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Abstract: The aim and the novelty of the present review article was to provide the literature with
a collective study focusing on the migration and safety issues in plastic food packaging materials
that have been raised in recent years and proposing the use of safer and biodegradable ones. The
conventional packaging materials used for the preservation of foods may exhibit many disadvantages
that are related to the migration of micromolecular chemical substances incorporated in the packaging
material net to the packaged food. There are many chemical substances in the matrix of plastic
packaging materials and epoxy-resins that are used in food packaging materials, varnishes, and
can coatings. Many migrants have high toxicity, such as acetaldehyde, antimony, antimony (III)
oxide, 2,4-di-tert-butylphenol, tris (2,4-di-tert-butylphenol) phosphate, tris(2,4-di-tert-butylphenyl)
phosphite, bisphenol A, and the plasticizers di(2-ethylhexyl) phthalate), di-n-butyl phthalate, benzyl-
butylphthalate, di-isononylphthalate, and di-isododecylphthalate. It is therefore necessary to take a
detailed look at the migrants in conventional packaging materials (plastics) used for foods, point out
the migration of certain compounds into foods and the need to reconsider their use, and establish
updated protocols for the safety of consumers and the industrial production of biodegradable
packaging materials (films or coatings) based on natural sources.
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1. Introduction

A matrix of plastic packaging material, except for macromolecular substances, consists
of micromolecular substances such as metals as catalysts, very low amounts of solvent and
monomers, and various reaction products that are produced during the manufacturing
of plastic materials. Thermal decomposition products and various additives are added
for the improvement of plastic materials” disadvantages, such as plasticizers, stabilizers,
antioxidants, extinguishers, etc. When a plastic packaging material is in contact with food,
the transfer of micromolecular substances from the matrix of the plastic material to the food
occurs. This phenomenon is called migration, and the migrating substances are named
migrants [1]. Regarding migration, when the migration of a specific substance occurs, it is
named specific migration, while when migration concerns all the migrating substances, it
is named overall migration. There are migration cases that lead to desirable results, such as
the incorporation of antistatic media into packaging materials and the controlled diffusion
of medicines from the net of plastics [1]. However, in most cases, migration is undesirable
because of the diffusion of harmful chemical substances such as plasticizers from plasticized
PVC (in toys and shower curtains), flame retardants (in plastic casings of televisions and
computers), and various harmful chemical substances into foods and medicines, which can
deteriorate the taste of food and the active compound of the medicine.

The process of migration can be divided into four stages:

(1) Diffusion of the migrants through the polymeric molecules of the plastic packaging
material;
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(2) The desorption of substances from the surface of the packaging material;

(3) The absorption of substances from the interface between the food and packaging
material;

(4) The absorption of substances onto the food [2].

The main factors that are responsible for the migration of these micromolecules are as
follows: (a) the presence of attractive forces between the micromolecules and the food con-
stituents, (b) the low dimensions and molecular weight of the micromolecules, and (c) the
volatility of the micromolecules. For example, low-size molecules (monomers and debris
solvents) have low boiling points and exhibit high migration levels. Some monomers, such
as formaldehyde, vinyl chloride, ethylene, and butadiene, present high migration levels
even at ambient temperature [3]. Regarding molecular weight, a substance of high molecu-
lar weight presents low migration levels on account of its large dimensions. The migration
levels are also influenced by the concentration of substances inside the plastic packaging
material, the thickness of the packaging material, and the crystallinity and surface struc-
ture of the packaging material [3]. Migrants are divided into two categories: (i) IAS and
(i) NIAS [1]. The first type includes substances such as additives, monomers, metals, and
various starters, and the second type includes substances such as polymer decomposition
products and products from various reactions. The produced degradation products depend
on the type of polymer, the degradation mechanisms, and environmental factors, such as
temperature and oxygen. During the thermal degradation of plastic materials containing
nitrogen (nylons, polyacrylonitrile, and polyurethane), HCN is produced, plastic materials
containing chloride (PVC, PVdC) produce HCl and dioxins during thermal degradation,
and plastic materials containing fluorine (polytetrafluoroethylene, polyvinyl fluoride) produce
HF and perfluoroisobutene. Polymers such as polystyrene, polyesters, polycarbonates,
polyamides, and polyurethanes can be depolymerized via chain scission of their initial
monomers [4-6].

Moreover, regulation of the “limits of specific migration” has been established by the
European Safety Food Authority (ESFA) based on data on the toxicity of each substance.
For the total quality assurance of plastic packaging materials, the European Commis-
sion 2002a [7] established the directive 2002/72/EC, which regulates the application of
monomers, additives, and their residual amounts in packaging, as well as their migration
limits for the manufacturing of plastics that are intended to come in contact with foods
(food-contact materials). As far as coatings are concerned, the resolution AP(96)5 (Council
of Europe 1996) was edited [8], adopting a list of approved materials (starting materi-
als) and additives of the directive 90/128/EEC (European Commission 1990, preceding
directive of 2002/72/EC).

