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Abstract

The incidence of patulin (PAT) in fruit products is a worldwide concern due to its acute and chronic toxic effects. Therefore,
accurate and reliable PAT measurements are important for preventing consumer health risks. Our previous method, which
was based on a common technique that uses ethyl acetate extraction and liquid chromatography—tandem mass spectrom-
etry with isotope dilution (ID-LC-MS/MS), has shown great performance for the determination of PAT in apple products.
However, prolonged extraction times and multistep clean-up processes were required to sufficiently eliminate the matrix
interferences. Herein, a feasible alternative ID-LC-MS/MS method was successfully established, employing simplified and
reliable sample preparation steps. The clean-up process was performed using molecularly imprinted polymer—solid-phase
extraction (MIP-SPE) cartridges, which eliminated matrix interferences and facilitated the trace quantification. While the
previous method used a multimode LC column for the retention of polar patulin, the current method used a UPLC HSS
T3 column, which further improved the peak sharpness and reduced the run time. The method was validated by measuring
fortified samples in the concentration range of 5—100 pg/kg. The accuracy varied between 97.8 and 102.0%, with relative
standard deviation for interday and intraday precision being below 3%. The measurement uncertainty was lower than 4%
(at a 95% level of confidence). Therefore, this method demonstrated adequate metrological quality with greatly enhanced
performance over various reported methods. Additional key benefits of this method are easy manipulation, short preparation
time, and lower consumption of hazardous solvents. Finally, the method was successfully applied to commercially available
apple-based products.

Keywords Patulin - Apple-based products - Mycotoxin - Isotope dilution—mass spectrometry - Higher-order reference
method
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globally are aflatoxins, ochratoxin A, patulin (PAT), type A
trichothecenes, type B trichothecenes, citrinin, zearalenone,
and fumonisins [2-7]. PAT, a naturally occurring heterocy-
clic lactone (see Fig. 1), is produced by at least 60 fungal
species, with Byssochlamys, Penicillium, and Aspergillus
as the most frequent PAT-producing fungi [1]. The main
dietary sources of PAT are apple-based products which are
often processed from partially rotten raw fruits initially con-
taminated with molds [8]. Therefore, the occurrence of PAT
in apple-based products has been suggested as an essential
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indicator for the quality of raw fruits used in their manu-
facturing [8, 9]. PAT was first discovered in the 1940s as
an antibiotic, but it was soon found to be toxic to livestock
[1, 10]. Different studies have shown its acute and chronic
toxic symptoms such as intestinal inflammation, pulmonary
congestion, convulsions, agitation, neurotoxicity, immuno-
toxicity, genotoxicity, hepatulinotoxicity, vomiting, ulcera-
tion, hyperemia, edema, and epithelial cell degeneration
[11, 12]. Due to its considerably serious adverse impacts
on human health, many countries, including Korea, have
adopted maximum permissible values of PAT, which are
25 pg/kg in solid apple products, 50 pg/kg in apple juice,
and 10 pg/kg in apple products intended for young children
and infants [10, 13, 14].

Different surveillance studies have revealed that the PAT
incidence in food is a worldwide problem [9, 15]. Therefore,
monitoring and controlling PAT contamination using sensi-
tive, simple, and robust analytical methods are of imperative
concern for avoiding consumer health risks and potential
economic losses. To date, the most frequently applied ana-
lytical methods for the detection of PAT in food are based on
chromatographic analysis using gas chromatography—mass
spectrometry (GC-MS) [16], high-performance liquid chro-
matography with ultraviolet detection (HPLC-UYV) [12,
17], and high-performance liquid chromatography—tandem
mass spectrometry (HPLC-MS/MS) [1, 14, 18]. However,
GC-MS methods often necessitate an inevitable time-con-
suming derivatization step to make PAT volatile so that it
can be analyzed [9]. Although HPLC-UYV has been com-
monly used for PAT analysis due to the strong absorption
of UV light at 276 nm, the shortcomings of this method are
also obvious [19]. Compounds such as 5-hydroxymethyl-
furfural (HMF) and other phenolic compounds can interfere
with the UV/Vis absorbances of PAT and generally hinder
chromatographic resolution, thereby making the accurate
determination of PAT more laborious [9, 19]. On the other
hand, UPLC-MS/MS-based methods have undoubtedly
become the most preferred analytical approaches for myco-
toxin analysis and can effectively overcome the drawbacks
of other conventional techniques owing to their high level of
chromatographic separation, and their enhanced sensitivity
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and selectivity [15, 20]. Solid-phase extraction (SPE), lig-
uid-liquid extraction (LLE) with organic solvent (i.e., ethyl
acetate), and QUEChERS (quick, easy, cheap, effective, rug-
ged, and safe) are the main strategies of sample preparation
for PAT analysis. It is noteworthy that SPE-based methods
have become increasingly common with broad acceptabil-
ity, and many methods using various adsorbent materials
have been reported for PAT analysis [9, 14, 19]. However,
these traditional SPE cartridges are occasionally nonspecific
for the target analyte and complicated sample pretreatment
steps, and prolonged time are often required to sufficiently
eliminate the co-extracted interferences [21]. In recent
years, molecularly imprinted polymers (MIPs) have become
a promising pretreatment technology, and an increasing
number of MIP-SPEs have been developed for the analy-
sis of different mycotoxins [1, 22, 23]. MIPs are synthetic
polymers with specific cavities designed to provide strong
affinity toward a certain molecule [1, 10]. Therefore, these
cartridges can successfully separate and enrich a target mol-
ecule from a complex sample matrix with excellent selec-
tivity and good enrichment capability, thereby overcoming
the limitations of conventional SPE cartridges [21, 24, 25].

