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Abstract

BACKGROUND: Penicillic acid (PA) is produced by Aspergillus spp. and Penicillum spp., which
are common postharvest and storage fungi of fruits. PA can be of concern for human health due to
its toxicity and high fruit consumption by the population. However, no data on PA occurrence in
various fruits was yet reported. A quick, easy, cheap, effective, rugged, and safe (QUEChERS)
approach for PA determination in various fruits was developed and applied to explore PA incidence
in fruits.

RESULTS: The modified QuEChERS procedure with extraction by ethyl acetate and purification
by multi-walled carbon nanotubes (MWCNTS), primary secondary amino (PSA), and octadecyl
silane (C18) was established to determine PA in various fruits by high performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS). The average recoveries were 72.9-
102.2% and relative standard deviations (RSDs) were 1.3-7.9%. A total of 161 fruits samples,
including kiwi, apple, peach, grape, and mandarins/orange, were collected in southern China. The
incidence of PA in fruits was 14.9%, and the levels of PA contamination were 0.200-0.596 pg-kg™.
Our results suggested that orange/mandarins, grape, and kiwi were favorable matrices for
Aspergillus spp. and Penicillum spp. to produce PA, rather than peach and apple.

CONCLUSION: To the best of our knowledge, this is the first report about PA contamination in
various fruits in China. Our study emphasized the necessity of the current established method, which

could be used for continuous monitoring of PA and reducing the health risk to Chinese consumers.
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Introduction

Mycotoxins are secondary metabolites mainly produced by specific filamentous fungi under
appropriate conditions of temperature and humidity *. PA (chemical structure shown in Figure 1)
was firstly discovered and named in 1913 2. Penicillium arcuate could yield the highest amount of
PA even at low temperature 3. PA ingestion could cause lots of toxicity symptoms, including
hepatotoxic 4, cytotoxic to alveolar macrophages °, carcinogenic in mice and rats 8, digitalis-like
action on cardiac muscle 7, and dilating action on coronary and pulmonary vessels 7. The potential
human health hazard of PA was suggested when it was isolated from agricultural products.

PA was already detected in many agricultural products, including animal feed, corns, wheat,
nuts, spices and fruits 3813, Liang et al. reported PA contaminated chestnut samples from Shandong
province of China and the concentration was 13.3-66.5 ug-kg? in positive samples °. PA was
detected in dried paprika samples 2. PA contamination has been approved in cracked, unpacked, and
retail green table olives °. PA concentration was 7.3-17.9 mg-kg! in healthy parts of citrus fruits
infected by Penicillium 1. Producers of PA are especially common in Penicillium section Viridicata
and in Aspergillus section Circumdati 2. Aspergillus spp. and Penicillum spp. are the most common
postharvest and storage fungi of fruits 2. PA can be of concern for human health due to its toxicity
and the high consumption of fruits by the population, so study on PA occurrence in various fruits
available in the market will contribute to more realistic risk estimation.

Effective and reliable methods for mycotoxin detection are needed to facilitate the control and
regulation of mycotoxin. Combined with sensitive and selective HPLC-MS/MS technology,
QUEChERs extraction procedure was applied to detect PA in green coffee bean, chestnut, rice, maize,
peanut, and raw coffee % 1416, QUEChERs approach involves organic solvents extraction step and a
reversed-dispersive solid-phase extraction (r-DSPE) cleanup step. The r-DSPE step is applied to

adsorb interfering substances in the matrices, including polar organic acids, sterols, pigment, and
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non-polar interfering substances 7. An efficient r-DSPE cleanup of food extract is necessary to
improve column lifetime and reduce the instrument downtime due to maintenance ‘8. Unfortunately,
the reported QUEChERs methods for PA pretreatment seldom had cleanup steps. Fruits are complex
matrices (high sugar, fiber or pigment) which strongly influence accurate quantitation of PA and
instrument/column maintenance. It is necessary to develop an optimal QUEChERs preparation
method with efficient r-DSPE cleanup step for PA analysis in fruits.