The use of food simulants to imitate real food samples was introduced for migration
tests of all food-contact materials, in particular, plastic food -ontact materials in the Euro-
pean Council Directive 85/572/ECC in 1985 [9]. This directive was then replaced in 2011 by
the regulation EC 10/2011 issued by the European Commission [10], which specifies further
migration test conditions, again focusing on migration from plastic food-contact materials.
To ensure the suitability of the presented food simulants, the associations between real
food, food simulants, and migration conditions were thoroughly established [11], even
though, in 2016, this directive was amended and corrected [12].

The limit of overall migration should not exceed 60 mg/Kg in food or 10 mg/dm? in
food-contact material. This regulation also sets out the use of representative simulants for
each food category [9]. The reasons for the substitution of real foods with food simulants in
migration studies are the complexity of foods, the presence of difficulties during analysis,
and the increase in the reproductivity of the results. Indeed, the selection of simulants
depends on the food matrix to be imitated. More specifically, a mixture of ethanol/water
(50:50, v:v) should be applied to imitate food with lipophilic properties, alcoholic food (alco-
hol content > 20%), and oil-in-water emulsions. Furthermore, a mixture of ethanol/water
(10:90, v:v) is recommended by the European Union for the simulation of food with hy-
drophilic properties [10]. Real food samples typically consist of a complex composition of
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multiple components in equilibrium that interact and define the properties of each food.
Therefore, the selection of suitable food simulants is of great interest and might require a
general hypothesis [11]. According to the FDA [13], the food simulant contents that are
recommended are as follows: for aqueous and acidic foods, 10% ethanol is recommended;
for low- and high-alcoholic foods, 10% or 50% ethanol is proposed; and for fatty foods, food
oils such as corn oil, synthetic glycerides (HB307), and miglyol 812 derived from coconut
oil have been proposed.

Based on the above, the aim of the present review was to provide the literature with a
collective study on the migration of the most known chemical substances to foods from
packaging materials, while at the same time discussing the toxic effects of these compounds
on consumers, and the need for replacing conventional polymers from the market with
new biodegradable and more safe packaging materials for foods, including alcoholic
beverages. The general hypothesis driving this study represents the novelty of the present
review article.

2. Food Simulants

The basic food simulants that are proposed by the Commission Regulation (EU)
2016/416 [12] represent five different food categories and are listed in Table 1.

Table 1. Simulants according to Commission Regulation (EU) 2016/416 [12].

Simulant Food Category Shortcut
10% ethanol (v/v) Hydrophilic foods A
3% acetic acid (w/v) Acidic foods with pH below 4.5 B
o Alcoholic foods with an alcohol content
20% ethanol (v/v) of up to 20% C
50% ethanol (v/2) Alcoholic foods with an iﬂcohol content D1
of above 20%
Vegetable oil Fatty foods D2
Poly(2,6-diphenyl-p-phenylene oxide),

particle size: 60-80 mesh, pore size: 200 nm, Dry foods E

commonly named Tenax)

3. Migrating Chemical Substances

Regarding the specific migration of starting materials and the products of the reactions
that happen in can coatings, the 10 derivatives of BADGE and Bisphenol F diglycidyl ether
(BFDGE) are limited to 1 mg/Kg of food according to the directive 2002/16/EC (European
Commission 2002b) [14]. However, most of the starting materials for the coatings are
a mixture of substances or prepolymers that react with other substances in the coating.
The migrating substances from the coatings are monomers that belong to a positive list.
The Scientific Committee on Food (SCFE, European Commission 2001) [15] emphasized the
importance of the identification of migrating substances, and their quantity and toxicity.
Therefore, only substances with a molecular weight below 1000 Da are cause for concern
because these can be absorbed so easily by the gastro-intestinal tract.

The most common chemical substances that migrate to foods are the following: acetalde-
hyde, methanal, antimony, Sb,O3, 2,4-di-tert-butylphenol, tris (2,4-di-tert-butylphenol) phos-
phate, Irgafos 168, BPA, and the plasticizers DEHP, DBP, BBP, DINP, and DIDP.