While various analytical methods have been established
for the detection and quantification of PAT in liquid apple
products (i.e., apple juice), the availability of reliable ana-
lytical methods for solid apple products (i.e., apple powder)
is still rather limited [9, 26]. On the other hand, verifying the
accuracy of PAT measurements in food is of critical impor-
tance, particularly for government authorities responsible for
establishing meaningful regulations to protect human health.
Matrix certified reference materials (CRMs) constitute key
tools for laboratories to fulfill this purpose. The application
of CRMs in validating analytical methods, proficiency test-
ing, and establishing traceability of analytical results to the
International System of Units (SI) are also related benefits
[27-29].

Our laboratory at the National Metrology Institute (NMI)
of Korea previously established an ID-LC-MS/MS method
for the accurate determination of PAT in apple juice [14] and
has also developed an apple juice CRM that was certified
with this method. Although this method has shown great
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performance for the accurate determination of PAT in apple
products, prolonged extraction time and multistep clean-up
processes were required for sufficiently eliminating interfer-
ences from co-extracted substances. To properly retain this
highly polar analyte, a multimode LC column was used, but
it also required long LC runs. The method was successfully
applied to the certification of an apple juice CRM. However,
the liquid-form CRM was found to have inadequate stability
for more than 2 years of long-term storage at — 20 °C due to
the degradation of patulin, particularly in neutral and basic
media. Therefore, our focus was directed to the development
of apple powder CRMs.

In this research work, we attempted to improve the
existing ID-LC-MS/MS method by simplifying the mul-
tistep sample preparation procedures and adopting a
recently improved reversed-phase UPLC column (particle
size <2 um) instead of a multimode LC column to reduce the
overall analysis time. The developed method still uses *C,-
PAT (see Fig. 1) as an internal standard, which permitted the
accurate correction of analyte recovery during sample pre-
treatment steps, as well as the appropriate compensation of
instrumental fluctuation during LC-MS/MS detection. Since
the composition of the apple powder matrix is complex,
the performance of different SPE cartridges was compara-
tively investigated to efficiently eliminate matrix interfer-
ences. Unlike various existing methodologies, including the
method previously established in this laboratory [9, 11, 14,
17], the proposed analytical method offers a simpler, more
selective strategy, which involves quicker sample prepara-
tion. This strategy relies on MIP-SPE purification, which
significantly maximizes the analytical throughput. The
method was adequately validated and successfully applied
to different commercially available apple-related foods (i.e.,
apple powder, apple juice, and apple puree) to confirm its
feasibility.

Experimental
Chemicals and materials

All organic solvents with HPLC grade, including methanol,
ethyl ether, ethyl acetate, and acetonitrile, were supplied by
Burdick & Jackson (Muskegon, MI, USA). Ammonium ace-
tate, sodium bicarbonate, and acetic acid (all of MS grade)
were obtained from Sigma—Aldrich (Gyeonggi-do, Korea).
Neat patulin (5 mg/bottle) was obtained from Romer Labs
(Tulln, Austria). The purity of the neat PAT was assigned in
this laboratory following previously established protocols
with the mass balance approach and was used as the primary
reference material of PAT in this study [30]. The assigned
purity of PAT was 99.57 +0.17%. '3C,-PAT (25 pg/mL in
acetonitrile) was also purchased from Romer Labs and used

as a stock solution. Pure water (18.2 MQ.cm resistivity) was
produced in-house by using a Milli-Q purification system
(Millipore, USA). For sample clean-up using solid-phase
extraction, SupelMIP cartridges (Sigma—Aldrich, Gyeonggi-
do, Korea), 200 mg Bond Elut Plexa PAX cartridges (Agilent
Technologies, Palo Alto, CA, USA), 60 mg Oasis HLB™
cartridges (Waters, Milford, MA, USA), and MycoSep
228 AflaPat cartridges (Romer Labs, Tulln, Austria) were
investigated. Sample extracts were filtered through PVDF
syringe filters provided by Whatman (Clifton, NJ, USA)
with pore sizes of 0.22 and 0.45 ym. The neat PAT material
was weighed using a XP2U ultra-micro balance (Mettler
Toledo, USA). Several commercially available apple-related
foods (i.e., apple powder, apple juice, and apple puree) were
purchased from local retail markets in Korea.

