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Abstract: Patulin, a mycotoxin commonly found in contaminated food products, is a significant health concern and
its accurate determination is of fundamental importance. The availability of a patulin reference material (RM) is a
key tool for the confidence in analytical results. In this paper, a batch of patulin in acetonitrile acidified with 0.1%
formic acid RM was gravimetrically prepared. The prepared RM was ampouled and subjected to homogeneity, short-
term, long-term stability and characterization studies by high-performance liquid chromatography with ultraviolet
detection (HPLC-UV). The chromatographic separation was carried on a C-18 column using a mobile phase of ultra-
pure water and acetonitrile (80:20) % and the detection was made at 276 nm. These studies were carried out in
accordance with ISO 17034 and ISO 33405. The prepared patulin reference material was found to be homogeneous
and stable enough as demonstrated by the results of the analysis of variance (ANOVA) and the regression analysis.
The value assignment was based on combing data from gravimetry and HPLC-UV as weighted mean. The certified
uncertainty was calculated from four contributions: characterization, homogeneity, short- and long-term stability.
The preparation and the assigned value of the patulin RM (26.78+£1.66 mg/kg) were validated by successful
participation of SASO/NMMC in the key comparison CCQM-K154. d. This produced patulin certified reference
material (CRM) will be useful as a calibrant and as quality control material in food safety analysis.

Key words: Patulin; reference material; HPLC-UV, homogeneity; stability; certified value. © 2024 ACG
Publications. All rights reserved.

1. Introduction

Patulin is a toxin produced by certain types of fungi, including Penicillium, Aspergillus, and
Bysochlamys. Penicillium expansum is the primary reason behind apple rot and is the most common
source of Patulin [1-2]. Patulin has been mainly found in apple and apple products and occasionally in
pears, grapes, apricots, strawberries, blueberries and peaches [3-4]. Patulin contamination is a serious
concern due to its potential for causing severe acute and chronic health problems [5]. This toxin is believed
to harm the body by binding to essential cellular components containing sulfur such as glutathione and
proteins leading to disruptions in protein and DNA production, cellular organelle malfunction and
ultimately cell death [6-9]. As a result, chronic exposure to patulin has been linked to neurological,
immune, genetic, developmental and carcinogenic effects. Therefore, accurate and precise measurements
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of patulin in the different matrices is of fundamental importance for food safety. Numerous methods have
been developed for quantifying patulin in some fruits, including thin-layer chromatography (TLC) [10],
mass spectrometry [11], calorimetry [12] and gas chromatography-mass spectrometry (GC-MS) [13].
Currently, high-performance liquid chromatography with ultraviolet light detection is the most widely
used technique for determination of patulin. Igbal et al extracted patulin from fruit samples including
oranges, apples, apricots, lemons, and guava. They have measured the concentration of the extracted
patulin by HPLC-UV at 276 nm using a mobile phase of water and acetonitrile (90:10) % at a flow rate
of 1.5 mL/min [17]. The EU has established maximum patulin levels of 50 pg/kg for apple juice and its
ingredients, 25 pg/kg for solid apple products and a stricter limit of 10 pg/kg for products intended for
infants [18-19]. These limits must be rigorously monitored using precise and accurate measurement
methods to prevent consumers from being exposed to the health risks associated with patulin if it is present
in food products at levels higher than permitted. Certified reference materials (CRMs) are a crucial tool
in the reliability of analytical method results. They are consistently homogeneous and stable, characterized
by a rigorous metrological process [20-21]. Calibration solutions from CRMs are essential for establishing
the metrological traceability of the measurement results to the Sl units, validation of analytical methods
and achieving the highest accuracy in many analytical fields, among them the global food safety analysis
[22]. The aim of this paper is to prepare and certify a reference material from patulin in acetonitrile
acidified with 0.1% formic acid. This reference material was prepared gravimetrically and characterized
by a validated HPLC-UV method at 276 nm. Homogeneity, short- and long-term stability were also
studied by HPLC-UV according to 1SO 33405 requirements. The preparation and value assignment of the
RM has been validated by participation in the CCQM key comparison CCQM-K154. d. The comparison
results showed that the assigned value and its associated uncertainty produced by SASO/NMCC were in
good agreement with the key comparison reference value (KCRV) and its uncertainty. The details of the
preparation and certification of the patulin reference material are illustrated in this article.

