
molecules

Review

Progresses in Food Packaging, Food Quality, and
Safety—Controlled-Release Antioxidant and/or
Antimicrobial Packaging

Cornelia Vasile 1,* and Mihaela Baican 2

����������
�������

Citation: Vasile, C.; Baican, M.

Progresses in Food Packaging, Food

Quality, and Safety—Controlled-

Release Antioxidant and/or

Antimicrobial Packaging. Molecules

2021, 26, 1263. https://doi.org/

10.3390/molecules26051263

Academic Editor: Cédric Delattre

Received: 18 January 2021

Accepted: 17 February 2021

Published: 26 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 “P. Poni” Institute of Macromolecular Chemistry, 41 A Grigore Ghica Voda Alley, 70487 Iasi, Romania
2 “Grigore T. Popa” Medicine and Pharmacy University, 16 University Street, 700115 Iaşi, Romania;
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Abstract: Food packaging is designed to protect foods, to provide required information about
the food, and to make food handling convenient for distribution to consumers. Packaging has
a crucial role in the process of food quality, safety, and shelf-life extension. Possible interactions
between food and packaging are important in what is concerning food quality and safety. This
review tries to offer a picture of the most important types of active packaging emphasizing the
controlled/target release antimicrobial and/or antioxidant packaging including system design,
different methods of polymer matrix modification, and processing. The testing methods for the
appreciation of the performance of active food packaging, as well as mechanisms and kinetics implied
in active compounds release, are summarized. During the last years, many fast advancements
in packaging technology appeared, including intelligent or smart packaging (IOSP), (i.e., time–
temperature indicators (TTIs), gas indicators, radiofrequency identification (RFID), and others).
Legislation is also discussed.

Keywords: active food packaging; controlled-release packaging; testing of food quality and safety

1. Introduction

Interrelations between foods and packaging can be detrimental to quality and/or
safety. Changes in product flavor due to aroma sorption and the transfer of undesirable
flavors from packaging to foods are important mechanisms of deterioration when foods
are packaged in polymer-based materials. Selecting packaging materials and developing
active, intelligent, packaging is based on a deliberate interaction of the packaging with
the food and/or directly improves food quality and safety, in order to maximize product
quality, safety, and shelf life, while minimizing undesirable changes.

Active packaging has the intended effect on the food, which is evidenced by the fol-
lowing processes: advances in delayed oxidation and controlled respiration rate, microbial-
growth-inhibiting microorganisms and moisture migration, and the addition of carbon
dioxide absorbers/emitters, odor absorbers, ethylene removers, and aroma emitters, while
intelligent packaging include time–temperature indicators, ripeness indicators, biosensors,
and radiofrequency identification, remove undesirable flavors by sorption, or indicate
safety and product shelf life. When a beneficial interaction between the packaging, envi-
ronment, and food occurs, the bioactive compound is controlled released [1,2], as it is in
controlled-release packaging (CRP).

Smart packaging is a term that includes active and intelligent materials. Articles may
be placed on the European market if they comply with the restrictions set out in Regula-
tion (EC) 1935/2004, articles, 3, 4, and 15, and the European Regulation (EC) 450/2009.
Intelligent packaging provides information on the product or on the product quality and
safety. Active-packaging systems are those that include substances deliberately added to
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the packaging, whose action improves the stability of food quality and safety, or based on
the direct contact with the food, provides a condition that improves food stability. Thus,
controlled-release packaging is a part of active packaging.

Packaging has a crucial role in the process of food quality, safety, and shelf-life ex-
tension. Shelf life of food is defined by Li et al. as “the period of time during which a
food retains acceptable characteristics of flavor, color, aroma, texture, nutritional value,
and safety, under defined environmental conditions” [3]. Some efficient solutions are
known, such as to quickly or instantly add active compounds (such as antioxidants and
antimicrobials) as ingredients into the food formulation in a limited concentration or to use
active packaging [4–6].

During the last years, many advancements in packaging technology appeared, in-
cluding intelligent or smart packaging (IOSP) (i.e., time–temperature indicators (TTIs), gas
indicators, radiofrequency identification (RFID), and others), and active packaging (AP;
such as oxygen scavengers, moisture absorbers, and antimicrobials) [7] (see paragraph 7).
These innovations are responsible for the improvement in food quality, safety, and shelf life.