3.1. Acetaldehyde

Acetaldehyde is produced by the thermal degradation which PET undergoes during
the manufacturing of bottles. In a study of migration in packaged water in PET bottles,
acetaldehyde was identified. The concentration of acetaldehyde was proportional to its
concentration in the bottle [16]. In another study, acetaldehyde was identified in packaged
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water in PET bottles, and its concentration was correlated with temperature and the
presence of carbon dioxide [17]. In carbonated beverages packaged in PET bottles at 5,
20, and 40 °C for 6 months, acetaldehyde was identified, and its concentration was also
correlated with temperature and time of storage [18]. Bottles stored at 40 °C exhibited
a considerable change in acetaldehyde concentration. Also, in a study on carbonated
beverages packaged in PET bottles, the concentration of acetaldehyde in beverages at 60 °C
was higher compared to the concentration of acetaldehyde at 40 °C [19]. According to the
International Agency for Research on Cancer (IARC), acetaldehyde is ranked among the
most carcinogenic substances (Group 2B, JARC monograph 1999, volume 36, sup7,71) [20].
Acetaldehyde may cause and generate pathophysiological disorders, such as facial flushing,
nausea, vomiting, tachycardia, hypotension, and in extreme cases, even death [21-23].
Regarding the human body’s reactions, acetaldehyde is turned into acetic acid through the
enzyme aldehyde dehydrogenase, but the excessive amount of acetaldehyde prevents the
reaction of aldehyde dehydrogenase. In this context, there is the possibility of the gathering
of acetaldehyde molecules and their transfer to other organs through the bloodstream. This
consequently results in the development of chronic diseases such as hepatitis and liver
cirrhosis [24].

The off flavor that is developed in mineral water packaged into PET bottles is attributed
to the presence of acetaldehyde. The odor threshold of acetaldehyde in water fluctuates
between 10 and 25 ug/L. 2-Aminobenzamide is an acetaldehyde scavenger which binds
acetaldehyde before the final stage of PET bottle manufacturing. For the scavenging of
acetaldehyde, a large quantity of 2-aminobenzamide must be added to fused PET. The
scavenger can migrate to packaged mineral water, so the addition of this scavenger must
be considered in order to be in compliance with the specific migration limit (SML) of
this scavenger. According to the European Union and USA authorities, the SML of 2-
aminobenzamide is 50 pg/L and 500 mg/Kg. It should be mentioned that the swelling of
the PET matrix can lead to the overestimation of migration in typical food simulants like
ethanol/water mixture, especially at 60 °C [25,26]

3.2. Antimony and Antimony(1lI) Oxide

Antimony originates from antimony(Ill) oxide, which is used as a catalyst during
the condensation reaction for the manufacture of PET. Antimony was identified in water
packaged in PET bottles stored at 40, 50, and 60 °C. The concentration of antimony in water
was correlated with the levels of temperature and the presence of carbon dioxide [17]. Also,
the product of phenolic antioxidant degradation 2,4-di-tert-butylphenol was identified at
temperatures higher than 60 °C. Antimony(IIl) oxide was also identified in water packaged
in PET bottles. An increase in the concentration of antimony(Ill) oxide in water was
observed during the increase in temperature [27]. In another study, the authors reported a
correlation between the migration of antimony(Ill) oxide and the pH of water [28].

3.3. Irgafos 168

Irgafos 168 and its degradation products have been detected in PP packaging ma-
terial during its extrusion, storage, processing with ultraviolet radiation, and exposure
to sunlight [29]. 2,4-Di-tert-butylphenol was the predominant degradation product after
the exposure of PP material to ultraviolet radiation, while tris (2,4-di-tert-butylphenol)
phosphate was the predominant degradation product, produced after extrusion, storage,
and exposure to sunlight. However, these products had no significant toxicological effects
on human health.

Yang et al. [30] studied the effects of ultraviolet and microwave treatment in the
production of degradation products of Irgafos 168 alone and the Irgafos 168 added to PP
films for food packing. Irgafos 168 was added to PP, followed by ultraviolet and microwave
treatments. The corresponding degradation rates were 31.88% and 11.7%, respectively, and
three degradation products were produced. Two of these degradation products were 2,4-di-
tert-butylphenol and tris(2,4-di-tert-butylphenyl)phosphate, and the other was postulated



Coatings 2024, 14, 168

50f 17

to be the result of Irgafos 168 after the removal of the di-tert-butylphenol group. The
degradation rate of Irgafos 168 standard was less than 5% under ultraviolet and microwave
treatment. Marcato et al. [31] studied the migration of the antioxidant additives Irganox
1010 and Irgafos 168 from polyolefin packaging into oily vehicles. The polyolefins used were
the following: PP, RACO, an EP heterophasic copolymer and EP amorphous copolymer
blend, and HDPE. Each polymer contained Irganox 1010 (0.15%, w/w) and Irgafos 168
(0.15%, w/w) and was processed into blown bottles. The leaching of the two antioxidants
varied remarkably depending on the polyolefin crystallinity and structure. The amount of
Irganox 1010 transferred into the contact medium at 25 °C was higher in EP. RACO and
PP exhibited lower amounts of Irganox 1010, while the lowest amount was presented in
HDPE. The same was observed in Irgafos 168, except for PP and HDPE, which presented
the same quantity of this additive. The migration of Irgafos 168 was higher compared to
that of Irganox 1010, and the transfer of both antioxidants increased at higher temperature
(50 °Q).