2. Experimental

2.1. Reagents and Solvents

The patulin reference material (97%) used for preparing the RM batch was obtained from LGC,
UK. Acetonitrile (HPLC grade) and formic acid (98-100%) were purchased from Merck, Darmstadt,
Germany. Ultrapure water was produced using a Millipore Milli-Q RG system (USA). The patulin CRM
(99.30 + 0.35 %) used for calibration of HPLC-UV was obtained from LGC, UK.

2.2. Equipment

Patulin measurements were performed using a Thermo Scientific Ultimate 3000 ultra-high-
performance liquid chromatography (HPLC) system equipped with an autosampler, quaternary pump and
UV detector (Waltham, Massachusetts, USA). The chromatographic separation of patulin was achieved
using a Hypersil Gold HPLC column (150 mm x 4.6 mm, 5 um particle size) at a flow rate of 0.8 mL/min.
The column temperature was maintained at 21 °C, the injection volume was 10 pL and the UV detection
wavelength was 276 nm. The HPLC system was controlled by Chromeleon 6 software. The elution was
isocratic using a mobile phase consisting of ultra-pure water and acetonitrile (80:20) %. The patulin
reference material (RM) was prepared in a 250 mL class A glass round flask. It was mechanically shacked
for one night then divided into 100 dark glass ampoules each is 2 mL. The machine used for ampouling
the candidate reference material was of the model Ampulmatic®-10 Laboratory Ampule Sealer,
manufactured by Bioscience inc, Pennsylvania, USA. The calibrated analytical balance of 220 g capacity
and 0.01 mg readability used in the gravimetric preparation was purchased from Mittler Toledo.
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2.3. Preparation of the patulin batch RM

A mass of 5.24 mg from the patulin RM (97%) was weighed into a 250 mL volumetric flask. A
mass of 192849.5 mg of acetonitrile acidified with 0.1% formic acid was added to the volumetric flask
until the total mass of solution reached 0.19285 kg. The flask was capped, sealed and wrapped in an
aluminum foil to protect the patulin solution from light. Then, the flask was gently shacked for 2 minutes
and left on a mechanical shaker overnight for homogenization of the candidate RM solution. The
homogenized RM was ampouled in 100 dark brown glass ampoules each containing 2 mL. The unit
selection for the homogeneity, stability and characterization studies was carried out and the all units were
kept in dark.

2.4. Homogeneity Study

The systematic selection approach was used to select 10 ampoules (10%) for the homogeneity
study [24]. The selected ampoules were of numbers: 1-12-22-33-44-55-66-77-88-99. The analysis was
carried out by the HPLC-UV validated method and the analytical strategy was the simple randomized
design in a single run. Each of the 10 ampoules was observed in 6 injections in random order to avoid any
trend that might have occurred due to the ampouling order. The ANOVA single factor was used for the
statistical analysis of the homogeneity measurement results.

2.5. Stability study

The short-term stability study was carried out at 4, 23 and 40°C. A group of 4 ampoules were
selected for study at each temperature. One ampoule of each group was measured at 0 storage time and
the rest of ampoules were stored for 3 weeks. After that, the all ampules were stored at a reference
temperature of -20 °C for 24 hours. The samples were then conditioned at room temperature and the mass
fraction of patulin in each ampoule was measured 3 times by HPLC-UV using the isochronous approach.
For the long-term stability, 10 ampoules were selected and stored in a refrigerator at 4 °C. Two ampules
were measured at 0-month storage and then two ampoules were measured at each time point (3, 6, 9 and
12 M) in 5 observations each. The measurements of the short and long-term stability were also carried
out by the validated HPLC-UV.

2.6. The Characterization Study

The characterization study of the patulin candidate RM was carried out in three different days
(D1-D3). Six ampoules were selected for that study where two ampoules were measured 5 times in each
day. The measurements were carried out using the validated HPLC-UV method.

