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Abstract: In many countries, thiabendazole is used as a fungicide to prevent the decay of food and
to lengthen storage periods. However, in Korea, thiabendazole is unauthorised and does not have
standards or specifications for use as a food additive. In this study, a simple analytical method was
developed and validated using the HPLC-PDA method to detect thiabendazole in foods frequently
consumed in South Korea. The calibration curve was obtained using samples of solid and liquid
foods containing banana and citrus fruits containing concentrations in the range of 0.31-20.00 pg/mL
with a satisfactory coefficient of determination (R?) of 0.999. The limit of detection (LOD) values
for the solid and liquid food samples were 0.009 and 0.017 pg/mL, respectively, and the limit of
quantification (LOQ) values were 0.028 and 0.052 ug/mL. The intra-day and inter-day precision
values were less than 1.33% (relative standard deviation), and the recoveries of thiabendazole from
spiked solid and liquid food samples ranged from 93.61 to 98.08% at concentration levels of 2.5, 5,
and 10 ug/mL. In addition, the expanded uncertainties of the measu-rements ranged from 0.57 to
3.12%. These results showed that the developed method was appropriate for the quantitative analysis
of thiabendazole in solid and liquid foods containing banana and citrus fruits.

Keywords: thiabendazole; high-performance liquid chromatography; method validation; measure-
ment uncertainty; food matrices

1. Introduction

As the food industry develops, demands for nutritional value, palatability, and conve-
nience are increasing and the consumption of processed foods has increased in tandem [1].
Food additives are used for various purposes in manufacturing, processing, and preserving
processed foods [2]. Food additives are substances used in food for sweetening, colour-
ing, bleaching, or preventing oxidation during manufacturing, processing, cooking, or
preservation, according to the Ministry of Food and Drug Safety (MFDS) of the Republic of
Korea [3]. They also include substances that can be indirectly transferred to food through
the disinfection of utensils, containers, and packaging. There are several definitions of
food additives given by the US Food and Drug Administration (FDA) [4], the European
Parliament and Council, and Codex Alimentarius [5], but food additives are basically sub-
stances added to food products to produce a desired technical effect. In Europe, substances
are classified according to E numbers [6]. Considering that food additives are frequently
used through direct addition to food, it is essential to evaluate their safety [7]. The harmful
effects of certain food additives have been reported, and each country designates usable
food additives and regulates the amounts used [8].

Fruits are sprayed or immersed in a mixture containing thiabendazole and wax [9]. In
most countries, thiabendazole has been designated as a pesticide residue and its residue
tolerance levels have been established. In Korea, the residual level of thiabendazole in food
is limited to 3 and 10 mg/kg in bananas and citrus fruits, respectively [10]. According to
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the USA regulation CFR 180.242, the residual level of thiabendazole in food is limited to
3 and 35 mg/kg in bananas and citrus, respectively [11]. The Japan Ministry of Health,
Labour, and Welfare (MHLW) restricted the residual level of thiabendazole in food to 3
and 10 mg/kg in bananas and citrus fruits, respectively [12]. Furthermore, post-harvest
fungicides are defined as food additives in the Food Sanitation Law of Japan [13]. The
types of and usage criteria for food additives differ according to the food culture and
industry of each country; therefore, the safety of food additives must be re-evaluated for
each country [14], and so a method for analysing thiabendazole residues in food matrices
commonly consumed in Korea must be developed and validated.

Method validation is the process of confirming that a developed method is suitable
for its intended purpose; it scientifically verifies that the test method has an acceptable
probability of judgement error [15]. Regarding method validation, guidelines are provided
by the FDA, the Environmental Protection Agency (EPA), Eurachem, and the International
Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use
(ICH). Studies on specificity, linearity, accuracy, precision, limit of detection (LOD), and
limit of quantification (LOQ) are commonly included in the guidelines [16]. Thiabendazole
possesses various chromophores, such as C=C, N=C, and C-S groups [17]. In addition,
Steck et al. [18] reported strong absorption in a range of 244-300 nm after measuring the
absorption spectrum of certain benzimidazole derivatives by HPLC-PDA detection.