Preparation of standard solutions

A stock solution of PAT at a concentration of 5 mg/kg was
gravimetrically prepared by dissolving 0.1 mg of solid ref-
erence material in 20.27 mL of a solvent composed of 95%
2 mmol/L. ammonium acetate in water (containing 1 mmol/L
acetic acid) and 5% acetonitrile. The stock solution was kept
in the dark at — 20 °C and renewed every 2 months. A work-
ing solution containing 200 ug/kg PAT was gravimetrically
prepared by diluting an appropriate aliquot of the stock
solution in the same solvent. A working internal standard
solution (200 pug/kg) of '*C,-PAT was prepared in the same
manner from its stock solution (25 pg/mL in acetonitrile).
All working solutions were stored in the dark at — 20 °C and
renewed weekly. For exact matching calibration in IDMS
measurements, an isotope ratio standard solution (1:1 iso-
tope ratio) was prepared by gravimetrically mixing an appro-
priate aliquot of the PAT working standard solution and its
respective 'C,-PAT working internal standard solution at
levels approximately mimicking analyte levels in the tested
samples (based on the preliminary test results).

Sample extraction and clean-up

First, 0.5 g of homogenized apple-based samples (apple
powder, apple juice, and apple puree) was gravimetrically
placed into a 50-mL polypropylene centrifuge tube and quan-
titatively spiked with a working internal standard solution so
that the final sample solution contained approximately a 1:1
isotope ratio of PAT to 'C;-PAT. Ten milliliters of water/
acetic acid (99:1; v/v) was added and mixed by vortexing for
20 min for extraction and equilibration of PAT and its inter-
nal standard. Following 6 min of centrifugation at 2800 g,
the sample extract was filtered through a 0.45-um PVDF
syringe filter and loaded onto the SupelMIP SPE cartridge,
previously conditioned with 2 mL of acetonitrile and 1 mL
of water. The analyte-containing cartridge was sequentially
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washed with 3 mL of sodium bicarbonate, 3 mL of water,
and 0.5 mL of diethyl ether, and the analyte was eluted using
3 mL of ethyl acetate. After adding approximately 0.1 mL
of acetic acid, the resulting eluent was dried under a gentle
nitrogen stream. The sample residue was immediately recon-
stituted with 0.3 mL of the initial mobile phase and filtered
into an amber glass vial for LC-MS/MS analysis.

In the initial development of this method, three further
conventional SPE cartridges, a MycoSep 228 AflaPat SPE
cartridge, a Bond Elut Plexa PAX cartridge, and an Oasis
HLB™ cartridge, were also investigated for the clean-up
of sample extracts. The MycoSep 228 AflaPat SPE car-
tridge was used after extraction with an acetonitrile-water
(84:16; v/v) mixture following a slightly modified method
recently described by Przybylska et al. [31]. Meanwhile,
the Bond Elut Plexa PAX and Oasis HLB™ SPE cartridges
were applied following double extraction with ethyl acetate,
which is the most common extraction solvent used for PAT
extraction from apple products [14, 32].

UPLC-MS/MS analysis

PAT determination was carried out on a Waters Acquity
UPLC™ system (Milford, MA, USA) interfaced with a Tri-
ple Quad™ 6500Q tandem mass spectrometer (AB Sciex,
Foster City, CA, USA) through an ESI source. LC separa-
tion was achieved by an Acquity UPLC HSS T3 column
(100 mm lengthx 2.1 mm i.d., 1.8 um particle size) with a
mobile phase composed of water containing 1 mmol/L ace-
tic acid and 2 mmol/L ammonium acetate (phase A) and
acetonitrile (phase B) at a flow rate of 0.2 mL/min. The
sample injection volume was 10 pL. A gradient elution pro-
gram was applied to PAT separation as follows: 0-1.5 min,
B 5-20%; 1.5—4.5 min, B 20-35%; 4.5-6 min, B 35-70%;
and 6-8 min, B 70—5%, resulting in a total chromatographic
run time of 8 min.

The mass spectrometer was run in negative electrospray
ionization (ESI) mode with the optimal ionization source
conditions set as follows: desolvation temperature, 600 °C;
capillary voltage, 4000 V; sheath gas pressure (N,), 35 psi;

desolvation gas pressure (N,), 25 psi; collision gas pressure
(N,), 7 psi; and curtain gas pressure (N,), 30 psi. MS detec-
tion was conducted in normal multiple reaction monitoring
(MRM) mode by setting two MRM transitions for each of
PAT and '*C,-PAT. Of the two transitions, the highly sen-
sitive transition was used for quantification, and the other
transition was used for identification purposes. The MRM
transitions and corresponding MS/MS parameters, including
decluttering potentials, collision energies, entrance poten-
tials, etc., are listed in Table 1. Data acquisition, analysis,
and instrument control were processed by Analyst software
1.6.3 (AB Sciex).

