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1 | INTRODUCTION

Abstract
Ultrasound was used to degrade patulin in pH 3.5 of solution containing cysteine, and
investigated the cysteine-enhanced effects on ultrasound degradation of patulin. The
results showed that ultrasound alone did not efficiently degrade patulin (reduced by
4.96%-8.90%) without adding cysteine, and their synergistic roles were more favora-
ble for patulin degradation (reduced by 17.82%-60.98%). The molar ratio between
cysteine and patulin, ultrasonic power and time, and water cooling of sample during
ultrasound treatment, all significantly affected the patulin degradation efficiency, and
obtained 79.33% of degradation rate after 60min of ultrasound treatment at 540 W
of power. Both the logarithmic decay model and zero-kinetic model well simulated
its degradation processes (R%>0.95). The radical reaction may be the main sonolysis
mechanism of patulin in the presence of cysteine. Additionally, the patulin degrada-
tion efficiency induced by heating was far less than that by ultrasound under other
same conditions.
Novelty impact statement:

o Cysteine enhanced the ultrasound degradation of patulin in highly acidic

conditions.
* Degradation mechanism of patulin by ultrasound in the presence of cysteine
was deduced.
* Sonolysis kinetics of patulin in the presence of cysteine were simulated.

(Saleh & Goktepe, 2019; Vidal et al., 2019). Because of its water solu-
bility, heat stability, and toxicity, World Health Organization (WHO)

Patulin (PAT) is a mycotoxin produced mainly by Penicillium expansum
(Coton et al., 2020; Igbal et al., 2018), which is often detected in
apples and apple-based foods (Igbal et al., 2018; Ji et al., 2017; Pigué
et al., 2013). It can easily soluble in water, and is very stable to heat,
especially under acidic conditions (Collin et al., 2008; Kadakal &
Nas, 2003; Lovett & Peeler, 1973). As a mycotoxin, patulin possesses
some chronic toxicities to humans and animals, such as carcinogenic-

ity, teratogenicity, mutagenicity, immunotoxicity, and neurotoxicity

and European Union (EU) set the maximum permitted levels of pat-
ulin in apple-based foods, that is, 10 pgkg ™' in foods for infants and
young children, 25pgkg ™ in solid apple products, and 50pgL? in
apple juice and cider (EU, 2006; WHO, 1995).

Presently, physical, chemical, and biological strategies have been
extensively studied for the removal and degradation of patulin in
foods (Diao et al., 2018; loi et al., 2017). Three strategies have their

own advantages and disadvantages in removing or degrading patulin

J Food Process Preserv. 2022;00:e16547
https://doi.org/10.1111/jfpp.16547

wileyonlinelibrary.com/journal/jfpp
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Abstract: Patulin (PAT) is one of mycotoxins that usually contaminates apple juice, and it is not
easily detoxified by cysteine (CYS) at room temperature due to the highly acidic conditions based
on the Michael addition reaction. However, it could be effectively degraded by a heating treatment
at 120 °C for 30 min in the presence of cysteine. In our study, a total of eight degradation products
(DP A-H) were characterized and identified via liquid chromatography quadrupole time-of-flight
mass spectrometry (LC-Q-TOF-MS) in a negative ion mode, and their structures and formulas were
proposed based on their accurate mass data. The fragmentation patterns of PAT and its degradation
products were obtained from the MS/MS analysis. Meanwhile, the possible reaction mechanisms
involved in the degradation of PAT were established and explained for the first time. According to
the relation between the structure and toxicity of PAT, it could be deduced that the toxic effects of
PAT degradation products were potentially much less than those of PAT-self.

Keywords: patulin; cysteine; degradation product; Michael addition reaction; toxic effect

Key Contribution: Eight degradation products of PAT by heat-assisted cysteine under highly acidic
conditions were characterized and identified, and their toxic effects were predicted based on their
structures. The possible reaction mechanisms involved in the degradation of PAT were established
and explained.

1. Introduction

Patulin (PAT) is one of the mycotoxins that usually contaminates apple juice and is a
polyketide secondary metabolite mainly produced by Penicillium expanisum [1-4]. Results
from animal and cell culture experiments in toxicology have verified the carcinogenicity,
teratogenicity, mutagenicity, genotoxicity, and immune toxicity of PAT [5,6]. In order to
protect the health of consumers, WHO and EU have set the maximum levels of PAT at
50 pug/L for apple juice, 25 ng/g for solid apple products, and 10 ng/g for infants and
young children’s foods [7,8].

According to our investigation, PAT in apple juice is removed mainly by food pro-
cessing (milling, pasteurization, enzymatic treatment, microfiltration, evaporation, etc.)
and physical adsorption (clarification) using activated carbon or macroporous resins in the
juice industry [9]. Presently, other physical, chemical, or biological methods for detoxifying
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ARTICLE INFO ABSTRACT

Handling Editor: Ornella Rossetto The removal of patulin in phosphoric acid buffer solution by cysteine was investigated. Cysteine could effectively

decrease the patulin concentration at high acidic condition (pH 3.0-5.0) with the help of high temperature

Keywords: greater than 90 °C. Three removal mechanisms of patulin by cysteine under high acidic and high temperature
P““'l{“ conditions were deduced. Reaction temperature, pH of reactive media, molar ratio between cysteine and patulin,
C_vsreme. and reaction time were all the obvious factors influencing the removal efficiency of patulin, and the increase of
Influencing factor S0 3 3 . .