As a food additive, thiabendazole is widely used as a preservative in fruits and veg-
etables. Therefore, there have been many studies on thiabendazole analytical methods
with respect to fruits and vegetables to classify and manage thiabendazole as residual
pesticides. Thiabendazole in fruits and vegetables was analysed using HPLC-UV [19],
HPLC—fluorescence [20], UV-Vis spectrophotometry [21], surface-enhanced Raman spec-
troscopy (SERS) [22], and flow injection tandem mass spectrometry (FIA-MS/MS) [23].
However, in many countries, thiabendazole has been designated as a pesticide residue and
the analytical methods have not been applied to processed food matrices. Here, various
pretreatment methods, columns, and temperatures were employed to establish an analytical
method for detecting thiabendazole in processed food matrices using HPLC-PDA. The
adequacy of the sample pretreatment was evaluated based on the recovery rate, and the
developed analytical method was validated based on ICH guidelines. The uncertainty that
may have occurred in the analytical process was measured based on the guide to the expres-
sion of uncertainty in measurement (GUM) and the Eurachem guide. To ensure the safety
of foods containing citrus fruits and banana, thiabendazole, a prohibited food additive in
foods distributed in Korea, was investigated using the validated analytical method.

2. Materials and Methods
2.1. Chemicals and Reagents

Thiabendazole (>98.6%, CAS No. 148-79-8), sodium phosphate monobasic (>98.0%,
CAS No. 7558-80-7), and sodium phosphate dibasic (>98.0%, CAS No. 7558-79-4) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Anhydrous sodium sulfate (>99.0%, CAS
No. 7557-82-6) and anhydrous disodium hydrophosphate (>99.0%, CAS No. 7647-14-5)
were purchased from Samchun Pure Chemical Co. (Seoul, Korea), and acetonitrile and
methanol were acquired from ].T.Baker (Phillipsburg, NJ, USA).

2.2. Food Materials

Twenty food samples including banana- and citrus fruit-containing foods were pur-
chased from a local grocery store (Chuncheon, Korea). For food samples, 10 solid and 10
liquid samples with sufficient time until expiry were selected and stored under the storage
conditions described on the product label.

2.3. Optimisation of HPLC and LC-MS/MS Analysis Conditions

Thiabendazole was analysed by HPLC. The optimal analytical conditions were chosen
according to the following method. We compared different analytical methods for thiaben-
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dazole to determine the best analytical conditions [24-26]. In addition, parameters such as
pretreatment conditions, column type, and temperature were evaluated to determine the
optimal separation conditions for thiabendazole from solid and liquid foods containing
banana and citrus fruits. The sensitivity of the analytical method was evaluated based on
the maximum allowable level of thiabendazole as a food additive in Japan [12].

HPLC was performed according to the method suggested in the Korea Food Code [26]
u a 2695 separation module HPLC system (Waters Co., Milford, MA, USA) equipped with
C18 columns, including a Shiseido Capcell Pak (4.6 mm x 250 mm, 5.0 um, Shiseido,
Tokyo, Japan). The temperature of the column was maintained at 40 °C; the column was
isocratically eluted at 1.0 mL/min for 30 min with a phosphoric acid buffer (pH = 7),
acetonitrile, and methanol (7:2:1, v/v/v) as a mobile phase. Thiabendazole acted as a
weak base. When analyzing weakly ionic compounds such as thiabendazole by HPLC,
the non-ionic/ionic form moves in a mixed or mutually converted state in the column, so
the sharpness and symmetry of the eluted peak tend to deteriorate [27]. Therefore, the pH
composition was set to completely dissociate or inhibit ionization and phosphoric acid
was used to set the pH to 7.0, considering that the thiabendazole conjugate acid has a pKa
of about 4.7. In addition, in order to shorten the analysis time and improve resolution,
methanol and acetonitrile were mixed and used as a mobile phase. The mobile phase was
filtered through a membrane filter (0.45 uym, Whatman, Amersham, UK) and degassed
under vacuum. The injection volume was set at 20 puL, and data were monitored using the
PDA detector at 285 nm for the quantitative analysis. The HPLC analysis was performed
using Waters Empower software (Waters Co., Milford, MA, USA).