2.7. The Calibration Solutions

A stock solution was prepared by dissolving 4.450 mg of the patulin CRM (99.30%) in a 50 mL
flask containing 25027.07 mg of 0.1% acidified acetonitrile. The total mass of the resulting stock solution
was determined to be 25031.52 mg (0.025032 kg). The mass fraction of patulin in the stock solution was
calculated by equation 1 and was found to be 176.53 mg/kg [25].

X = mx p 1)
msoln
where,
X - mass fraction (mg/kg)
m - mass of patulin CRM (mg)
p - purity of patulin CRM (%)

Msoln - mass of stock solution (kg)
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The stock solution was kept in dark in a refrigerator and five calibration solutions namely 10, 20,
25, 30, and 50 mg/kg were then prepared by gravimetric dilution from the stock solution. The dilution
was carried out in the injection vials used for measurements.

3. Results and discussion

3.1. The Gravimetric Value of Patulin RM Mass Fraction

The mass fraction of patulin in the candidate RM is a non-operationally defined measurand and
was characterized by two methods, gravimetry and HPLC-UV [24]. The mass fraction resulting from the
gravimetric preparation of the RM batch was calculated using equation 1 and was found to be 26.36
mg/Kkg.

3.1.1. The Uncertainty of the Gravimetric Mass Fraction

The sources of uncertainty of the mass fraction determined gravimetrically were identified from
equation 1 as: mass of CRM, purity of CRM and mass of ACN solution. The uncertainty of the mass of
CRM and mass of ACN solution (un) was estimated by equation 2 which incorporates the maximum error
of the balance used in weighing, the mass of sample, m and the calibration factor quoted from the
calibration certificate [26].

2
Maxerror 2
u. = —— | +2(m « calb factor 2
m \/ ( A ) ( ) 2)

The uncertainty of the gravimetric mass fraction, usray Was calculated by equation 3, which incorporates
the three contributions in equation 1 and was found to be 0.413 mg/kg [27].

u 2 u 2 u 2
Ug,,, = X L+ m + m
° \/[ p ] [mPAT j [mACN j (3)

3.2. The Homogeneity of the Patulin RM

The homogeneity of the patulin candidate RM was assessed by HPLC-UV and the results
obtained were presented in Table 1 and graphically in Figure 1. The figure shows the mean of 6
measuremnets of the mass fraction in each of the 10 ampoules. The error bars represent the standard
deviation of the mean.

Table 1. The patulin mass fraction (mg/kg) of the 10 ampules selected for homogeneity study

S1 S12 S22 S33 S44 S55 S66 S77 S88 S99
26.53 26.50 26.42 26.51 26.51 26.45 26.65 26.48 26.51 26.50
26.48 26.51 26.55 26.46 26.57 26.58 26.55 26.51 26.55 26.50
26.56 26.50 26.56 26.47 26.53 26.49 26.42 26.45 26.46 26.58
26.50 26.50 26.50 26.58 26.49 26.47 26.48 26.40 26.57 26.49
26.51 26.50 26.48 26.48 26.44 26.49 26.44 26.41 26.58 26.47

26.52 26.46 26.53 26.42 26.53 26.54 26.51 26.51 26.55 26.48
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Figure 1. A graphical representation of the averages mass fraction of the 10 homogeneity samples.

From Figure 1, it is clear that the mass fractions of the 10 samples are close to each other. The
normality of the homogeneity data was tested by the Q-Q plot, which compares the theoretical quantiles
(z-scores) from a normal distribution to the observed quantiles of the data. Figure 2 shows three Q-Q plots
for three representative samples. These plots show that the data points closely align with the theoretical
line, confirming normality of the homogeneity data [24,28].
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Figure 2. The Q-Q plot of three samples indicating normality of the homogeneity data

The homogeneity of the data presented in Table 1 was assessed by one-way ANOVA. The results
of the ANOVA summarized in Table 2, indicate that F (0.976) is less than Fericca (2.073) and the p-value,
0.47 is greater than 0.05. These findings fulfill the criteria for homogeneity of variances, confirming that
the patulin RM samples are homogeneous. Consequently, this RM was subjected to short-term, long-term
stability and characterization studies [24,28].

Table 2. the ANOVA-single factor results of the RM samples tested for homogeneity.