Post-column infusion system

Matrix effects are often observed in LC-MS/MS analysis
of complex sample matrices. To investigate the effect of co-
extracted matrix interferences on the ionization of the target
analyte and its isotope-labeled analog, the post-column infu-
sion technique was used [4, 33, 34]. In this approach, a blank
apple powder sample was extracted, cleaned up following
the sample preparation procedure described in “Sample
extraction and clean-up,” and finally submitted to a normal
LC run. The LC eluent was infused with a continuous flow
(10 mL/min) of a standard solution containing 5 mg/kg PAT
and its isotope-labeled analog using a t-union positioned
between the LC column and the ESI source. MS analysis was
conducted in normal MRM mode to provide MRM chroma-
tograms that showed matrix effect profiles.

Quantification of PAT

The mass fraction (ug/kg) of PAT in the samples was quan-
tified by comparing the isotope ratios of PAT/['*C,]-PAT
observed from the analysis of the sample solution with those
of the isotope ratio standard solution using the following
master equation of IDMS. A single-point calibration strategy
with exact matching of isotope ratios was applied [35-37].

Table 1 MS parameters of the developed ID-LC-MS/MS method and retention time for patulin and its isotope analogs

Compound Molecular formula  Precursor ion (m/z) LC retention  Product ion (m/z) DP (V) EP (V) CXP (V) CE (V)
time (min)
Patulin C,H(O, 153.0 M —H]™ 3.36 109.0? -15 -10 -15 -12
81.0° -15 -10 -15 -16
['3C,]-patulin  '3C,H,0, 160.0 [M—H]~ 3.36 115.0° -15 -10 -15 -12
86.0° -15 -10 -15 -16

DP declustering potential, EP entrance potential, CXP collision cell exit potential, CE collision energy

2Quantification transition

bConfirmatory transition
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where Cg,ppe 1s the mass fraction (ug/kg) of PAT in the
sample; Cg is the concentration of the PAT standard
solution; M, is the mass of the sample; M;g (o piked 18
the mass of the []3C7]-PAT solution spiked into the sam-
ple aliquot; M (o qd mix. A0 Mg o1 std.mix. ar€ the masses of
the PAT standard solution and [13C7]-PAT solution, respec-
tively, which were mixed into the isotope ratio standard solu-
tion; ARg mix. and AR, are the peak area ratios of PAT/
[13C7]—PAT observed by LC-MS/MS for the isotope ratio

standard solution and the sample solution, respectively.

Method validation

The ID-LC-MS/MS method for the quantitative analysis of
PAT in apple products was validated to evaluate its perfor-
mance characteristics. Several analytical parameters, includ-
ing validity, repeatability, reproducibility, selectivity, matrix
effect, detection limit (LOD), quantification limit (LOQ),
and sources of uncertainty were carefully evaluated under
the optimal experimental conditions to test the potential of
this method to exhibit a higher-order metrological quality as
a candidate reference method.

Results and discussion
Optimization of MS/MS conditions

The parameters for ESI and MS/MS were carefully opti-
mized to obtain ideal analytical conditions for the detection
of PAT and 13C7-PAT (see Table 1). The mass spectrometer
was operated in the negative electrospray ionization (EST)
mode, as this mode revealed a higher signal intensity com-
pared with the positive electrospray ionization mode. PAT
was ionized to the deprotonated molecular ion [M —H]™ at
m/z 153, which was selected as the precursor ion due to
its high intensity (Fig. Sla). In the MS/MS spectrum (see
Fig. S2a), two dominant and characteristic fragment ions
were observed at m/z 109 and m/z 81; these were assigned
as [M—H-CO,]” and [M—-H-CO,—CO]", respectively.
Because the fragment peak observed at m/z 109 was the most
abundant, the collision-induced dissociation (CID) pathway
from m/z 153 to m/z 109 was selected as the primary MRM
quantitation channel, while the CID pathway of m/z 153 to
miz 81 was selected for confirmatory purposes. Concerning
13C7—patulin, the MS and MS/MS spectra are displayed in
Fig. S2. Similarly, the transition channel from m/z 160 to m/z
115 was selected as the primary MRM quantitation channel,
while the channel from m/z 160 to m/z 86 was selected as

the secondary qualifier channel. This result is in accordance
with those of other previously reported studies [1, 9, 14, 38].

Optimization of UPLC conditions

Various combinations of mobile phase solvents were tested
for chromatographic optimization. Notably, the solvent com-
bination consisting of acetonitrile as phase B was favorable
to the ionization process, which led to a rise in the observed
signal (peak area) with better resolution compared to using
methanol. This finding is consistent with those of other pre-
vious works [1, 15, 38]. Additionally, different concentra-
tions of ammonium acetate and acetic acid ranging from 1
to 10 mmol/L were tested with mobile phase A. Acetic acid
(1 mmol/L) and ammonium acetate (2 mmol/L) were found
to be suitable and yielded more efficient ionization as well
as a better peak shape. Thus, the mobile phase employed
herein was composed of water containing 1 mmol/L acetic
acid and 2 mmol/L ammonium acetate (phase A) and ace-
tonitrile (phase B).