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was performed
using a 4500 QTRAP LC-MS/MS system (AB Sciex, Framingham, USA), and thiabendazole
was separated under the same conditions as those used for the HPLC-PDA detection.
The MS/MS data of thiabendazole were collected in electrospray ionisation (ESI) positive
ion mode using the following selected reaction monitoring of the following transitions
(m/z): 202.00—130.90 (collision energy, 43 eV) and 202.00—175.00 (collision energy, 35 eV).
The optimised ESI parameters were as follows: auxiliary gas pressure, 35 arbitrary units;
sheath gas pressure, 40 arbitrary units; ion spray voltage, 3500 V; and capillary temperature,
450 °C.

2.4. Optimisation of Extraction Method and Sample Pretreatment

To optimise the method of extracting thiabendazole from the two matrices (solid and
liquid food samples), an HPLC analytical method established by comparing analytical
conditions, column types, and column temperatures was employed. In addition, previously
reported sample pretreatment methods [24,28] were employed, and recovery rates were
compared (Table 1). Samples were prepared according to the method described by Li
et al. [28]. The homogenised sample (5 g) was added to methanol (20 mL) and stirred for
30 min after vortexing. After the addition of sodium chloride (2.5 g) to the stirred sample,
it was allowed to settle for 30 min to precipitate. Thereafter, the supernatant was filtered
through a 0.45 um syringe filter and injected into the HPLC-PDA system for analysis.

2.5. Validation of the HPLC Method

According to the ICH guidelines [29], the HPLC method for the determination of
thiabendazole was validated in terms of specificity, linearity, LOD, LOQ, precision, and
accuracy. Matrix-matched calibration curves were prepared by spiking the extracted solid
and liquid samples with seven concentrations of thiabendazole (0.31-20.00 pg/mL) using
the optimised pretreatment method. In the process of verifying the method, analytical sensi-
tivity and linearity were indicated through the matrix-matched calibration curves, and there
was no interference by the matrix peak of the food sample in the chromatogram. In addition,
the LOD and LOQ values of the developed method were calculated for thiabendazole in
banana- and citrus fruit-containing food samples. The LOD and LOQ were calculated with
the standard deviation (J) and slope (S) of a standard curve and determined using signal-to-
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noise ratios using the following formula: LOD = 3.3(6/S) and LOQ = 10(6/S). The accuracy
and precision of the developed method were determined using solid and liquid matrices of
each food with three concentrations of thiabendazole (2.5, 5.0, and 10.0 ng/mL). The results
were determined intra-day (three repeats in a day) and inter-day (three repeats on three
different days). All analyses were repeated three times and the results were expressed as
average values.

Table 1. The original and modified sample preparation methods.

Method

Sequence of Sample Preparation

Tto et al., (1998) [24]

Modified Ito et al., (1998)

Li et al., (2019) [28]

Weigh 1 g of the liquid sample or solid sample homogenised with a mixer into a 50 mL tube and
blend with 4 g of anhydrous sodium sulfate (Nay;SOy), 0.3 g of anhydrous disodium hydrophosphate
(NapHPOy), and 6 mL of ethyl acetate and centrifuge for 8 min (3,100 rpm). The supernatant should
then be transferred to a 15 mL tube and the residual plug extracted with 4 mL of ethyl acetate before
combining the supernatants in the 50 mL tube. The sample should then be filtered with a 0.45 um
syringe filter and injected into the HPLC-PDA detector for analysis.

Weigh 2 g of the liquid sample or solid sample homogenised with a mixer into a 50 mL tube and
blend with 8 g of anhydrous sodium sulfate (Nay;SOy), 0.3 g of anhydrous disodium hydrophosphate
(NapHPOy), and 10 mL of ethyl acetate and centrifuge for 8 min (3,100 rpm). The supernatant should
then be transferred to a 15 mL tube and the residual plug extracted with 6 mL of ethyl acetate before
combining the supernatants in the 50 mL tube. The sample should then be filtered with a 0.45 um
syringe filter and injected into the HPLC-PDA detector for analysis.