3.4. BPA

BPA is an organic compound which has a white color, and in ambient conditions, it is
found in a solid state and it has a mild phenolic odor. The first attempts to produce this
polymer began in the 1930s [32], while its synthesis was performed in 1891. BPA is used
for the manufacturing of carbonated films through the reaction of BPA and phosgene, and
the containers and bottles that are produced from BPA are characterized by high lightness,
transparency, and durability. BPA is also used to produce coatings as epoxy-resins that are
submitted to cross-linking reactions for further stabilization and /or modifications. Can
coatings are produced using epoxy-resins for the protection of the taste of packaged foods,
for the prevention of corrosion of the metal can, and for reducing contact between the metal
and food.

BPA presents a three times higher migration rate in octanol compared to its migration
rate in water [33-35]. Under aerobic conditions in surface water in a range of concentrations
between 0.05 and 0.5 nug/L, BPA presents a short half-life of 3-6 days [36]. Residual BPA
has been found in the tissues of several aquatic organisms, which could be attributed to
the transfer of BPA-derived residues from algae. The accumulation of BPA in algae may
result in the accumulation of BPA in the food chain. After a considerable number of tests in
rats and mice, it was shown that there was a No Observed Adverse Effect Level (NOAEL)
of 5 mg/kg body weight/day and a Lowest Observed Adverse Effect Level (LOAEL) of
50 mg/kg body weight/day. These results of trials were established by the EFSA and FDA.

The migration of BPA into a fatty food simulant increased following an increase in
temperature [37]. The same authors, in a previous study, reported a non-significant increase
in the migration of BPA into an acidic food simulant after an increase in temperature [38].
In canned tomatoes, an increase in the migration of BPA was observed after an increase
in storage temperature [39]. Fang et al. [29] found, in water packaged into PC bottles,
a percentage of BPA equal to 60% of the quantity of water after 1 year of storage. It is
believed that BPA may originate from non-polymerized amounts of BPA or during the
degradation of polycarbonate resins after its reuse. Also, the migration levels of BPA were
significantly higher in damaged cans in comparison to non-damaged cans in contrast with
Goodson et al. [40], who reported a non-significant increase in the migration levels of BPA
in damaged cans. The authors also claimed that about 80%-100% of the BPA of the coating
migrated during can processing and this percentage was independent of storage time.

BPA has a strong negative effect on estrogen. The low-dose estrogenic effects of
BPA have been used for the determination of the risk and exposure levels. Dodds and
Lawson demonstrated that BPA and its derivatives present estrogenic activity in rats [41,42].
Krishman et al. [43] also reported that BPA is a great inhibitor of the endocrine gland.
Given these findings, the European Union prohibited the use of polycarbonate resin in the
manufacturing of bottles for new-born children. Vom Saal and Hughes in 2005 emphasized
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the requirement for new risk assessments related to the low-dose estrogenic effect of
BPA [44]. This requirement was also supported by Myers et al. 2009 [45].

BPA mimics the action of estrogen, but can also cause disorders in non-estrogenic
pathways, even at low-dose concentrations, in multiple manners [46,47]. The effect of BPA
differs depending on the life stage and the kind of tissue. Life stages such as prenatal,
neonatal, and (pre)pubertal have high sensitivity to the BPA effect. BPA, even at a low
dose, can negatively affect the regulation of the metabolic homeostasis of the progeny, sex
steroids, and thyroid hormone levels during pregnancy [48]. In zebrafish larvae (Danio
rerio) from exposed parents, epigenetic effects and developmental neurotoxicity were
observed [49]. Generally, it has been reported that several fish and amphibian species are
very sensitive to low doses of BPA. However, more studies are required on the endocrine
and systemic effects of BPA [35]. In addition to BPA, its product BADGE (bisphenol A
diglycidyl ether) and hydrolyzed and chlorinated derivatives of BADGE (BADGE-H,O
and BADGE-2HCI) can also move through the human placenta and reach the fetus.

Regarding the use of BPA in varnishes and coatings, Regulation (EU) No. 2018/213 [50],
an amendment of Regulation (EU) No. 10/2011 [51], established the SML of BPA to be
0.05 mg/kg. Every varnish and coating must fill these substance-specific measures and
Framework Regulation (EC) No. 1935/2004 [10].