The goal of this work was to develop and validate a rapid, sensitive, and accurate method for
PA determination in fruits using HPLC-MS/MS (triple quadrupole). Apple, peach, grape,
mandarins/orange, and kiwi were chosen as representative of pome fruits, stone fruits, berries and
small fruits, citrus fruits, and miscellaneous fruitswith, respectively. The extraction and purification
processes were optimized. The validated analytical method was applied to apple, peach, grape,
mandarins/orange, and Kiwi real samples in order to investigate PA occurrence in various fruits from

southern China.
Materials and Methods
Chemicals and Apparatus

PA standard (purity==99%) was purchased from J&K Scientific Co., Ltd. (Beijing, China).
Standard stock solutions of PA (100 mg-L*) were prepared in acetonitrile and stored at -20 °C. The
working standard solutions were prepared daily. HPLC-grade acetonitrile was purchased from
Merck (Darmstadt, Germany). HPLC-grade ammonium acetate, analytical grade anhydrous sodium
chloride (NaCl), analytical grade ethyl acetate, and nanosized aluminum oxide powder (Al2Os,
purity=99.9%, 10 nm in diameter) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai,
China). Milli-Q deionized water (Millipore, Bedford, MA) was used throughout the analysis. PSA
(40-60 um in size), C18 (40-60 pum in size), and graphitized carbon black (GCB, 40-60 pm in size)
were purchased from Bonna-Agela Technologies Inc. (Tianjin, China). MWCNTSs (10-20 nm in

outer diameter, 10-30 pum in length) were purchased from Nanjing XFNANO Materials Tech Co.,
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Ltd. (Jiangsu, China). Florisil (60-100 mesh) was supplied by Sinopharm Chemical Reagent Co.
Ltd., China. Syringe filter (nylon, 0.22 um in pore size, 13 mm in diameter) was purchased from
Jinteng Experiment Equipment Co. Ltd. (Tianjin, China).

Centrifugation during sample preparation was performed in two different instruments: an Anke
TDL-40B centrifuge equipped with a bucket rotor (8x50 mL, Shanghai, China) and a SIGMA 3K15
microcentrifuge equipped with angular rotor (24x2.0 mL, BMH Instruments Co. Ltd., China). A
MX-F vortex mixer (DLAB Scientific Co., Ltd., Beijing, China) and a CSA-SA thermostatic gas
bath oscillator (Saidilisi Experimental Analytical Instrument Factory, Tianjin, China) were used for
preparing the samples. An EYELA rotary evaporator (Tokyo Rikakikai Co., Ltd., Japan) was used

for solvent evaporation.
Collection of fruits samples

A total of 161 commercial fresh fruits were randomly purchased between July 2020 and
September 2020. 73% of fruits were purchased from different local shops and supermarkets from
Zhaoging, Guangdong province, China. 27% of samples were bought from the online shops.
Different fruit varieties were covered to ensure the survey was a representative study. The samples
included 36 grape fruits, 34 kiwi fruits, 34 citrus fruits (mandarins and oranges), 27 peach fruits,
and 30 apple fruits. Detail information on real samples, including place of purchase, fruit variety,
number of each variety, and place of origin, was shown in Table S1. All collected fruits were visually
in acceptable consumption conditions. Sample collection was carried out according to EU guidelines
19, The samples size of fruits was at least 1 kg at each shop. The samples were kept in original
package and sent back to lab within 4 h. Immediate homogenization was performed and the

homogenized samples were pretreated using the optimized sample preparation procedures.
Sample Preparation

10 g (£0.02 g) of homogenized fruit sample (apple, peach, grape, kiwi, and orange flesh) was

weighed into a 50 mL PTFE centrifuge tube. Thereafter, 10 mL of ethyl acetate was added and
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mechanical shaking was performed at 25°C for 30 min. After centrifugation at relative centrifugal
force (RCF) 3802xg for 5 min, 7.5 mL of the clarified supernatant was evaporated until dryness at
room temperature. 1.5 mL of acetonitrile was used to reconstitute the residue. 1.0 mL of the re-
dissolved extract was introduced into a 2 mL micro-centrifuge tube containing 200 mg of C18, 10
mg of PSA, and 50 mg of MWCNTSs. Immediate vortex shaking was performed for 30 s and the
mixture was centrifuged at RCF 9998xg for 3 min. The upper layer was filtered through an

autosampler vial with 0.22 um syringe filters and analyzed directly by HPLC-MS/MS.
HPLC-MS/MS Analysis

The HPLC-MS/MS analysis was achieved using a Waters ACQUITY High-Performance LC
system (Waters, Milford, MA, USA). Chromatographic separation was achieved on a Luna® Omega
1.6 um PS C18 column (50 mm x 2.1 mm, Phenomenex, USA). The mobile phase at the flow rate
of 0.2 mL-mint was the mixture of acetonitrile and 5 mmol-L* ammonium acetate (80/20, V/V).
The injection volume was 3 L and the column temperature was 30°C.