Weigh 5 g of the liquid sample or solid sample homogenised with a mixer into a 50 mL tube and then
add 20 mL MeOH and vortex. After stirring for 30 s, add 2.5 g of sodium chloride. Take the
supernatant after allowing it to stand for 30 min, filter it with a 0.45 um syringe filter, and then inject
it into the HPLC-PDA detector for analysis.

2.6. Measurement Uncertainty

The uncertainty of the measurement of thiabendazole in the banana- and citrus fruit-
containing foods was analysed according to the method described by Kim et al. [30] using
the HPLC-PDA method. Measurement uncertainty was recorded as combined standard
uncertainty based on the GUM and the draft EURACHEM Guide [31-33]. To measure
uncertainty using the metrology approach, laboratory data such as analytical process
performance, precision analysis, and quantification of thiabendazole were required. Un-
certainty was recorded for the sample preparation steps (Uprp), reference materials (Urpr),
dilution of reference materials (Uy,), calibration curves (U,,;), repeatability measurement
( Urgp), balances, volumetric measuring devices, and instrumental factors. The expanded
uncertainty (U) was calculated using the following equation, and the combined standard
uncertainty was multiplied by coverage factor k = 2, which represents a confidence level of
approximately 95%.

2
Ua(y) = £ () w2 (x)
Vier — ¢ (y) 1)
eff e [fz'“gfi)z]
U(y) = kuc(y)
where U = Expanded uncertainty, k = Coverage factor, V5 = Effective degree of freedom,
and V; = Degree of freedom.

3. Results and Discussion
3.1. Optimisation of HPLC Conditions

To optimise the analytical conditions for the HPLC-PDA method, the analytical
method was examined and compared by varying various parameters. Reversed-phase
chromatography is the most commonly used HPLC method because of its high number
of theoretical plates, excellent separation properties, reproducibility, and ease of use [34].
In reversed-phase chromatography, hydrocarbons (C8 chain (n-octyl) and C18 chain (n-
octadecyl)) are mainly used because the stationary phase is non-polar, and relatively polar
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water, methanol, acetonitrile are used as the mobile phase [35]. Here, three analytical
methods were reproduced and compared with those reported in the literature on thiaben-
dazole analysis. The HPLC-PDA maximum absorbance wavelength of thiabendazole was
confirmed to be 285 nm; no peak was confirmed as a result of analysing thiabendazole using
the method described by Sousa et al. [25]. The baseline and peak shape were excellent using
the method described by Ito et al. [24] and MFDS [26]. The method described by the Korea
Food Code, with a large peak area, was used for subsequent experiments (data not shown).
To select the column with the most efficient separation under the established HPLC-PDA
analytical conditions, thiabendazole standard solutions (0.15, 1.25, and 10.00 png/mL) were
analysed for three C18 columns from different manufacturers (Figure 1). There was a
difference in the retention time depending on the manufacturer (Shiseido Capcell Pak C18
UG 120, 4.6 mm x 250 mm, 5.0 um; Waters Sunfire C18, 4.6 mm x 250 mm, 5.0 um, Waters
Co., Milford, MA, USA; Phenomenex Gemini C18, 4.6 mm x 250 mm, 5.0 um, Phenomenex,
Cheshire, UK); however, there was no significant difference in the area value. For the
Phenomenex column, peak splitting and peak tailing were confirmed. For the Waters
column, the area value was smaller than that of the Shiseido column despite having the
same concentration. Therefore, we selected the Shiseido Capcell Pak C18 UG 120, which
has a relatively large peak area, a faster analyte retention time than other C18 columns,
and a high correlation coefficient. Column temperature affects the separation of analytes,
retention time, selectivity, and changes in peak shape [36]. Therefore, we confirmed the
changes in the retention time and peak shape of the analyte according to the column tem-
perature (Figure 2). After analysing with a temperature gradient (20, 30, and 40 °C), the
retention time of thiabendazole decreased (14.548, 13.662, and 12.470 min, respectively) as
the temperature increased, but no change in the peak shape was observed. The optimal
temperature was 40 °C, which exhibited a high peak area. Therefore, the HPLC-PDA
conditions for thiabendazole were optimised by comparing the results according to various
mobile phase compositions, column types, and column temperatures.
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3.2. Optimisation of the Extraction Method