2. Types of Active Packaging

There are several designs for active packaging (AP) inside a food package (Figure 1),
such as the following: (A) using the active sachets (oxygen and moisture absorbers, and
ethanol vapor generators), (B) coating an active compound (heat-sensitive active agents
or those incompatible and immiscible with the polymer matrix) onto the polymer, (C)
immobilizing the active compound on the polymer surface (the presence of functional
interacting groups on both the active agent and the polymer is necessary). The strong
bonding of active compounds onto polymers allows slow release into the food, and (D)
direct incorporation into the polymer matrix, which ensures high resistance to processing
conditions of the polymer, no adverse effect on the polymer properties, and slow release to
food. Use of bioactive polymers, such as chitosan, exhibits inherently antimicrobial activity
in composites or coating (E) [8,9].
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Figure 1. Types of active-packaging systems [8,10]. (A) using the active sachets (oxygen and
moisture absorbers, and ethanol vapor generators), (B) coating an active compound (heat-sensitive
active agents or those incompatible and immiscible with the polymer matrix) onto the polymer, (C)
immobilizing the active compound on the polymer surface (the presence of functional interacting
groups on both the active agent and the polymer is necessary). The strong bonding of active
compounds onto polymers allows slow release into the food, and (D) direct incorporation into the
polymer matrix, which ensures high resistance to processing conditions of the polymer, no adverse
effect on the polymer properties, and slow release to food. Use of bioactive polymers, such as
chitosan, exhibits inherently antimicrobial activity in composites or coating (E).
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According to the mechanism of action, the AP systems are divided into three types,
including the following: “releasing systems” (e.g., antimicrobials, antioxidants, CO2 or
ethanol emitters, or enzymes), “absorbing systems” (e.g., oxygen, CO2 or ethylene scav-
engers, moisture, or aroma absorbers), and “nonmigrating system”, where full contact
of food and AP is required (e.g., enzymes acting on the surface of food, their migration
being not necessary, and antimicrobial nanoparticles (NPs), such as nanosilver, titanium
dioxide (TiO2), and zinc oxide (ZnO)). NPs can be used as antimicrobial agents, but their
migration to the food is not allowed by laws [11]. The active-releasing systems can be also
divided into: “leaching systems”—the releasing of a substance achieved by direct contact
between food and packaging material (e.g., those by bacteriocins, antibiotics, antioxidants,
polyphenols, or organic acids), and “volatile systems”—releasing occurring through gas-
phase diffusion from the packaging layer to the food surface. This type of releasing is
applicable only for volatile active agents (essential oils (EOs) or low-molecular-weight
bioactive compounds, such as menthol, carvacrol, and linalool (“a naturally occurring
terpene alcohol chemical found in many flowers and spice plants with many commercial
applications, the majority of which are based on its pleasant scent”, cinnamaldehyde).

Active-releasing antimicrobial packaging applications are directly related to food
microbial safety, as well as to shelf-life extension, by preventing the growth of spoilage
and/or pathogenic microorganisms (because the growth of spoilage microorganisms can
not only reduce the food’s shelf life, but it can also endanger public health, particularly in
the case of pathogenic microorganisms). However, both antimicrobial resistance [12] and
pro-oxidation in lipid foods can be developed [13]. The newest solution is controlled-release
packaging (CRP) [14].