3.5. Derivatives of BPA and Other Bisphenols

Derivatives of BPA that are produced after the condensation reaction of BPA with
epichlorohydrin also presented high migration levels. BADGE and BFDGE exhibited high
migration levels in canned seafood with a high lipid content [52]. Sterilization conditions
and storage time may also affect their migration levels. BFDGE was also found in canned
fish at concentrations of up to 4.2 mg/kg [53]. BPA, BADGE, and BADGE derivatives
presented an increase in their concentration in a simulant (50% ethanol) until equilibrium
time (90-305 days). However, no residues of these migrants were reported [54]. In addition
to BPA and its derivatives, several other bisphenols, such as BPB, BPF, BPZ, and BPS,
have been found in canned foods as well as in soft and energy drinks, beers, and the
filling liquids of canned vegetables [55-60]. In the covering oil of canned anchovies,
BADGE was determined at a concentration of 62 mg/kg [61]. In tomato sauce, a mixture of
BADGE, BADGE-2H,0, BADGE-HCI, and BADGE-2HCI was identified at concentration
of 12.6 mg/kg [62]. It is worth noting the presence of cyclo-di-BADGE at concentration of
25-2600 pg/kg in canned fish and meat products [63].

For the protection of consumers’ health, the European Food Safety Authority (EFSA)
in 2015 established a tolerable daily intake (TDI) of 4 ng/kg bw per day. The EFSA
also claimed that the possibilities of the presentation of any harm coming from BPA
exposure were eliminated [64]. The same was also claimed for BADGE by the EFSA [65].
Marqueno et al. [66] reported that BADGE and BADGE-2HCI exhibited higher cytotoxicity
compared to BADGE-H,O. BADGE and BADGE-2HCI caused alterations in placenta
cell lipids and endocrine disruption. On account of the high toxicity of these migrants,
the authors suggested the requirement for more studies on the determination of their
TDIs. Regarding the derivative of bisphenol F, Zhang et al. [67] claimed that tetramethyl
bisphenol F and its reaction products with epichlorohydrin have very low toxicity levels.
For this reason, tetramethyl bisphenol F was suggested by the authors as a substitute for
BADGE in the production of epoxy-resins. Other bisphenols, such as BPB, BPE, and BPF,
exhibited estrogenic activity without any mutagenicity. Chen et al. [68] concluded that the
estrogenic activity of a bisphenol was increased by a reduction in its polarity. According to
other studies BPA, BPS, and BPF are considered responsible for causing acute oxidative
stress [69,70]. A study has demonstrated that BPF and BPS are responsible for obesity in
children, like previous observations with BPA [71]. Also, according to Horan et al. [72], BPS
and BPF presented negative effects on male spermatogenesis.

Considering the high toxicity of BFDGE, BADGE, and BADGE’s hydrolyzed and
hydrochloric derivatives, the Regulation (EC) No. 1895/2005 has established a 9 mg/kg
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maximum specific migration limit (SML) for BADGE and its hydrolyzed derivatives and
also a 1 mg/kg SML for its hydrochloric derivatives. Also, the use of BFDGE in the
production of FCM has been prohibited [73].

3.6. Melamine

Melamine is a heterocyclic aromatic compound with a white color, and when it is
powdered, it has a crystal structure [74]. Melamine is excreted with urine in mammals,
and its half-life is equal to 5 h in rats [75], 4 h in pigs [76], and approximately 6 h in
humans [77]. Although lactic acid bacteria may change melamine levels through the
conversion of melamine into cyanuric acid, resulting in an increase in nephrotoxicity,
i.e., kidney stones [78], melamine cannot be decomposed in activated sludge treatment
systems [79]. Melamine resin is used for the production of surface coatings for paper,
cardboard, and beverage cans and jar lids. Melamine is primarily employed in films and
coatings as a crosslinking agent (in the form of melamine formaldehyde) by improving
hardness, chemical resistance, and durability, or as a co-resin to enhance films” and coatings’
properties and performance by improving their adhesion, hardness, gloss, and resistance
to staining and abrasion. In addition, melamine is used to enhance the thermal stability of
films and coatings, making them more resistant to heat-induced degradation [80].

Also, melamine resins can be used for the manufacturing of commercial products,
such as unbreakable dinner/kitchenware and electrical equipment, after their blending
with cellulose fibers, fillers, pigments, and other additives. Nowadays, melamine resin is
frequently used in tableware [74] and can effectively substitute plastic materials because it
has an “eco-friendly” character. Melamine has been used for the manufacturing of reusable
plates, bowls, and coffee cups.

Given the increasing concern, at a worldwide level, about the toxic effect of BPA or its
derivatives, there is a need to replace BPA with alternative plastic materials. One of the
major alternatives suggested is melamine-based plasticwares. However, melamine is also a
toxic chemical [78].

Melamine can migrate into food and food simulants from melamine formaldehyde
tableware. Factors such as temperature, acidity, contact time, and the simulant used, as
well as the decomposition of the coating, can affect the quantity of migrating melamine.
Melamine can be found in foods because of its migration from materials into food, its
intentional addition to food with the main purpose of the achievement of higher pro-
tein content, and the degradation of the pesticide cyromazine and disinfectants such as
trichloromelamine [78].