Sample preparation is a pre-HPLC analysis step performed to remove interfering
factors from particulate molecules and analyte-interfering matrix components to avoid
sample contamination and increase analytical sensitivity [37]. To establish the optimal ma-
trix pretreatment method, thiabendazole was added to banana- and citrus fruit-containing
liquid and solid food samples at a final concentration of 10 pg/mL, and the extraction
was performed according to the pretreatment method reported (Table 1). According to Ito
et al., extraction was performed using ethyl acetate containing anhydrous sodium sulfate
and anhydrous disodium hydrophosphate; the extract was spiked with thiabendazole.
The recovery rates were 70.41 & 0.20 and 71.95 £ 0.38% in the solid and liquid samples,
respectively (Table 2). Sodium sulfate is used as a desiccant to eliminate interfering factors,
such as sugar, due to moisture [38]. Therefore, the pretreatment method reported by Ito
et al. was modified by increasing the quantities of the sample and of anhydrous sodium
sulfate. The recovery rates were 79.82 £ 0.43 and 71.85 £ 0.75% in the solid and liquid
samples, respectively. Although the recovery rate was improved in the solid sample, it was
considered not suitable for the appropriate level (80-120%) of the method validation ICH
guideline [39]. However, the recovery rate increased to 94.30 £ 1.02 and 92.98 £ 0.52% in
the solid and liquid samples, respectively, using the chosen pretreatment method described
by Li et al., which provided the highest thiabendazole recovery.

Table 2. Analyte recovery rates using the modified sample preparation method.

Method Analyte Matrix CoT:;;:;;ion Recovery Range
e T
Modified Ito et al., (1998) Thiabendazole Lsigg(iid 13 ;?gé i 8§§
Gl e 090 B0

3.3. Validation of the HPLC-PDA Method

Specificity was evaluated by confirming the interference of the chromatogram in
the sample and matrix, including the analyte. The solid and liquid food samples were
pretreated using established methods, and thiabendazole stock solutions were added to
obtain diluted sample solutions ranging from 0.31 to 20.00 ng/mL. As shown in Figure 3,
thiabendazole did not exhibit co-eluted peaks and matrix interference in the solid and
liquid food samples and was efficiently separated. Column types and column temperatures
(20~40 °C) were changed to evaluate the robustness of the analytical method. As shown
in Figures 1 and 2, there was a difference in retention time depending on the column
manufacturers, but there was no significant difference in the area value. In addition, the
retention time of thiabendazole decreased with increasing temperature, but no change in
peak shape was observed. LOD and LOQ are validation parameters for the quantitative
analyses of samples containing traces of analytes, particularly for the determination of
impurities and degradation products. As shown in Table 3, the R? of the calibration
curve ranged from 0.9998 to 0.9999. The LODs for the solid and liquid food samples
were 0.009 and 0.017 ug/mL, respectively, and the LOQs were 0.028 and 0.052 ug/mL.
Therefore, the sensitivity of the HPLC-PDA method was determined to be appropriate
for the quantitative detection of thiabendazole at levels below the maximum permitted
level in Japan. In quantitative analyses, accuracy and precision are the most important
validation parameters. To ensure the reliability of the pretreatment method for the analysis
of thiabendazole, the solid and liquid food matrices were spiked with thiabendazole
solutions (2.5, 5, and 10.0 pg/mL). Accuracy and precision were analysed using the recovery
and relative standard deviation (RSD), respectively. As shown in Table 4, the average intra-
and inter-day recovery rates were 94.57-98.08% and 93.61-97.63%, respectively, for the solid
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food matrix and 95.20-97.45% and 94.88-97.37% for the liquid food matrix. Furthermore,
the precisions were 0.24-0.33% and 0.43-1.33% for the solid food matrix and 0.23-0.28%
and 0.23-0.33% for the liquid food matrix, respectively. The method validation guidelines
presented by the ICH and US FDA allow accuracy and precision levels within the range
of 80-120% and less than 5%, respectively [39,40]. Therefore, the HPLC-PDA method
for thiabendazole showed excellent precision and accuracy at all concentrations in the
sample matrices.
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Figure 3. Chromatogram and spectrum of thiabendazole as determined by high-performance liquid
chromatography—photodiode array (HPLC-PDA) detection. (a) Thiabendazole standard. (b) Solid
sample spiked with thiabendazole. (c) Liquid sample spiked with thiabendazole. (d) Blank sample.
Table 3. Coefficient of determination (R?) of the calibration curves, limit of detection (LOD), and
limit of quantification (LOQ) of the analytical method for thiabendazole in the solid and liquid
food samples.
. Range Coefficient of LOD LOQ
Analyte Matrix (ug/mL) Slope Intercept Determination (R2) (ng/mL) (ng/mL)
Thiabendazol Solid 0.31-20 13,9434.02 —8354.76 0.9998 0.009 0.028
1abendazole vy jquid 0.31-20 1,219,294.14  —11,353.77 0.9999 0.017 0.052
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Table 4. Precision and accuracy of the analytical method for thiabendazole in the solid and liquid
food samples.