3. Controlled-Release Packaging (CRP)

The fundamental concept of CRP is to use a package with a modified concentration of
an active compound surrounding the food product inside the package, in order to retard
the deterioration of the food and extend its shelf life. This concentration may change with
time, following a “concentration profile”. Such packaging can release active compounds at
different controlled rates, suitable for enhancing both quality and safety of foods during
extended storage. It aims not only to prolong the duration of active compound delivery
but also to promote the predictability and reproducibility of release rates. The package
in CRP systems serves as a carrier to incorporate and retain the active compound (AC)
into its composition and to release it at an appropriate time. Retaining the AC inside
the package takes place in a limited space; therefore, the tortuous paths for the AC are
trapped/retained inside composition or by a barrier layer or coating. Loading, retardation,
and releasing of the active compound from the package composition can be influenced
by external factors, such as moisture, heat, or removal of the barrier layer, or by the
intermolecular forces between the AC and the package. From a commercial point of
view, a changing concentration with time has practical value in some situations, such as
when it is desirable to have a higher concentration of antimicrobials or antioxidants in the
beginning to retard microbial and oxidative deterioration in order to extend shelf life of
the product during distribution and storage, while having a lower concentration when the
product reaches the consumer. CRP is a new generation of functional packaging, acting
as a delivery system for the AC release (antimicrobials, antioxidants, flavors, aromas, and
plant growth hormones, such as 1-methylcyclopropene, to affect fruit ripening; initiation
or delay) in a controlled manner to improve safety. Retaining quality for a wide range of
food products during storage was defined even in antimicrobial packaging and antioxidant
packaging, but the terms are different [15,16]. The AC is released in a timely manner
to enhance safety, retain quality, and extend the shelf life of food [15]. In the Federal
Register of July 17, 1995, (60 FR 36582), the US Food and Drug Administration (FDA)
established a “threshold of regulation” release process. This process was established for
determining when the extent of migration of some additives to food is so trivial that safety
concerns would be negligible. The process exempts materials in food-contact articles
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whose use results in dietary concentrations situated at or below 0.5 ppb (µg/kg) from
the food-additive-listing regulation requirement. Carcinogens or substances that may be
carcinogens are excluded from this regulation. Careful consideration must be given to those
factors affecting such interactions when selecting packaging materials in order to maximize
product quality, safety, and shelf life, while minimizing undesirable changes. The key safety
objective for traditional materials in contact with foods is to be as inert as possible, i.e.,
there should be a minimum of interaction between food and packaging. Meanwhile, as a
response to consumer demands or industrial production, new food-packaging technologies
developed trends toward mildly preserved, fresh, tasty, and convenient food products with
a prolonged shelf life and controlled quality. Product considerations include sensitivity
to flavor and related deteriorations, color changes, vitamin loss, microbial activity, and
amount of available flavor. Storage considerations include the temperature, time, and
processing method. Polymer considerations include the type of polymer and processing
method, volume or mass of polymer-to-product ratio, and whether the interaction is Fickian
or non-Fickian [17].

Gas chromatographic methods for the detection of volatiles and new techniques
involving supercritical gases for the analysis of minimally volatile constituents of both
specific and overall migration are proposed and used. The organoleptic properties and the
average migration potential in different groups of materials should be investigated. Better
correlations between rates of migration into food simulants and into real foodstuffs should
be found by theoretical predictions of migration based on empirical data for partition and
diffusion coefficients in order to make the evaluation of plastics [18,19].

Quality loss and microbial safety are major concerns of the food industry. It is known
that packaging plastics contain substances of low or medium molecular weight. Residual
monomers and additives such as antioxidants for plastics or lubricants may migrate into
the packed good after filling and may form undesirable levels of concentrations in the
product until consumption. One main purpose of migration testing is to ensure product
safety and protect the consumer by controlling the levels of such constituents from the
packaging in the product. Therefore, the manufacturers of packaging materials must assure
that their quality is safe for food and drug applications [20].

The uniqueness of CRP is that it focuses on the kinetics and mechanism of controlled
release. A CRP system may contain two antimicrobials for different target microorgan-
isms [21], or it may contain both antimicrobial and antioxidant to inhibit microbial growth
and lipid oxidation [22], which can have many possible “release rate profiles,” defined as
plots of rate of release of AC versus time. AC is obviously the first design factor, and its
selection depends on efficacy, regulatory compliance, and cost. For most CRP systems,
the release rates change with time. However, when an AC is incorporated into a film, its
release is both constant or often governed by diffusion of the AC in the film, following
the diffusion-controlled release-rate profile, characterized by fast release initially, with a
progressively slower release as time passes. The recommended time to start release is
immediately after filling the food and sealing the package. At a slow rate, an insufficient
amount of AC is released to retard food deterioration, while at a fast rate, an excessive
amount of AC is released.