For MS/MS detection, a Waters T-QS mass spectrometer system (Waters, Milford, MA, USA)
was used in negative electrospray ionization mode (ESI-) with the following parameters: interface
voltages of capillary of 2.5 kV, desolvation temperature of 600 °C, and source temperature of 150 °C.
The gas flow rates were 7.0 bar for nebulizing gas and 600 L-h for desolvation gas, respectively.
Multiple reaction monitoring (MRM) mode was used for the quantification and confirmation of PA

with the parameters shown in Table S2.
Results and Discussion

Optimization of HPLC conditions

The composition of mobile phase is important for adjusting retention time, selectivity, and peak
shape in HPLC separation . 5 mmol-L* ammonium acetate was selected as water phase and
organic phase was methanol or acetonitrile. Different acetonitrile percentage (90%, 80%, 70%, 60%)

and different methanol percentage (90%, 80%, 70%) were optimized and the results were shown in
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Figure 2 and Figure S1, respectively. The mixture of 5 mmol-L* ammonium acetate and acetonitrile
provided better shaped peak and higher response (Figure 2), rather than mixture of 5 mmol-L*
ammonium acetate and methanol (Figure S1). When the mobile phase was the mixture of
acetonitrile-5 mmol-L* ammonium acetate (8/2, V/V), satisfactory peak appearance and high peak
response were achieved for PA. Different column temperature (20°C, 25°C, 30°C, 35°C, 40°C, 45°C)
was set to investigate its influence on the separation. The peak shape was almost the same at
different column temperature. Considering peak response (Figure S2), column temperature of 30°C
was selected.
Optimization of MS/MS conditions

PA is active acid which contains -COOH functional group and tends to lose H* in ionization.
However, PA also exists in two tautomeric forms with small energy differences (Figure 1) 2% 2%, The
two forms of penicillic acid can be readily interconverted by suitable physical treatment, like
grinding in “Nujol” 2L. Therefore, PA exhibited good ionization at both polarities. Casquete ® and
Vaclavik *6 detected PA in positive ESI mode (m/z 171 as precursor ion). Liang ® and Kokkonen 2
detected PA in negative mode (m/z 169 as precursor ion). PA ionization mode was optimized in our
study. When PA ionized with negative mode (ESI-), higher response was obtained than in positive
mode (Figure S3). So ESI- was chosen to monitor the precursor ions. The precursor ion (m/z 169.03,
[M-H]") with the highest relative intensity in full scan was selected, and the product ion (m/z 109.836)
was chosen as the quantitative ion.
Optimization of sample pretreatment

Efficient sample pretreatment can promote the reliable isolation of target mycotoxin and serve
to decrease matrix effects °. Our study aimed to establish a modified QuEChERs approach with
efficient r-DSPE cleanup step for PA analysis in fruits. In order to improve recoveries and reduce
matrix effects, several experimental parameters affecting analytes partition in fruit matrices were
investigated, including extraction solvent, the combination of r-DSPE cleanup sorbent and the

amount of cleanup sorbent.
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Extraction solvent optimization

Two extraction solvents (acetonitrile, ethyl acetate) were tested and the experiment was
performed by adding 10 mL of extraction solvent to 10 g of blank kiwi samples at PA spiked level
of 0.02 mg-L1. The recoveries of PA extracted by acetonitrile (ACN) and ethyl acetate (EtOAC)
were (94.4+7.4) % and (86.7+1.3) %, respectively. PA stock solution (10 mg-L*) was diluted with
ACN extracts and EtOAc extracts of blank kiwi sample to obtain 0.1 mg-L* of ACN-matrix-
solution and 0.1 mg-L* of EtOAc-matrix-solution, respectively. The matrix solutions were analyzed
by HPLC-MS/MS. As shown in Figure S4, the peak area of EtOAc-matrix-solution was 2347+14,
which was approximately twice that of ACN-matrix-solution (1226+95). EtOAc as extraction
solvent could contribute to higher sensitivity of PA. As a consequence, EtOAc was chosen as
extraction solvent in this study.
r-DSPE conditions optimization

For the cleanup, the following r-DSPE sorbents and mixtures of them were evaluated: PSA,
GCB, C18, MWCNTSs, nanosized Al>Os, and Florisil. PSA is a weak anion exchange sorbent that
retains carboxylic acids via hydrogen bond interaction 2. C18 is a nonpolar sorbent that more
effectively retains non-polar compounds from the extract 4. GCB is used for pigment and sterols
removal %*. MWCNTSs has superior performance on pigment and other interfering substances
cleanup in the complex food matrices 2% 2526, Al,O3 has been used for lipid cleanup in r-DSPE step
27 and Florisil is a commonly used solid phase extraction adsorbent.