Concentration Mean + SD o Recove
Samples (ug/mL) (ug/mL) RSD (%) (%) i
2.5 2.36 = 0.09 0.24 94.57
Intra-day 5 490+0.17 0.33 98.08
. 10 9.70 + 0.42 0.32 96.97
Solid 25 234 + 0.09 1.33 93.61
Inter-day 5 4.88 £0.26 0.53 97.63
10 9.70 + 0.42 0.43 97.00
2.5 2.38 £ 0.05 0.23 95.20
Intra-day 5 4.87 +£0.13 0.26 97.45
Liquid 10 9.67 + 0.27 0.28 96.71
2.5 2.37 £ 0.06 0.23 94.88
Inter-day 5 487 £ 0.16 0.33 97.37
10 9.65 + 0.31 0.32 96.52

3.4. Validation of the LC-MS/MS Method

The interference caused by the food matrix effect is a typical problem due to the matrix
complexity of food samples and the presence of trace amounts of target analytes [41,42].
The HPLC-PDA method is insufficient for measuring low-level food additives because
of the interference of other identifiable components in food matrices [43]. Therefore,
thiabendazole was analysed in liquid food samples containing banana using LC-MS/MS
as a verification step. As shown in Table 5, the R2, LOD, and LOQ values determined by the
LC-MS/MS method for the liquid food samples were 0.9994, 0.62 ng/mL, and 1.83 ug/mL,
respectively. The validation parameters of the LC-MS/MS method yielded lower R? values
and higher LOD and LOQ values than those of the HPLC-PDA method. LC-MS/MS
separates and analyses substances through ionisation; therefore, it is considered to exhibit
a large peak deviation [43]. However, it was observed that the quantitative detection of
thiabendazole was possible below the maximum permissible level in Japan. This suggested
the possibility of using the LC-MS/MS method when the specificity is low, owing to the
interference of the food matrix effect.

Table 5. Coefficient of determination (R?) of the calibration curves, limit of detection (LOD), and limit
of quantification (LOQ) for the analytical method for thiabendazole in the liquid food samples using
LC-MS/MS.

. Range Coefficient of LOD LOQ
Analyte Matrix (ug/mL) Slope Intercept Determination (R2) (ug/mL) (ug/mL)
Thiabendazole  Liquid 0.3-5 2,992,813 574,458 0.9994 0.62 1.83

3.5. Sample Collection and Monitoring of Residual Thiabendazole Levels

The residual amount of thiabendazole was confirmed in 20 banana- and citrus fruit-
containing food samples distributed in Korea using the analytical method developed and
verified in this study. Among products distributed in Korea, it is important to monitor dis-
tributed food samples because food and processed foods containing thiabendazole, which
is prohibited as a food additive, may be imported. The chromatographic peak retention
time and spectrum of the thiabendazole standard were compared, and thiabendazole was
not detected in the 20 banana- and citrus fruit-containing food samples.