Since PAT is a highly polar compound, its analysis poses
challenging issues in terms of chromatographic retention.
As described in “Introduction,” our existing method uses a
multimode analytical LC column that requires a long LC run
time. Recently, separation science has been revolutionized
with the introduction of UPLC systems, and highly improved
reversed-phase UPLC columns (particle size <2 pm) with
advanced end-capping and bonding techniques are widely
available. We attempted to adopt those systems to reduce LC
run time, which is critical when the method is used for CRM
certification because such certification process requires tens
of consecutive LC runs without interruption between the
runs. In this study, two candidate UPLC columns, namely
an Acquity BEH C18 column (100 mm length x2.1 mmi.d.,
1.7 pm particle size) and an Acquity UPLC HSS T3 col-
umn (100 mm length X2.1 mm i.d., 1.8 um particle size),
were investigated based on their chromatographic reten-
tion for PAT by reversed-phase LC. The latter was chosen
in this study because it provided more appropriate reten-
tion of the target analyte with a satisfactory resolution. In
the early stages of this study, LC elution with an isocratic
mobile phase (80% A and 20% B) at a flow rate of 0.2 mL/
min was applied (Fig. S3). However, due to peak broad-
ening and relatively lower detection sensitivity, different
gradient profiles were investigated to further enhance the
peak resolution and intensity. The gradient elution program
described in “UPLC-MS/MS analysis” allowed separation
of PAT within 4 min with a total chromatographic run time
of 8 min, including column re-equilibration, which is con-
sidered a feasible time to provide high sample throughput
in view of method application in the routine monitoring of
PAT and lengthy CRM certifications, including homogene-
ity tests. Figure 2 depicts typical MRM chromatograms of
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Fig.2 Typical MRM chromato- 2.0E+3 q(a)BlankLC run
grams of patulin and its internal
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PAT and its corresponding ['*C]-isotopic analog in a blank
LC run, a blank apple powder sample, a working standard
solution (25 pg/kg level), a fortified apple powder sample
(25 pg/kg level), and a naturally contaminated apple pow-
der sample under the optimal chromatographic conditions,
along with those of a blank LC run. The chromatograms
showed that the retention time of PAT was approximately
3.37+0.02 min.

Sample extraction and clean-up

Apple is a complex sample matrix, so serious matrix inter-
ferences are often encountered during PAT determination.
Due to the high polarity and low retention time of PAT,
it is commonly eluted from a reverse-phase LC system
simultaneously with other polar matrix substances [9,
15]. Therefore, the development of an efficient sample
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preparation procedure with a reduced amount of co-
extracted sample matrix is of critical importance, espe-
cially for highly complex matrices [19, 21, 39, 40]. Our
existing method and other reported methods mostly adopt
extraction with organic solvents (ethyl acetate) and com-
plex clean-up processes that require prolonged time [9,
11, 14, 15, 17]. In an attempt to simplify sample prepa-
ration steps and to eliminate potential co-eluted matrix
interferences, the performances of four different SPE
cartridges with different functionalities and specificities
were comparatively evaluated in this study. The candidate
SPE cartridges were (i) Oasis HLB™, (ii) MycoSep 228
AflaPat, (iii) Bond Elut Plexa PAX, and (iv) SupelMIP.
Apple powder samples were collected from retail markets
and screened for the absence of PAT within the LOD of the
method. A blank sample (0.5 g) containing nondetectable
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levels of PAT was used to test the purification efficiency
of the different SPE cartridges.

The clean-up efficiency for each SPE cartridge was evalu-
ated using post-column infusion techniques (‘“Post-column
infusion system’) by observing matrix effect profiles that
can clearly indicate the effect of the co-extracted species
on PAT detection. Figure 3(a-e) shows the instrumental
configuration of the post-column infusion technique along
with the MRM chromatograms of the obtained matrix effect
profiles. Notably, the Oasis HLB™ SPE (Fig. 3(b)) and
MycoSep 228 AflaPat SPE (Fig. 3(c)) cartridges could not
completely remove co-eluting matrix interferences, which
caused considerable ion suppression at the retention time of
PAT. In contrast, the Bond Elut Plexa PAX SPE (Fig. 3(d))
and SupelMIP SPE cartridges (Fig. 3(e)) showed excellent
ionization profiles without significant ion suppression or
enhancement zones in the MRM chromatograms. However,
the ethyl acetate—based sample preparation steps prior to
Bond Elut Plexa PAX SPE were burdensome and time-con-
suming [32, 41]. Furthermore, the use of sodium carbonate
for washing ethyl acetate solution can cause PAT degrada-
tion because this compound (a lactone) is more stable in an
acidic medium [11]. Therefore, the SupelMIP SPE-based
clean-up method involving simpler and more rapid sample
extraction steps was selected in this study to increase the
sample throughput.