Firstly, mixture of 20 mg GCB and 50 mg C18 and mixture of 20 mg MWCNTSs and 50 mg
C18 were used as r-DSPE sorbents to compare the cleanup performance of GCB and MWCNTSs.
The average recoveries and peak areas of matrix solutions were almost the same for purification by
GCB+C18 mixture and MWCNTs+C18 mixture (Table S3). As shown in Figure 3, mixture of
MWCNTs and C18 displayed better pigment cleanup performance than GCB and C18 mixture.
Therefore, MWCNTSs was chosen as a suitable alternative to GCB in r-DSPE cleanup step.

Orthogonal array experimental design (OAED) is a highly efficient, economical and easy-to-
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use multi-factor experimental design method to research a target with multiple factors and levels 28,
The OAED is used to select some representative points from the full factorial experiment for
conducting experiments on the basis of orthogonality 28. Thus, the results equivalent to a full
factorial experiment design can be obtained with the least number of experiments 2. In this study,
OAED was applied for the first time to screen the r-DSPE step to optimize sorbent combination and
sorbent amount. PSA, C18, MWCNTSs, Al,O3z, and Florisil were influence factors. Sorbent amount
was factor level. PA average recovery and PA peak area of matrix solution were considered as
experimental indices. Single-factor experiment was conducted to evaluate sorbent amount used in
OAED. The experiment design and results were shown in Supplemental Materials. Preferably on
the basis of single-factor experiments, the influence factors and the corresponding level values
selected were summarized in Table 1. The factors of MWCNTSs, PSA, Al,Os, Florisil, and C18 were
marked as A, B, C, D, and E. The four factor levels were indicated by levels 1-4. Therefore, the
minimum orthogonal array Lis (4°) was selected from the orthogonal table to arrange the orthogonal
design subsequently. Assignments of factors and levels of screening between number of values
using a Lis (4°) matrix were presented in Table 2. The run order of the trials was arbitrary to avoid
any personal or subjective bias. The corresponding consequences measured were given in Table 2.
The orthogonal comprehensive mark analysis was used to optimize sorbent combination and sorbent
amount. Two indices were converted into their membership degrees. Membership degree (MD) was

calculated as:

_ _ indexy j — indexXmin,j
membership degree of index =

indexXpay j — indeXpn,j

where x represented the trial number, from 1 to 16; j was the index of PA average recovery or PA
peak area of matrix solution; indexmin; indicated the minimum value of PA average recovery or PA
peak area of matrix solution; indexmax,j indicated the maximum value of PA average recovery or PA
peak area of matrix solution. The calculated MD results were listed in Table 2. To a certain degree,
the peak area of matrix solution represented the sensitivity of the analytical method, which was

equally important to PA average recovery in our analytical result. The index weight was 0.5 for
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recovery and 0.5 for peak area. Therefore, the comprehensive mark for each trial was calculated as:
comprehensive mark = MD of recovery X 0.5+ MD of peak area X 0.5

Range analysis was adopted to estimate the influence degree of each factor to the results. Range

value (R) can be calculated as:

R; = max(K;) — min(K;)

where i represented the factor levels, from 1 to 4; R; denoted the range value of factor i; K; indicated
the total value of the corresponding comprehensive mark at all level i. The larger the range value of
a factor, the greater the effect of the factors on the overall result, and this factor was more sensitive
to the experimental results. As evidence from Table 2, the range value was Rmwents > Rpsa> Raizos >
Rriorisit > Rcis. That’s why the order of influence degree (from the most to least) was MWCNTSs >
PSA > Al,Os > Florisil > C18 for the experimental result. The effect of MWCNTs on the
experimental result was the largest, followed by PSA, then by Al,Os, Florisil, and C18.