3.6. Measurement Uncertainty

The verification of an analytical method ensures the reliability of its results, but it
is not sufficient for the accurate comparison and interpretation of results [44]. Here, the
measurement uncertainty for the analysis of thiabendazole in the citrus-fruit containing
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food samples by HPLC-PDA detection was calculated according to the GUM and the
draft EURACHEM Guide. As shown in Table 6, five individual uncertainty factors were
established to calculate the thiabendazole measurement uncertainty: uncertainties related
to sample preparation (Upp), reference materials (Ugpr), standard stock solution (Usy),
recalibration curve (U;), and repeatability (Uye,). The uncertainties associated with analyt-
ical equipment were acquired from their respective calibration certificates and evaluated
for repeated testing at room temperature (20 =+ 3 °C). The Uy, value was calculated as the
combined uncertainty of a 25 mL volumetric flask and a chemical balance that was regularly
issued as a calibration certificate. The uncertainty in the chemical balance was determined
using factors such as the stability (0.000032 g), repeatability (0.000029 g), and certificate
of calibration (0.00500 g). The uncertainty of the 25 mL volumetric flask was based on
the change in volume according to temperature (0.0222 mL), repeatability (0.0001 mL),
and certificate of calibration (0.0065 mL). Thus, the relative standard uncertainties of the
chemical balance and 25 mL volumetric flask were 0.0002 and 0.0009, respectively. The
combined Uy value was 0.0009. The Ugy value was determined based on a certificate
provided by the manufacturer (Sigma-Aldrich) for the thiabendazole standard reagent
(0.0082). The Uy, value was determined according to the uncertainties of the chemical
balance (0.0026) and 25 mL volumetric flask (0.0009), and the combined Ug,; was 0.0027.
The U, value was determined for thiabendazole based on the seven concentration mea-
surements in triplicate (0.0234). U, was evaluated to measure the average content of
thiabendazole in 5 g samples (0.0031). The expanded uncertainty (U) for a confidence level
of approximately 95% and a coverage factor of 2 was 0.4975. The major contribution to
uncertainty originated from the calibration curve. Furthermore, the U-value was 49.75%
and this uncertainty is lower than the maximum threshold value of 50% recommended
by SANCO/12571/2013 [45], which clearly demonstrates the fitness for purpose of the
developed method. For the analysis of food additives and fungicides in food, it is also
important to measure metabolites and degradation products of analytes. Thiabendazole
is photolysed in aqueous solution to cleave the thiazole ring and form photolysis prod-
ucts, such as benzimidazole, benzimidazole-2-carboxamide, 5-hydroxy thiabendazole, and
benzimadazole-2-carboxylic acid [46]. Therefore, we plan to develop an analytical method
to determine the transformation products that are generated when thiabendazole is used
as a food additive in future follow-up studies.

Table 6. Individual uncertainties of the sample preparation (Uprep), reference material (Ugyy), standard
stock solution (Us), calibration curve (Ug,), repeatability (Uyep), and expanded uncertainty (U)
according to the EURACHEM Guide.

Analyte Uprep Urm Usra Uca Urep u
Thiabendazole 0.0009 0.0082 0.0027 0.0234 0.0031 0.4975

4. Conclusions

Thiabendazole is used as a fungicide in many countries and is not permitted as a
food additive. However, post-harvest fungicides (PHF) are uniquely classified as food
additives under the food sanitation law due to their use as food preservers in Japan.
Therefore, it is necessary to develop and monitor analytical methods for imported foods
and foods distributed in Korea. The proposed HPLC-PDA method was validated and
developed for the quantification of thiabendazole in banana- and citrus fruit-containing
foods. The method was optimised and the extraction method and sample pretreatment were
validated in terms of specificity, linearity, LOD, LOQ, precision, accuracy, and measurement
uncertainty. The obtained results showed that the developed method was suitable for the
identification and quantification of thiabendazole in solid and liquid foods.
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