To eliminate apple matrix components such as phenolic
compounds (i.e., HMF) attached nonspecifically to the MIP,
a washing step was essential. Following the loading of the
sample extract, two different solvents (1% acetic acid or 1%
sodium bicarbonate) were tested at the washing step. As
shown in Fig. S4, an MRM chromatogram with little matrix
effects or background noise was obtained when 3 mL of 1%
sodium bicarbonate was used as the washing solvent due to
the great capacity of this solution to eliminate interfering
phenolic compounds from the cartridges [42]. The addi-
tion of acetic acid (one drop) to the eluate was mandatory
to avoid PAT degradation during the evaporation step. It
is also worth noting that the apparent extraction recovery
of PAT following sample extraction and clean-up using the
candidate SPE cartridges varied between 60 and 68%. How-
ever, further investigations to improve the recovery were not
our priority in this study since the use of an isotope-labeled
internal standard (13C7-PAT) allowed for the accurate correc-
tion of recovery during the overall sample preparation steps.

Method validation
Analysis of gravimetrically fortified samples
To the best of our knowledge, no matrix CRM with a certi-

fied value for PAT in apple powder is currently available
for accuracy evaluation. Therefore, several apple powder

products were purchased from local retail markets in Korea.
After screening for the absence of PAT within the limit of
detection (LOD) of the proposed method, one product was
chosen as a blank sample. Approximately 0.5-g portions of
the blank apple powder sample were gravimetrically fortified
at four different contamination levels (5, 10, 25, and 50 pg/
kg). These fortified samples were subjected to analysis using
the proposed ID-LC-MS/MS method to test its validity. The
applicability of the ID-LC-MS/MS method to apple juice
and apple puree was similarly tested by fortification of blank
samples of these apple matrices at three different contamina-
tion levels (20, 50, and 100 pg/kg). At each concentration
of each type of sample matrix, four fortified samples were
also analyzed. The overall measurement results are listed
in Table S1, while only representative results are given in
Table 2. For all types of apple products, the measurement
results are in good agreement with the respective fortified
values within their uncertainties (typically ranging from ~ 1
to 3.8%), thereby demonstrating the validity of the method.
The accuracy (estimated as measured analyte concentration/
fortified concentration X 100) varied between 97.8 and 102%,
which, importantly, is better than the reported accuracy of
previous studies [15, 43] and comparable to other earlier
studies, including our existing method [14, 44].

Precision

The intraday and interday precision of the candidate
ID-LC-MS/MS method was determined by measuring for-
tified apple powder samples. To evaluate the intraday pre-
cision of the method, four portions of blank apple powder
(0.5 g for each) were gravimetrically fortified with 5 pg/kg
PAT, and another four portions were fortified to 10 ug/kg.
The eight fortified samples were analyzed on the same day
by the ID-LC-MS/MS method. The same intraday precision
experiments were carried out at three different periods to
evaluate the interday precision of this method. The obtained
results are listed in Table S2. At each validation level, the
measurement results agreed well with the respective fortified
values within their uncertainties (typically ranging from ~ 1
to 3.8%), which indicates that the current method exhibits
good intraday precision and can be reproduced at different
periods.

Further assessment of the method precision was car-
ried out through the analysis of a naturally contaminated
sample, a homogenized apple puree (10 g of apple powder
obtained from a local market was reconstituted by adding
40 mL of water and homogenized by mixing). Figure 2(e)
is the MRM chromatogram of this apple puree sample.
In each of the three different time periods, four subsam-
ples were measured with the ID-LC/MS/MS method.
As summarized in Table 3, the relative standard devia-
tions (RSDs) of the interday and intraday precisions were
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(a) Instrumental setup of post-column infusion system
UPLC column T-connector MS spectrometer
LC pump Autosampler/
injection port
Infusing standard
solutions by MS
syringe
6.0E+4 7 (p) Oasis HLB™ SPE
/
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Fig.3 Schematic diagram showing the instrumental configuration SPE (c), Bond Elut Plexa PAX SPE (d), and SupelMIP SPE (e) car-
of the post-column infusion technique (a) and matrix effect profiles tridges, respectively. An MRM chromatogram acquired from a typical
obtained from post-column infusion following clean-up of the apple LC-MS/MS run of blank apple powder sample spiked with patulin
powder sample extract with the Oasis HLB™ SPE (b), MycoSep 228 and its isotopic internal standards at 200 pg/kg is overlaid
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Table2 Measurement results of several types of apple products
gravimetrically fortified with patulin