The optimal scheme referred to the combination of the optimal levels of various factors within
the experimental scope. The determination of the optimal level of each factor was related to the test
index. If the larger index is better, the level that makes the index larger should be selected. In this
study, the larger PA average recoveries and the larger average peak area of matrix solution were the
better. Therefore, the optimum scheme was mixed 40 mg of MWCNTSs, 10 mg of PSA, 5 mg of
Al>;O3, 5 mg of Florisil, and 50 mg of C18, which was the optimum r-DSPE condition based on
orthogonal analysis. However, the optimum experimental condition was not included in the 16 trials
of orthogonal experiments. In order to verify whether the optimum scheme can provide good
accuracy and high sensitivity, recovery studies on kiwi, orange flesh, apple, grape, and peach with
spiked level of 20 ug-kg* were conducted according to the optimum scheme and trial No. 9, 12,
and 14. Method 1-4 shown in Figure 4 referred to the optimum scheme, trial No. 9, trial No. 12, and
trial No. 14, respectively. The sorbent combination and sorbent amount of method 1-4 were listed
in the legend of Figure 4. To select the most efficient method, the r-DSPE cleanup method that

showed a recovery within the range of 70-110% and relatively larger peak area were considered.
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Thus, as demonstrated in Figure 4, good results were achieved using method 2 followed by r-DSPE
cleanup by mixture of 50 mg MWCNTSs, 10 mg PSA, and 200 mg C18. Even though the optimum
scheme obtained from orthogonal analysis provided the highest sensitivity (the largest peak area of
matrix solution), average recoveries for apple, orange, kiwi, and peach were lower than 70%.
Moreover, method 2 was much easier to handle than the other three methods. Therefore, the r-DSPE
step, using 50 mg of MWCNTSs, 10 mg of PSA, and 200 mg of C18 as cleanup sorbents, was selected
to be validated.
Method validation

Validation was performed according to EU Commission Regulation (EC) No. 401/2006 *° and
the parameters were also taken into account to ensure the reliability of the results.
Linearity

Stock solutions of PA (10 mg-L™) were diluted with acetonitrile (solvent), the final extract
solution of PA-free kiwi, apple, grape, peach, and orange in sequence to obtain the calibration levels
of concentrations of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, and 100 pg-L*. The calibration curves were
fitted to a linear function and the results are summarized in Table 3. Linearity was assessed by
calculating the determination coefficient (r) of the calibration curves obtained from standards in
blank fruit extract and in organic solvent. Good linearity with r-values > 0.999 was realized over
the experimental concentration ranges.
Matrix effects

Matrix effects caused by the co-extraction of matrix components are common and inevitable
in HPLC-MS/MS °. The presence of matrix components can enhance or suppress the response of
the mycotoxins during the ionization process and may, therefore, interfere with quantification and
lead to incorrect results °. The prediction of matrix effects is influenced by several factors, such as
the target compound, matrix type, and matrix/mycotoxin concentration ratio 2°. Sample treatment,
chromatographic conditions, mass spectrometric instrumentation, and ionization conditions also

influence the extent and nature of matrix effects 2% 39,
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Matrix effects were calculated based on the slopes of the calibration curves obtained from
standard solutions prepared in blank fruit extract and in organic solvent according to the equation

below.
a

matrix effect (%) = [(b

)—1]x 100
where a represented slope of the calibration curve obtained from standard solutions in blank fruit
extract; b represented slope of the calibration curve obtained from standard solutions in organic
solvent. In general, matrix effects can be classified into soft (suppression or enhancement of 0-20%),
medium (suppression or enhancement of 20-50%), and high (suppression or enhancement >50%)
matrix effects 0. As summarized in Table 4, medium matrix effects (detector response suppression)
occurred with PA in the five tested fruit matrices. Thus, it was advisable to use matrix-matched
calibration standards to avoid inaccurate quantification of analytes for which the matrix effects
exceed the limit of 20%.
Accuracy and precision

To evaluate accuracy and precision of the method, a recovery study was performed by applying
the optimized methods to residue free kiwi, apple, grape, peach, and orange samples which were
spiked at three concentration levels of 0.2, 2, and 20 ug-kg? in five replicates. Results from
fortification studies were statistically analyzed using Excel to calculate average recovery of PA and
its relative standard deviations (RSD, %). Table 4 represented the recoveries and RSDs of PA in
fruit samples. The average recoveries were 72.9-102.2% and RSDs were 1.3-7.9%. Overall, the
results demonstrated good recovery values and satisfied the analysis requirements of Commission
Regulation (EC) 401/2006 *°.
Limit of detection (LOD) and Limit of quantification (LOQ)