Source of Variation SS df MS F P-value F crit
Between Groups 0.02090688 9 0.00232298 0.976 0.47 2.073
Within Groups 0.11891012 50 0.00237820

Total 0.13981700 59

The uncertainty, on of the material inhomogeneity was calculated by equation 4 and was found to be 0.089

ppm [24,28].
o, :\/ Mswithin 4 2 (4)
n vMS

within
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3.3. The Short-term Stability

The average mass fraction values of the short-term stability at 4°C, 23°C and 40°C after storage
for 0, 1, 2 and 3 weeks are presented in Table 3. At 0-storage, the average mass fraction for three ampoules
was found to be 26.60 mg/kg. This value and the average mass fraction measured at the subsequent storage
weeks, is graphically depicted in Figure 3. A visual inspection of this figure suggests that the RM samples
exhibit stability throughout the three weeks storage period. To assess these results, regression analysis of
data in Table 3 was conducted. The resulting regression slope (b1) was determined to be 0.00014 with a
standard error s(b:) of 0.010788. The calculated t-value, t=|bz|/s(b1) (0.013) was found less than the
critical t-value (2.306) for a = 0.05 and df = 8 indicating no significant change in the patulin mass fraction
over shipment time of the CRM. Therefore, these findings strongly support the conclusion that the patulin
CRM can be safely shipped to users at a temperature not exceeding 40°C.

Table 3. The short-term stability results of the candidate RM obtained by the isochronous measurements

Storage time (w) 4°C 23°C 40 °C
0 26.75 26.58 26.47
1 26.76 26.45 26.43
2 26.46 26.50 26.69
3 26.45 26.50 26.65
27.50
2 y = 0.00014x + 26.549
E» 27.00
23°C 40°C
= * ¢ ¢ .
g 26.50 * . * L * .
g
»  26.00
3
=
25.50
0 1 2 3 7 8 9 10 11

5 6
Storage time (w)
1,2,3 at 4°C - 5,6,7 are weeks 1,2,3 at 23 °C - 9,10,11 are weeks 1,2,3 at 40 °C

Figure 3. The regression line of the short-term stability data of the patulin RM samples

The uncertainty of the short-term stability measurements was calculated using equation 5 and was found
to be 0.16 ppm [28].

SD
Ugy = —1t (5)

n

(1)

i=1

where,

SD - standard deviation

ti - the storage time (week)

t - average of the storage weeks

t - number of storage weeks (3)
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3.4. The Characterization of Patulin RM

A stock solution of the CRM was prepared at a mass fraction of 176.53 mg/kg. The reference
material was characterized over three different days and in each day, five fresh calibration solutions were
prepared at mass fractions namely 10, 20, 30, 40, and 50 to calibrate the HPLC-UV instrument. Then, two
ampoules from the six selected ampoules were measured five times each in each day. A typical calibration
curve is shown in Figure 4 from which it can be seen that the response is highly linear giving rise to the
good quality of the calibration process.

12
y=0.2323x+0.0296 _.--®
10 Re=1 _.-=~
e
g 6 ,4""
<40 - od
2 *
0
0 10 20 30 40 50

Mass fraction of CRM, mg/kg

Figure 4. A typical calibration curve of HPLC-UV by patulin CRM

The good calibration response indicates a good efficiency of the chromatographic separation,
which can be observed from the very well separated and symmetrical patulin peak shape in Figure 5. The
absence of peak tailing and the apparent selectivity demonstrated by the absence of peaks related to any
other compounds at the retention time of patulin (3.34 min) suggests that the mobile phase used for elusion
and the column used for separation were optimally selected.

o Method Viidabon 5 st UV WAS_1 ¥VLZ76 rm

e

Figure 5. The HPLC-UV chromatogram containing the patulin peak at RT 3.34 min

The characterization results of patulin in the three days are presented in Table 4. They were tested for
outliers by Grubbs test and no outlier values were found.
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Table 4. The characterization results of patulin RM by HPLC-UV in D1-D3