Matrix Mass fraction (ug/kg)
Gravimetric value Measured value  Accuracy (%)
Apple powder 5.039+0.005 5.04+0.15° 99.95
(3.01%)
9.90+0.01 10.08+0.18 101.80
1.79%)
24.69+0.02 24.81+0.39 100.49
(1.56%)
49.11+0.03 49.05+0.94 99.86
(1.91%)
Apple puree 20.71+0.02 20.42+0.29 98.59
(1.42%)
49.33+0.03 50.29+1.10 101.93
2.19%)
99.09+0.05 97.12+2.01 98.02
2.07%)
Apple juice 20.32+0.02 20.15+0.47 99.17
(2.34%)
50.17+0.03 49.76 £0.92 99.18
(1.85%)
101.00+0.05 99.08 +£1.62 98.10
(1.64%)

*The value following “+” is the expanded uncertainty of the meas-
urement result at a 95% confidence level

Table 3 Intra- and interday precision test results of the developed ID-
LC/MS/MS method by measuring naturally contaminated apple puree

Subsample no Measured results (ug/kg)

Period 1 Period 2 Period 3
#1 12.58 +0.31 12.23+0.30 12.29+0.44
#2 12.57+0.30 11.91+0.28 12.32+0.36
#3 12.87+0.33 12.44+0.37 12.30+0.31
#4 12.04+0.34 11.65+0.33 11.98+0.33
Average (ug/kg) 12.52+1.16 12.06+1.16 12.22+0.49

RSD (%) 2.8 29 1.3

Average (RSD %)  12.3 (1.9%)
among periods

The value following “+ is the expanded uncertainty of the measure-
ment result at a 95% confidence level

less than 3% and 2%, respectively, and the measurement
results (the mean of the four subsamples) at all periods
agreed with each other within their uncertainties. These
results indicate that the proposed method features very
good repeatability and reproducibility at levels consider-
ably less than the maximum regulatory limit of PAT in

apple puree (25 pg/kg), thereby revealing the high analyti-
cal performance of this method.

Selectivity toward PAT

The selectivity of the method was ascertained via the analy-
sis of both blank apple powder and fortified apple powder
based on monitoring the characteristic MRM transitions at
the specified retention time of PAT. The LC-MS/MS chro-
matograms of blank, spiked, and naturally contaminated
apple powder samples displayed in Fig. 2(b-e) show the
absence of interference peaks in the elution time window of
PAT. Additionally, the agreement of the measurement results
with the corresponding fortified values ensures the absence
of any significant matrix interferences that may overlap with
PAT or 1*C,-PAT in their MRM chromatograms. The results
from the post-column infusion study further supported this
observation, which demonstrated that there were no sig-
nificant ion enhancement or suppression zones at PAT elu-
tion time, as shown in the matrix effect profiles. This result
confirms that the ID-LC-MS/MS method proposed here is
highly selective.

Limit of detection (LOD) and limit of quantification (LOQ)

The sensitivity of the developed method was estimated in
terms of LOD and LOQ following the EU Commission
Decision 2002/657/EC as the minimum PAT concentra-
tions that generate chromatogram peaks with signal-to-noise
ratios of 3/1 and 10/1, respectively [45]. Noncontaminated
samples were fortified with a series of decreasing PAT con-
centrations in the range of 2.0-0.2 pg/kg until an equiva-
lent response was observed. The samples were analyzed in
triplicate using the proposed method. The LODs for apple
powder, apple juice, and apple puree were 0.45, 0.33, and
0.40 pg/kg, respectively. The LOQs were 1.6, 1.10, and
1.30 pg/kg, respectively. The LODs and LOQs obtained in
this study are lower than those reported by other authors [15,
43] and slightly higher than those obtained in our previous
method [14]. The higher LODs and LOQs were attributed
to background noise observed in the primary MRM chan-
nel (m/z 153.0 to 109.0) of PAT, even though no significant
matrix effect was encountered during PAT determination
by LC-MS/MS. We also noted that this PAT MRM channel
showed slightly higher background noise even for a blank
LC run (see Fig. 2(a)). Therefore, we attribute this effect
to some unknown trace organic impurities that are persis-
tently present in the aqueous mobile phase. Although the
background noise of the PAT MRM channel led to slightly
elevated LODs and LOQs of the current method, these
LODs and LOQs were far below the maximum residue lim-
its adopted by Korea, the EU, and the FDA for various foods
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[13, 46], indicating the good sensitivity of this method to
verify trace levels of PAT in apple products within legal
tolerance.