Kinetics any one factor could significantly improve the removal efficiency of patulin. The removal process of patulin

could be simulated by the zero-order kinetic model, logarithmic model, and pseudo-first-order kinetic model,
respectively, and the corresponding correlation coefficients (R?) were all greater than 0.90. Presently, this
method can only be applied for the removal of patulin in contaminated water from washing fruits in juice
processing industry due to the high treatment temperature more than 120 °C and the long detoxification time
greater than 1 h.

Removal mechanism

1. Introduction technology (Diao et al., 2018). So it is urgent to find a more ideal way to

degrade or remove patulin.

The mycotoxin patulin is primarily a food safety issue in apples and
apple products, which is produced by several species of fungi, mainly by
Penicillium expansum (Coton et al., 2020; Igbal et al., 2018). Patulin
might cause acute symptoms, including agitation, vomiting, intestinal
hemorrhages, convulsions, ulceration, nausea, and lesions in the duo-
denum (Saleh and Goktepe, 2019; Vidal et al., 2019). It could also cause
chronic neurotoxic like genotoxic, teratogenic and immunotoxic effects
(Saleh and Goktepe, 2019; Vidal et al., 2019). Based on its adverse
health effects on people and animals, physical, chemical and biological
methods have been developed to degrade or remove patulin from foods
(Bayrag¢ and Camlzcl, 2019; Diao et al., 2019; Funes et al., 2013; Tang
et al., 2019; Zheng et al., 2020). However, these methods have some
disadvantages in degrading or removing patulin, such as lower
degrading or removing efficiency, easily causing secondary pollution by
the toxin or mould, destroying the nutrition of foods, only being used in
fermented foods, or no industrial application due to the current level of

Patulin is an unsaturated y-Lactones (Fig. 1), which could react with
L-cysteine based on the Michael addition reaction, a nucleophilic addi-
tion reaction, and formed patulin-cysteine adducts (Jones and Young,
1968; Fliege and Metzler, 2000). And the toxicities of their adducts were
significantly lower than that of patulin itself (Ciegler et al., 1976; Lin-
droth and Wright, 1978). In addition, cysteine is a conditionally essen-
tial amino acid and sugar-producing amino acid produced by the body. It
is safe and non-toxic, and often applied in food processing and storage as
anti-aging agent, dough modifier, juice antioxidant and anti-browning
agent (Sogvar et al., 2020; Stoica et al., 2010; Yin et al., 2016). There-
fore, cysteine is a potential detoxification agent for removing patulin in
juice processing based on the theoretical analysis above mentioned.

Reported literatures showed that the Michael addition reaction (a
nucleophilic addition reaction) is carried out spontaneously under near
neutral or alkaline conditions (pH 6.0-7.4) (Fliege and Metzler, 2000;
Lindroth and Wright, 1978). However, the pH values of apple juices
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Abstract: The thermal stability and degradation kinetics of patulin (PAT, 10 umol/L) in pH 3.5 of
phosphoric-citric acid buffer solutions in the absence and presence of cysteine (CYS, 30 umol/L) were
investigated at temperatures ranging from 90 to 150 °C. The zero-, first-, and second-order models
and the Weibull model were used to fit the degradation process of patulin. Both the first-order kinetic
model and Weibull model better described the degradation of patulin in the presence of cysteine
while it was complexed to simulate them in the absence of cysteine with various models at different
temperatures based on the correlation coefficients (R? > 0.90). At the same reaction time, cysteine and
temperature significantly affected the degradation efficiency of patulin in highly acidic conditions
(p < 0.01). The rate constants (kt) for patulin degradation with cysteine (0.0036-0.3200 ug/L-min)
were far more than those of treatments without cysteine (0.0012-0.1614 ug/L-min), and the activation
energy (E, = 43.89 kJ/mol) was far less than that of treatment without cysteine (61.74 kJ/mol).
Increasing temperature could obviously improve the degradation efficiency of patulin, regardless of
the presence of cysteine. Thus, both cysteine and high temperature decreased the stability of patulin
in highly acidic conditions and improved its degradation efficiency, which could be applied to guide
the detoxification of patulin by cysteine in the juice processing industry.

Keywords: patulin (PAT); cysteine (CYS); degradation kinetics; thermal stability; Arrhenius equation

Key Contribution: Thermal stability of patulin in high-acid conditions (pH 3.5) was furtherly
verified. Cysteine and high temperature reduced the thermal stability of patulin and then significantly
improved the degradation efficiency of patulin based on the rate constants (kr) of patulin degradation
and the activation energy (E,) of the reaction between patulin and cysteine.

1. Introduction

Patulin (PAT) is a low-molecular-weight mycotoxin that presents many hazards to the
health of humans and animals based on the animal and cytotoxicity experiments. These
hazards include agitation, vomiting, intestinal hemorrhages, convulsions, ulceration, nau-
sea, and lesions in the duodenum, as well as chronic neurotoxic effects, such as genotoxic,
teratogenic, and immunotoxic effects [1-4]. Patulin is produced by a number of different
molds, such as Penicillium, Aspergillus and Byssochlamys [1,2,5]. Penicillium expansum is
the main strain to produce patulin [6,7]. It can be found in damaged or moldy fruits,
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