Measurement days (D1-D3) D1 D2 D3
26.77 26.68 26.84
26.81 26.67 26.95
26.79 26.67 26.91
26.83 26.64 26.93
Mass fraction (mg/kg) 26.89 26.72 26.80
26.85 26.65 26.92
26.88 26.67 26.86
26.83 26.73 26.82
26.83 26.65 26.89
26.79 26.62 26.86
Ave 26.83 26.67 26.88
SD 0.039 0.035 0.049
Grand Mean 26.79

Considering these results, one can find that they differ slightly in decimal places and that the
difference between the highest and lowest value (0.33 mg/kg) is small indicating good intermediate
precision of the results. On the other hand, one can note the close proximity of the grand mean (26.79
mg/kg) to the value produced from the gravimetric preparation (26.36 mg/kg), which means that the
certified value can be derived from two closely related values of metrological traceability to the SI units.

3.4.1 Uncertainty Budget Estimation of Characterization Data

The uncertainty associated with the measurement of mass fraction of patulin RM by HPLC-UV
was estimated based on ISO GUM and EURACHEM Guide [27,28]. The explicit sources of uncertainty
were identified from the model equation 6 as: area A (repeatability), intercept, b and the slope, a.

x=AD 6)
a

There are more implicit sources of uncertainty which are the mass of patulin sample and the calibration
solutions. Those two uncertainty sources were expressed as the term 6Ccrm in condition that its mass
fraction equals zero. This term was incorporated into the model as shown in equation 7.
A-b
X = T+6CCRM @)

The combined standard uncertainty uc, was calculated using equation 8 as described elsewhere [29].

\/(ax Jz (5’( jz (ax jz ( > ]Z ?
U = | la | ool |+ oo ls | | o U,
oA ab oa Copy

3.5. The Long-term Stability

The long-term stability of the candidate patulin RM is associated with its behavior when stored
according to prescribed conditions by the user. It has been assessed experimentally by HPLC-UV at the
real time storage intervals (0, 3, 6, 9 and 12 M) and the results obtained were presented in Table 5.
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Table 5. The results of the RM long-term stability at real time storage intervals

Storage time (M) 0 3 6 9 12

26.18 24.74 24.71 25.81 24.45

25.89 24.71 24.63 25.63 24.50

25.74 24.72 24.69 25.87 24.32

25.67 24.53 24.66 25.65 24.47

Mass fraction 25.30 24.62 24.38 25.67 24,53
(mg/kg) 25.17 24.57 25.08 25.71 24.32
25.07 2441 24.44 25.71 24.45

2494 24.44 24.43 25.79 24.51

24.82 24.39 2451 25.70 24.29

24.69 24.42 24.42 25.74 24.34

These results have been assessed to determine whether they suffer from any trend that could affect
the shelf life of the RM. The regression line shown in Figure 6 was established between the storage time
intervals and the measured mass fraction of the RM. The slope of the regression line, b; equals -0.0231
and the standard error of this slope, s(b1) was 0.01958. From these two values, the t = | b1 | /s(b1) was
calculated and its value was found to be 1.2074. This value was found smaller than the tabulated value
(3.182) for 3 degrees of freedom at a 95% confidence level. From this finding, it can be concluded that
the results do not encounter any trend, which indicates a sufficient degree of stability during the specified
shelf life of the patulin RM [24,30-31].

30
28

26 4 _ -

y =-0.0231x + 25.066

24
22

Mass fraction (mg/kg)

20

0 1 2 3 4 5 6 7 8 9 10 11 12
Storage time (M)

Figure 6. The regression line of the long-term stability results of the RM.

The uncertainty of measurements of the long-term stability was calculated from equation 9 and was found
0.69 mg/kg when tcert Was 36 months [24].

u|t3 = S(bl) X tCert (9)

3.6. The Assigned Value and Uncertainty Budget of CRM

According to 1SO 33405, value assignment is the process of combining the results from the
homogeneity and stability assessment with the results from the characterization studies to determine the
assigned values and their uncertainties [24]. The weighted mean scheme was used since the reported
uncertainties were shown to be reliable and the difference between the gravimetric value and the HPLC-
UV value (0.33 mg/kg) can be wholly accounted for by the reported uncertainties [32-34]. The weighing
scheme was started by calculating the weight, W; of each method mean using equation 10, where u; is the
standard uncertainty.