The sensitivity of the method was evaluated by LOD and LOQ. LOD was experimentally
determined by spiked blank fruit extracts with PA. The LOD was defined as the lowest concentration
of analyte that could be differentiated of the matrix signal with a signal-to-noise ratio (S/N) greater

than 3 % 15 16.31 The |owest concentration levels in matrix matched calibration curve were injected

This article is protected by copyright. All rights reserved.



in six replicative to confirm the method’s LOD with S/N > 3. The LODs were 0.1-0.2 ug-L* for our
method (Table 4). The LOQ was based on the trueness and precision data, obtained via the recovery
determination and was defined as the lowest validated spike level meeting the requirement of a
recovery within the range of 70-120 % and RSD<<20% 2* 3. It can be seen that LOQs were 0.2
ug-kg* for all fruit matrices (Table 4).
Comparison with the earlier developed methods

The proposed method was compared with the earlier developed methods for PA analysis in
food (Table 5). From the published reference data, the recoveries and RSDs of PA in different food
matrices ranged from 70% to 109% and 2% to 18%, respectively. Reasonable performance in
recoveries and RSDs was achieved in MWCNTs-PSA-C18-based r-DSPE cleanup method, with
recoveries of 72.9-102.2% and RSDs of 1.3-7.9%. Meanwhile, much lower LOQs of 0.2 pg-kg™
and shorter instrumental analysis time were obtained when compared with other reported method.
The proposed method showed good precision, high sensitivity, and time-saving advantage.
Occurrence of PA in commercial fruits samples in China

Fruits are susceptible to PA producing fungi under high moisture/humid environmental
condition during postharvest and storage process, so investigation of PA contamination in various
fruits is needed, especially in humid conditions in southern China. The HPLC-MS/MS method was
used for screening of PA in 161 fruits samples. According to the results presented in Table 6, the
present study revealed an incidence of positive samples of 14.9% (24/161) and the levels of PA
contamination in the range of 0.200-0.596 ug-kg?. The PA level was lower than LOQ for all the
peach and apple samples. Regarding the analyzed commodities, percentage of positive samples were
14.7%, 16.7%, and 38.2% in Kkiwi, grape, and citrus fruits, respectively. The results demonstrated
that the highest levels of PA contamination were 0.420, 0.389, and 0.0.596 nug-kg for kiwi, grape,
and citrus fruits, respectively. The chromatograms of PA detected in positive grape samples were
shown in Figure S6. Hallas-Mgller et al. reported that the concentration of PA was determined to be

1095 mg-kg? in wheat samples 2. Liang et al. reported that the chestnut samples from Shandong
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province of China were contaminated with PA and PA concentration was 13.3-66.5 pg-kg? in the
positive chestnut samples °. Compared to the contaminations in cereals and nuts, the obviously
lower incidences of PA in the original fruit were observed. It was noteworthy that the grapes,
oranges/mandarins, and kiwi were frequently contaminated with PA, and there was a need to

improve prevention and control strategies during pre- and post-harvest procedures.
Conclusions

This study developed a reliable and sensitive method using MWCNTSs, PSA, and C18 as r-
DSPE cleanup sorbents to determine PA concentration in various fruits, which was combined with
HPLC-MS/MS detection. Sample pre-treatment was optimized. The average recoveries of PA were
between 72.9% and 102.2% and consistent RSDs were 1.3-7.9%. The developed method was
applied for a survey of PA occurrence in kiwi, apple, peach, grape, and mandarins/orange in southern
China. Overall, 14.9% of total samples were positive samples and the levels of PA contamination in
the range of 0.200-0.596 ug-kg™. The survey results strongly suggested that the grape, kiwi, and
orange/mandarins were favorable matrices for Aspergillus spp. and Penicillum spp. producing PA,
rather than peach and apple. Our study emphasized the necessity of the current established method,
which could be used for continuous monitoring of PA and reducing the health risk to consumers in

China.
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Figure Legends

Figure 1 Two tautomeric forms of penicillic acid: (a) 3-methoxy-5-methyl-4-0x0-2,5-
hexadienoic acid; (b) 5-hydroxy-5-isopropenyl-4-methoxy-2(5H)-furanone.

Figure 2 Multiple reaction monitoring (MRM) chromatograms of penicillic acid (PA) at 100
ug-L* obtained by HPLC-MS/MS analysis at different proportions (60%, 70%, 80%, 90%) of
acetonitrile as organic part of mobile phase.