According to the WHO in 2009, many countries have introduced limits for melamine in
infant formula and other foods. Limits for melamine in powdered infant formula (1 mg/kg)
and in other foods (2.5 mg/kg) would provide a sufficient margin of safety for dietary
exposure relative to the tolerable daily intake (TDI), that is, 0.2 mg/kg body weight [81].

The migration of melamine can be increased by an increase in temperature [82] and is
less affected by the time of heating or acidity of food [83,84]. Wu et al. [77] reported that
after the consumption of hot soup in melamine bowls, the melamine content in urine was
higher in comparison to that after the consumption of hot soup in ceramic bowls, indicating
that the migration of melamine to the hot soup was independent of contact time. Also,
microwave heating, as well as the repetition of microwave heating, causes an increase in
the migration of melamine. It is important for manufacturers and suppliers of products
containing melamine to point out in the instructions for consumers that the product should
not be heated in a microwave oven [85].

3.7. PFAS

PFAS are fluorinated aliphatic compounds. The main difference between perfluoro
and polyfluoro compounds is the total and the partial substitution of hydrogens with
fluorine, respectively. PFAS are highly stable substances in high temperatures and several
other chemical media and are dissoluble in both water and oil. PFAS are used in various
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materials, including the production of pizza boxes, microwave popcorn bags, butter and
dairy packaging, and cookware. Since the 1960s, non-polymeric PFAS have been used in
paper and board products. From 1974 to 2002, SAmPaP was used in food-contact paper
and packaging. After 2002, it was substituted with short- and medium-chain substances
such as PFBS and its derivatives. In 2013, PFAS with different structures were used in FCM
finishes [86].

The migration of PFAS, i.e.,, PFOA and FTOH, was reported from popcorn bags, fast
food wrappers, pizza boxes, and similar oil-repellent and heat-resistant packaging. The
polymer PTFE has high inertness when found in a solid state. For this reason, PTFE is used
in the manufacturing of non-stick cookware. The fusion of PTFE starts at 327 °C, and its
degradation occurs at over 350 °C when a toxic polymer fume is produced. PTFE-based
pans can reach over 350 °C during their use on induction stoves [87], and during the
heating of non-stick pans or their repeated use, an increase in the risk of polymer fumes
and the migration of PFOA can be observed [88]. Residues of PFOA that remain after the
complementation of the polymerization of PTFE can be released under normal cooking
conditions [88].

In addition to PFOA, several other PFCAs of different molecular weight can be released
under normal or overheating conditions [89]. One of the factors that can increase the
migration of PFAS from paper is the addition of an emulsifier to the oil [90]. Also, the
main disadvantage of PFAS is its ability to join to proteins, so analytical methods for the
determination of PFAS must be improved. Still et al. [91] reported the presence of PFCAs
and FTOH in dairy products from coated packaging during their processing and storage.
Also, authors reported that the quantity of FTOH was 1000 times higher in comparison
to that of PFCA. Studies have reported the presence of PFOS and PFOA in human blood
samples [92-94] because of the high bioaccumulation, chemical and thermal stability,
and double nature (hydrophobic and lipophobic) of PFAS. Other studies have reported a
decrease in PFOS and PFOA levels and an increase in PFBS and PFHXS levels [95-97]. On
account of the high persistence of PFAS in the environment, these can be found in every
human and can potentially accumulate in the fetus during pregnancy [98] as a result of the
transfer of PFAS to infants that can happen during breastfeeding [99].

Many negative effects of PFOA and PFOS in human health have been
reported [93,100-102], such as liver dysfunction [103], testicular and liver cancers [104,105],
high levels of cholesterol [106], ulcerative colitis [107], and a low response of the immune
system to vaccines [108]. PFOA causes a reduction in fecundity and fetal growth [90] and
takes part in the function of splenocyte and thymocyte precursor cells, and as a result, leads
to changes in inflammatory responses [86,109]. For the other PFAS, there are not many
reports about their effects on human health. The Madrid Statement that was signed in 2015
by over 120 researchers had as a main goal the limitation of further negative environmental
and human effects of the production and use of PFAS [110]. Three years later, the Zurich
Statement was published, in which a series of actions were proposed for the most effective
assessment and management of PFAS. Also, the Zurich Statement highlighted the effect of
the insufficient ability to regulate PFAS on the protection of human health [111]. According
to the literature concerning PFAS, limited data for PFAS should not justify the delay in
efforts toward the substitution of PFAS [105]. The Nordic Council of Ministers announced
that the total annual health-related costs were at least EUR 2.8 to EUR 4.6 billion in the
Nordic countries and EUR 52 to EUR 84 billion in the European Economic Area (EEA)
countries [112]. There are no general regulations for PFAS that are intended to come in
contact with foods. Materials such as PFOA and PFOS have restriction limits in some
member states. In 2009, the Stockholm Convention restricted the use of PFOS. Also, in 2020,
the Stockholm Convention restricted the use of PFOA. Other PFAS that are included on the
Candidate List for authorization are PFUnDA, PFDoDA, PFIrDA, PFTeDA (2012), PENA
and its sodium and ammonium salts (2015), PFDA and its sodium and ammonium salts
(2016), PFHXS and its salts (2017), HFPO-DA (also known as GenX) and its salts and acyl
halides (2019), and PFBS and its salts (under authorization since 2020).