194
Patulin certified reference marital for food safety analysis

W, =— (10)
u

The weighted mean of each method was calculated by multiplying the method weight by the mean
WiXi. Then the certified value (ychar) Was calculated as the weighted mean by dividing the summation of
the weighted means by the summation of the method weights according to equation 11.

(11)

To calculate the weighted uncertainty, the weighing factor w; was calculated by equation 12 then squared
and multiplied by the squared standard uncertainty, u? of each method.

W,
W, =—"1- (12)

i p
> W

i=1

The weighted uncertainty, Ucnar was calculated by taking the square root of Tw?u? according to equation

13,
U, = SWu?  (13)

The calculated results are given in Table 6 which shows that the weighted mean (certified value) is 26.78
mg/kg and the weighted uncertainty is 0.42 mg/kg.

Table 6. The weighted mean and weighted uncertainty, Uchar results

Gravimetry HPLC-UV
Mean, Xi 26.36 26.79
Combined standard Uncertainty, uc 0.413 0.072
Weight of the method mean, Wi 5.87 192.90
> Wi 198.77
Weighing factor, w; 0.03 0.97
W1 Xy 154.83
Wz Xz 5167.82
Weighted mean, Ychar 26.78
Weighted uncertainty, Uchar 0.42

The certified uncertainty, Ucrm Was calculated from the characterization (uchar), homogeneity,
short- and long-term stability uncertainty contributions using Equation 14. A coverage factor, k = 2 was
used which to provide a confidence level of 95% [24].

2 2 2 2
UCRM = k\/ uchar + uhomo + usts + ults (14)

The values of the individual uncertainty components are summarized in Table 7 and the final
certified uncertainty was determined to be +1.66 mg/kg. It is worthy to mention that the gravimetric value,
26.36 mg/kg and the value produced by HPLC-UV, 26.79 mg/kg agree very well within the certified
uncertainty, 1.66 mg/kg.
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Table 7. Certified uncertainty components of the patulin CRM

Characterization uncertainty (Ucnar) 0.42

o homogeneity (on) 0.089
Short-term stability (sts) 0.16
Long-term stability (Its) 0.69

k 2
Certified uncertainty 1.66 mg/kg

Thus, it can be concluded that the certified value and its associated uncertainty of the patulin CRM
IS 26.78 £1.66 mg/kg.

3.7 The Traceability of Certified Value to SI Units

The traceability of the certified value to the Sl units has been established through the purity value
given in the certificate of the LCG reference material used in the preparation of the RM batch and the
LCG CRM used in the calibration of the HPLC-UV. Moreover, the calibrated balance used in weighing
the mass of patulin RM and the mass of the batch solution contributed to the traceability of measurements
to the Sl units.

3.8. Validation of the Gravimetric Preparation and Value Assignment

The key comparison, CCQM-K154.d on the preparation and value assignment of patulin (PAT)
in acetonitrile (ACN) with 0.1 % formic acid (FA) was organized by the BIPM in the mass fraction range
of 10 mg/kg to 100 mg/kg. SASO/NMCC, Saudi Arabia, participated in this comparison and the final
report was issued on September 2023 [35]. The report pointed out that inspection of the degree of
equivalence indicated that there was an excellent agreement of the results. This conclusion validates the
capability of SASO/NMCC on the gravimetric preparation and value assignment of the patulin CRM.

4. Conclusion

The patulin reference material (RM) was gravimetrically prepared and its mass fraction was
characterized by HPLC-UV. The material homogeneity was assessed and the ANOVA showed that Feaic
(0.976) is smaller than Feriicar (2.073) indicating good homogeneity of the material. The short- and long-
term stability were also assessed and the regression analysis showed no trend in the results giving rise to
enough stability during shipment and shelf-life times. The characterization results of the patulin RM in
three different days were found to be consistent, with a small variation in decimal places. The certified
value was assigned as a weighted mean from the gravimetry and HPLC-UV results and was found to be
26.78+1.66 mg/kg with a well-established metrological traceability to the Sl units. The produced patulin
CRM is very useful for food testing laboratories in calibration of measuring equipment and in quality
control purposes in food safety analysis.
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