Figure 3 Photography of pigment-cleanup performance by different cleanup sorbents: (a)
extract for blank kiwi sample without reversed-dispersive solid-phase extraction (r-DSPE) cleanup
step; (b) extract for blank kiwi sample with r-DSPE cleanup by 50 mg octadecyl silane (C18) and
30 mg graphitized carbon black (GCB); (c) extract for blank kiwi sample with r-DSPE cleanup by
50 mg C18 and 30 mg multi-walled carbon nanotubes (MWCNTS).
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Figure 4 Penicillic acid (PA) average recoveries and peak area of matrix matched solution
prepared with blank fruit extract with r-DSPE cleanup by different sorbents. Method 1 referred to
the optimum scheme with cleanup step by 40 mg of MWCNTSs, 10 mg of PSA, 5 mg of Al,O3, 5 mg
of Florisil, and 50 mg of C18. Method 2 referred to trial No. 9 in orthogonal experiment with cleanup
step by 50 mg of MWCNTS, 10 mg of PSA, and 200 mg of C18. Method 3 referred to trial No. 12
in orthogonal experiment with cleanup step by 50 mg of MWCNTSs, 5 mg of Al.Os, 5 mg of Florisil,
and 100 mg of C18. Method 4 referred to trial No. 14 in orthogonal experiment with cleanup step
by 30 mg of MWCNTSs, 5 mg of PSA, 5 mg of Florisil, and 150 mg of C18.
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Table 1 Five influence factors (marked as Factor A, B, C, D, and E) and the corresponding four factor level

values?® selected for orthogonal array experimental design

Factor levels Factor A Factor B Factor C Factor D Factor E
MWCNTs (mg) PSA (mg) Al203 (mg) Florisil (mg) C18 (mg)

1 20 10 15 5 50

2 40 5 5 10 200

3 50 15 0 15 100

4 30 0 10 0 150

MWCNTs: multi-walled carbon nanotubes, PSA: primary secondary amino, Al2Os: nanosized aluminum oxide
powder, C18: octadecyl silane.

2 Factor level values mean the amount of each cleanup sorbent.

This article is protected by copyright. All rights reserved.


http://dx.doi.org/10.1002/jsfa.10906
http://dx.doi.org/10.1002/jsfa.10906
http://dx.doi.org/10.1002/jsfa.10906
http://dx.doi.org/10.1002/jsfa.10906

Table 2 Assignments of factors and levels of screening between number of values using a Lis (4%) matrix, the
orthogonal experimental results including two indices under direct observation analysis, calculated
membership degree, calculated comprehensive mark, range value (R), influence degree of factors, and
optimum scheme.

Trial No, _Factors Indices Membership degree (MD) Comprehensive

MWCNTs PSA Al0s  Florisil C18 Average Peak area MD of MD of peak mark

(mg) (mg) (mg) (mg) (mg) recoveries  of matrix average area

(%) solution? recoveries

20 10 15 5 50 55.7 4904 0.22 1.00 0.61
~ 20 5 5 10 200 61.7 4105 0.45 0.63 0.54
2 20 15 0 15 100 55.7 4425 0.22 0.78 0.50
g 20 0 10 0 150 66.2 32445 0.62 0.23 0.42
5 40 10 5 15 150 56.9 4259.5 0.27 0.70 0.48
o 40 5 15 0 100 57.8 4102.5 0.30 0.63 0.46
/ 40 15 10 5 200 55.1 4259.5 0.20 0.70 0.45
8 40 0 0 10 50 68.1 3033.5 0.69 0.13 0.41
9 50 10 0 0 200 70 3185.5 0.76 0.20 0.48
10 50 5 10 15 50 58.4 3926 0.32 0.55 0.43
11 50 15 15 10 150 52.7 4443 0.11 0.79 0.45
12 50 0 5 5 100 76.4 27515 1.00 0.00 0.50

30 10 10 10 100 58.4 3900.5 0.32 0.53 0.43
14 30 5 0 5 150 69.7 3042 0.75 0.13 0.44
15 30 15 5 0 50 60 3956 0.38 0.56 0.47
16 30 0 15 15 200 49.8 4450 0.00 0.79 0.39
K1 2.07 200 1.92 2.00 1.93
K2 2.29 1.88 1.99 1.82 1.86

e 1.38 1.87 1.83 181 1.89

1.74 173 1.74 1.84 1.80

P 0.91 0.28 0.26 0.19 0.13  Rmwents > Resa> Rai203 > Rriorisit > Re1s

Tnflue e degree of factors: MWCNTSs > PSA > Al2O3 > Florisil > C18
Optimum scheme: 40 mg of MWCNTSs, 10 mg of PSA, 5 mg of Al20s, 5 mg of Florisil, 50 mg of C18

MWCNTs: multi-walled carbon nanotubes, PSA: primary secondary amino, Al20s: nanosized aluminum oxide
powder, C18: octadecyl silane.