Evaluation of measurement uncertainty

To ensure that the ID-LC-MS/MS method can be used as a
higher-order reference method, the measurement uncertain-
ties must be evaluated and must be considerably smaller
than those of the methods typically used in regular testing
laboratories. The measurement uncertainty for the quantita-
tion of PAT in apple products by the current ID-LC-MS/
MS method was estimated based on a protocol previously
developed and maintained in this laboratory [47, 48]. Uncer-
tainty sources are from weighing the sample, weighing the
internal standard solution spiked into the sample, and the
gravimetric preparation of isotope ratio standard (weighing
calibration standard solution and internal standard solution).
Uncertainties of the area ratios (PAT/ 13C7-PAT) observed
from LC-MS/MS analysis of isotope ratio standards and
samples were also included. These uncertainties were com-
bined to calculate the overall expanded uncertainty of each
measurement value. The relative expanded uncertainties of
the measurement results listed in Tables 2, 3, and 4 were
typically less than 4%, which are also comparable to our

Table 4 Determination of patulin in several types of apple products
using the ID-LC-MS/MS method

Measured results MRL (ug/kg)

(ng/kg)

3.32+0.13? 25
12.26+0.36

ND

ND

58.13+1.58 50
2.39+0.09
36.21+0.74

ND

60.22+1.49
16.03+0.45 25
ND

2.61+0.10

ND

Occurrence (positive/total) 8/13

61.53

23.77

2.61-60.22

Sample matrix

Apple powder

Apple juice

Apple puree

Percentage (%)
Average of positives (pg/kg)
Concentration range (pg/kg)

aThe value following “+” is the expanded uncertainty of the meas-
urement result at a 95% confidence level

"MRL is the maximum residue limit for patulin in different processed
apple foods established by the Ministry of Food and Drug Safety of
Korea and that of the EU

@ Springer

previous ID-LC-MS/MS method [14]. Notably, the uncer-
tainty due to the area ratios obtained by LC-MS/MS meas-
urements (RSD of multiple measurements ranging from 1 to
2%) has mainly contributed to the overall expanded uncer-
tainty. Importantly, the measurement uncertainties reported
in this study were one-fifth smaller than the expected RSDs
(22.4-35%) calculated from the Horwitz equation in the con-
centration range of 100-5 pg/kg [49]. Hence, these results
indicate that our method can exhibit a higher-order metro-
logical quality to provide highly accurate and precise meas-
urement results. Furthermore, this method has great poten-
tial for producing reliable CRMs as quality control materials
that can be used to ensure the reliability of measurement
results acquired in testing laboratories.

Application of the ID-MS/MS method to real
samples

The proposed analytical method was successfully applied to
analyze PAT in 13 commercial apple-based products, includ-
ing apple powder (n=4), apple juice (n=5), and apple puree
(n=4). The samples were acquired from local retail markets
in Korea and analyzed following the procedure described
in “Experimental.” Detailed results on these samples are
given in Table 4, which also represents the occurrence rate,
average, and contamination range in the total samples. As
presented in this table, PAT was detected in 8 out of 13
tested samples with an incidence rate of 61.53%. The con-
tamination levels ranged from 2.38 to 59.96 pg/kg, and the
average PAT concentration was 23.79 pg/kg. Apple juice
samples presented the highest incidence of PAT contami-
nation (83.33%), with an average contamination level of
39.07 ug/kg. PAT was found in 2 out of 4 apple powder and
apple puree samples (50%), and the average contamination
levels were 7.76 and 9.28 ug/kg, respectively. Among all
the investigated apple products, only two apple juice sam-
ples were positive for PAT at levels exceeding the maximum
regulatory limit legally set for apple juice (50 pg/kg). It is
worth mentioning that the samples collected here were uti-
lized for method development and for testing its applicability
to real samples but not for conducting official surveys on
PAT occurrence for risk assessment purposes. Therefore,
these results cannot be interpreted as representative of the
domestic processed apple market.

Conclusion

In summary, a new ID-LC-MS/MS method for the accurate
determination of PAT in apple products was developed and
optimized. The method included reliable and easy-to-oper-
ate sample preparation processes that allowed quicker and
more sufficient elimination of the co-extracted interferences
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compared with our existing ID-LC-MS/MS method and
other reported methods. Chromatographic and mass spec-
trometric conditions were optimized in negative ESI mode
to achieve sensitive determination. Unlike conventional ana-
lytical LC columns, the use of the UPLC column allowed
PAT separation with a shorter chromatographic run time
(8 min), which was a feasible time to provide high analyti-
cal throughput. In addition, the observed LOQ of 1.60 pg/
kg was far below the maximum residue limits approved for
apple powder by various regulatory authorities. Under the
optimum conditions, the results of method validation (i.e.,
accuracy, precision, measurement uncertainty, etc.) demon-
strated the higher-order metrological quality of the current
method with analytical performance nearly comparable with
that of our previous ID-LC-MS/MS method. The feasibility
of this method was also confirmed through the analysis of
13 commercially available apple-based products, revealing
a PAT incidence of 61.53% in the total number of samples,
with the highest contamination level reaching 59.96 pg/kg in
apple juice. Ultimately, the results of this study have shown
that the newly designed method of broad applicability has
great potential to provide a promising and convenient way
to reliably monitor PAT contamination in food samples. Fur-
thermore, this method will be applied to the development
of CRMs to assist the quality control of analytical methods
commonly applied in testing laboratories.
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