.9%. The use of SIMR reagent A and reagent B remained
stable within a mean £ 2 SD for at least 10 days when tested with freshly prepared QC1
(20.0 mg/Kg iodine) and QC (40.0 mg/Kg iodine). The real salt sample (n = 70) analyses
demonstrated no difference between the SIMR detection kit and UHPLC (reference method)
when tested statistically using a paired t-test (p-value = 0.091 at 95% CI) and a visual Bland-
Altman plot (bias = —1.5 mg/Kg; LOA: —15.7-12.7 mg/Kg, 95% CI), which also suggests
that there is a similarity between these two methods due to all the data points being within
the bias &= LOA range. The salt iodate analysis by the SIMR detection kit, as an alternative
method, was proven to have high accuracy and precision, comparable with the reference
method. The fact that the kit uses a micro-method approach, offering portable and on-site
detection, with a total analysis time of less than 10 min, makes it a more feasible method due
to its cost effectiveness and environmentally friendliness. However, a more extended time
period is necessary to assess the stability of the SIMR detection kit for effective long-term
use, particularly in rural areas, where reliable infrastructure is often lacking.

6. Patents

The SIMR detection kit was patented by the Intellectual Property Corporation of
Malaysia (MyIPO) (patent number PI 2018702654).
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