@ matrix solution means penicillic acid standard solution prepared in blank kiwi extract with r-DSPE cleanup by
different sorbents. The concentration of matrix solution was 100 ug-L™.

K1, Kz, K3, and K4 indicated the total value of the corresponding comprehensive mark at all level 1, level 2, level 3,
and level 4, respectively.
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Table 3 Liner range (ng-L), correlation equation, and correlation coefficients (r) within a certain range for

the calibration curves prepared with standards in blank fruit extract or in organic solvent.

Organic solvent  Kiwi Grape Peach Orange Apple
Linear range in ug-L? 0.1-100 0.2-100 0.2-100 0.1-100 0.2-100 0.2-100
Correlation equation y =63.14x-5.53  y=31.52x-11.11 y=43.81x-47.17 y=40.47x-40.31 y=40.15x-20.15 y=40.51x-34.32
Cor elation coefficients (r) 0.9999 0.9996 0.9994 0.9991 0.9998 0.9997
Table 4 Average recoveries (%), RSDs (%) (n=5), matrix effects (%), limit of detection (LOD), and limit of
quantification (LOQ) for penicillic acid determination by HPLC-MS/MS in various fruits samples
Fruit Fortification level (ug-kg™?) Matrix LOD LOQ
0.2 20 effects  (ug'LY)  (ugkg?)
Recovery RSD Recovery RSD Recovery RSD (%)
(%) (%) (%) (%) (%) (%)
Kiwi 84.4 7.9 82.4 4.6 72.9 2.9 -49.6 0.2 0.2
Grape 91.7 4.8 102.2 4.3 83.3 2.7 -30.7 0.2 0.2
Peach 76.9 5.3 83.8 3.9 77.8 1.3 -35.9 0.1 0.2
Orange 774 7.8 87.2 6.3 79.2 21 -36.4 0.2 0.2
Apple 101.7 3.2 88.7 5.7 80.3 14 -35.8 0.2 0.2
Table 5 Comparison with the earlier developed methods
Matrices Determination Total instrumental ~ Recovery (RSDs) LOQ Matrix effect Reference
method analysis time (ng'kgt)
Chestnut HPLC-MS/MS 14 min 80-91% (7.6-10.2%) 2 28% 9
F ice, maize, peanut HPLC-MS/MS 13.5 min No data 10 No data 14
Raw coffee LC-MS/MS 13 min 89-104% (11-18%) 100 -30% 15
sreen coffee bean HPLC-MS/MS 13 min 105-109% (8-11%) 100 -40% to -89% 16
' /heat, barley, and oat HPLC-MS/MS 30 min 70-108% (2-15%) 35-70 -45% to -75% 22
Kiwi, grape, citrus HPLC-MS/MS 2 min 72.9-102.2% 0.2 -30.7% to -49.6%  This method

1uits, peach, apple

(1.3-7.9%)

LOQ: limit of quantification
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Table 6 Occurrence of penicillic acid in various fruits collected in China

Fruits Positive/total  Positive detection Minimum Maximum Mean of positive Mean of all
rate (%) (ngkg?) (ng'kg?)  samples (ug'kg®)  samples (ug-kg™)
Kiwi 5/34 14.7 0.204 0.420 0.304 0.0448
Grape 6/36 16.7 0.229 0.389 0.280 0.0411
Citrus fruits 13/34 38.2 0.200 0.596 0.384 0.136
Peach 0/27 0 <LOQ <LOQ <LOQ <LOQ
Apple 0/30 0 <LOQ <LOQ <LOQ <LOQ

Positive/total: the number of positive fruit samples/the number of total fruit samples.
Minimum: minimum concentration of penicillic acid among the positive fruit samples.
Maximum: maximum concentration of penicillic acid among the positive fruit samples.
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