Coatings 2024, 14, 168

90f17

The manufacturing and delivery to market of the substances PENA, PFDA, PFUnDA,
PFDoDA, PFTrDA, and PFTeDA and their salts and precursors were restricted by Sweden
and Germany in 2017. This restriction had as its main purpose the prevention of the use of
these substances as substitutes for PFOA. The RAC (Risk Assessment Committee) and the
SEAC (Committee for Socio-Economic Analysis) agreed to the restriction proposal. In 2018,
new guidelines for PFOS and PFOA were established by European Food Safety Authority
(EFSA) as concerned the tolerable daily intake (TDI) of PFOS and PFOA [113]. The TDI
of PFOS and PFOA decreased from 150 to 2 ng/kg body weight/day and from 1500 to
1 ng/kg body weight/day, respectively.

In June 2019, the European Council of Ministers proposed the elimination of all non-
essential uses of PFAS because of its high environmental persistence [114]. Six months
later, the Netherlands declared to the delegations that they wanted to take over this
restriction proposal in cooperation with the competent authorities in Denmark, Germany,
Sweden, and Norway, and the European Chemical Agency (ECHA). PFAS have also been
found in drinking water. For the presence of PFAS in drinking water, limits of 0.1 ug/L
for 16 individual PFAS, and 0.5 ug/L for all PFAS as a group, have been proposed by
the EU Drinking Water Directive. A reconsideration that was discussed in Sweden’s
regulation concerned a better understanding of what kinds of chemical products contain
PFAS. The regulation included all chemical products, i.e., impregnation or lubrication oils,
but not articles.

3.8. Phthalates

Phthalates are organic substances that are used in plastic packaging materials as
plasticizers. Chemically, phthalates are esters that are produced by the esterification
reaction of o-phthalic acid (1,2-benzenedicarboxylic acid) and several alcohols, such as
methanol, ethanol, tridecanol, and others. The hydrocarbon chains of the ester groups
define the name of the phthalate and define its properties [115]. Phthalates are divided into
two groups proportionally to the hydrocarbon chain of alcohol. The first group is named
short-chain phthalates and includes compounds with 3—6 carbon atoms in the carbon chain,
such as DBP, DiBP, BBzP, and DEHP. The second group is named long-chain phthalates
and includes compounds with 7-13 carbon atoms in the carbon chain, such as DiDP, DiNP,
DPHP, DiUP, and DTDP [116,117].

Phthalates exhibit a tendency toward migration in packaged foods. This tendency
depends on the nature of the food, the initial quantity per area unit of the plasticizer
in the plastic material, the temperature and storage exposure, and the extension of the
surface which is in contact with the food [118]. A higher migration level of phthalates in
high-lipid-content foods and food simulants has been reported in comparison with other
foods and food simulants categories, because of the low polarity of phthalates [119,120].
Regarding the toxic effects of phthalates, studies have shown that phthalates can cause
disruptions in the production of endocrine gland hormones, as well as other negative
health effects, such as various cancer forms and immune and metabolic diseases [121]. In
the prenatal stage, in utero exposure to various phthalates leads to numerous abnormalities
in new-born babies, such as preterm birth, abnormal birth length and weight, abnormal
head circumference, and altered reproductive hormone levels that further lead to a delay
in uterus development. According to Katsikantami et al. [116], phthalates are sex-specific
and affect male and female new-born babies in substantially different ways. In the stage of
childhood, phthalates are responsible for a great number of disorders, such as asthma and
allergic symptoms, obesity, anti-androgen effects, delays in growth and puberty, changes in
systolic blood pressure, etc. Table 2 lists the migrant substances and their toxic effects on
human health.
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Table 2. List of migrant substances and their toxic effects on human health.

Migrant Name Toxic Effects and Health Issues References
Facial flushing, nausea, vomiting,
tachycardia, hypotension, hepatitis,
Acetaldehyde liver cirrhosis, and [21-24]
in extreme cases, even death.
Antimony and Antimony(III) oxide Carcinogenic potential for humans. [28,29]

Not any significant toxicological effects. -

Negative effect on estrogen, great inhibitor of
endocrine gland,
Negative effect on the metabolic homeostasis of
the progeny, sex steroids, [40-43,48,49]
and thyroid hormones levels during pregnancy.
Epigenetic effects and developmental
neurotoxicity.

Negative effect on the regulation of metabolic
homeostasis of the progeny,

Derivatives of BPA and sex steroids, and thyroid hormone levels during

other bisphenols

pregnancy.
Epigenetic effects and developmental
neurotoxicity in zebrafish.

Increase in urea content, increase in nephrotoxicity,
i.e., kidney stones. Cannot be decomposed in [78,79]
activated sludge treatment systems.

Liver dysfunction,
testicular and liver cancers,
high levels of cholesterol, [91,93,100-109]
ulcerative colitis, and
low response of immune system to vaccines.

Endocrine disruption, various cancer forms,
immune and metabolic diseases, abnormalities.
In new-born babies, preterm birth, abnormal birth
length and weight and head circumference,
and altered reproductive hormone levels. [121]
During childhood, asthma and
allergic symptoms, obesity,
anti-androgen effects, delay in growth and
puberty, and changes in systolic blood pressure.

4. Biodegradable Packaging Materials (Films or Coatings)

In our previous work [122], we exhaustively studied the most common biodegradable
packaging materials used for foods preservation, focusing on their sources, advantages,
limitations, and future perspectives. For this purpose, a considerable number of studies
were examined (170 publications), and the results showed that there is a need for recon-
sideration of the conventional plastics used for food preservation. Moreover, there is the
challenge of adopting new innovative and biodegradable packaging materials (films or
coatings) based on natural sources such as polysaccharides, proteins, lipids, etc., to avoid
the migration and safety issues documented in the present review article, and at the same
time, decrease the environmental pollution of plastic disposal.

5. Conclusions and Future Perspectives

The present review article highlighted in a conclusive way that many migrants, such
as acetaldehyde, antimony, Sb,O3, 2,4-di-tert-butylphenol, BPA, and the plasticizers DEHP,
DBP, BBP, DINP, and DIDP, have potential toxicity, and therefore, the use of these materials
in food packaging holds many health risks for humans. It is therefore necessary to replace
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or minimize these materials in the packaging industry with films and coatings for food
applications, based on the production of bio-degradable, eco-friendly, and natural materials,
coupled with innovative regulations that support the solid safety of consumers, and at
the same time, retain the quality and wholesomeness of the packaged products. These
decisions by the Food Authorities and, of course, the food industry, will also have a direct
positive outcome for human health, with a decrease in the health disorders presented
herein caused by the use of these compounds in food packaging materials. The specific
hypothesis driving this study and the workflow used have not been reported previously,
thus constituting the originality of this review article.
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Abbreviations

IAS Intentionally added substances
NIAS Non-intentionally added substances
Sb,03 Antimony (III) oxide

Irgafos 168 Tris(2,4-di-tert-butylphenyl) phosphite
BPA Bisphenol A

DEHP Di(2-ethylhexyl) phthalate

DBP Di-n-butyl phthalate

BBP Benzyl-butylphthalate

DINP Di-isononylphthalate

DIDP Di-isododecylphthalate

BADGE Bisphenol A diglycidyl ether
BFDGE Bisphenol F diglycidyl ether

PVC Polyvinyl chloride

pPvdC Polyvinylidene chloride

PET Polyethylene terephthalate

PP Polypropylene

BPB Bisphenol B

BPE Bisphenol E

BPF Bisphenol F

BPS Bisphenol S

BPZ Bisphenol Z

PFAS Per- and polyfluoroalkyl substances
SAmPaP Perflourooctanesulfonamido ethanol-based phosphate
PFBS Perfluorobutane sulfonate

PFOA Perfluorooctanoic acid

FTOH Fluorotelomers

PTFE Polytetrafluoroethylene

PFCA Perfluoroalkyl carboxylic acids
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PFOS Perfluorooctanesulfonic acid

PFBS Perfluorobutanesulfonic acid

PFHxS Perfluorohexanesulfonic acid
PFUnDA Perfluoroundecanoic acid

PFDoDA Perfluorododecanoic acid

PFTrDA Perfluorotridecanoic acid

PFTeDA Perfluorotetradecanoic acid

PFNA Perfluorononanoic acid

PFDA Perfluorodecanoic acid

PFHXxS Perfluorohexanesulfonic acid
HFPO-DA Hexafluoropropylene oxide dimer acid
PFBS Perfluorobutanesulfonic acid

DiBP Diisobutyl phthalate

BBzP Butyl benzyl phthalate

DPHP Di 2-propylheptyl phthalate

DiUuP Di isoundecyl phthalate

DTDP Di isotridecyl phthalate

Irganox 1010 Pentaerythrityl tetrakis (3,5-di-tert-butyl-4-hydroxyphenyl)propionate
RACO Ethylene-co-propylene random copolymer
HDPE High-density polyethylene

EP Ethylene-propylene
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