The application of CRP has been widely and effectively used in pharmaceuticals
and drug industries, but its application in food industry is relatively new. An example
of a CRP application in food which already exists in the market is the use of butylated
hydroxytoluene (BHT) as an antioxidant to extend the shelf life of breakfast cereal [23], but
its use is still debated [24].

3.1. Active Compounds

Active properties can be conferred by the incorporation into the packaging materials
of substances with inherent antioxidant and antimicrobial properties [25]. Common active
compounds used in CRP include mainly antimicrobials for food safety and antioxidants
for food quality, oxygen, or ethanol scavengers, and CO2 emitters.
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Antimicrobials. An antimicrobial is an agent that kills microorganisms or stops their
growth. Antimicrobial packaging is multifunctional by reducing harmful microbial ac-
tivity in food, helps to increase food safety, reduces food wastage, and improves food
shelf life. Biobased antimicrobial agents in packaging provide extra safety for health [26].
Those for food preservation act to prevent growth of spoilage and pathogenic microorgan-
isms. Antimicrobial agents are incorporated into polymer film/packaging to suppress the
activities of targeted microorganisms, as against Listeria monocytogenes, Mycobacterium smeg-
matis (MTCC 943), Pseudomonas aeroginosa (MTCC 4676), Escherichia coli O157, Salmonella,
Staphylococcus aureus, Bacillus cereus, Campylobacter, Clostridium perfringens, Aspergillus niger,
Saccharomyces cerevisiae, etc. Between the most-used antimicrobials, one can mention the
following: main natural compounds, as essential oils derived from plants (e.g., basil, thyme,
oregano, cinnamon, clove, and rosemary), enzymes obtained from animal sources (e.g.,
lysozyme and lactoferrin), bacteriocins from microbial sources (nisin and natamycin), or-
ganic acids (e.g., sorbic, propionic, and citric acid), naturally occurring polymers (chitosan
and its derivatives) [27], sodium benzoate, etc., all approved to be used in contact with
food [28].

Interest in “antimicrobial activity” of chitosan is hugely evidenced in 2014 by over
1140 articles, with 740 of these published after 2010. Derivatization of chitosan is realized
by acylation, carboxylation, alkylation, and quaternization in order to improve the water
solubility, pH sensitivity, and the targeting in the antibacterial, sustained slow release,
targeting, and delivery system fields. Chitosan derivatives present excellent antimicrobial
activity due to permanent positive charge on nitrogen atoms side-bonded to the polymer
backbone [29–31].

Other interesting polysaccharides used for antimicrobial packaging are alginates and
carrageenan [32]. Nano-formulations of silver nanoparticles with cellulose, chitosan, and
alginic-acid biopolymers for antibacterial applications have been prepared [33]. Incorpora-
tion of silver NPs as nanocomposite (NC) forms improved antibacterial activities of these
polysaccharides. Antimicrobial packaging with lactic-acid bacteria incorporated in alginate
film matrix was found to control the growth of food-borne pathogens in ready-to-eat
food [34].

They are affected by a variety of intrinsic factors, such as pH and presence of oxygen,
or by extrinsic factors associated with storage conditions, including temperature, time,
and relative humidity. They can also include flavors, aromas, enzymes, probiotic bacteria,
nutraceuticals, and plant growth hormones (such as 1-methyl cyclopropene to delay fruit
ripening). Some active compounds are multifunctional, such as some essential oils (EOs)
with antimicrobial, antioxidant, and antifungal activity [35–37]. Their release from packag-
ing is determined by volatility, molecular shape, size, polarity, and weight [38], and the
presence of the other bioactive compounds [39]. Antimicrobial agents from organic sources
(such as plant phenolics, carvacrol, thymol, bacteriocins) and monoterpene hydrocarbons
(p-cymene and γ-terpinene) compounds which are present in oregano essential oils, citric
acid (in green tea), (clove, oregano, and thyme), enzymes (lysozyme, lactoperoxidase, and
glucose oxidase,), polymers (chitosan and derivatives), organic acid (acetic acid, lactic acid,
and benzoic acid), bacteriocins (nisin), and metal ions (zinc oxide zinc, silver nanoparticles,
copper, palladium, and titanium more stable at higher temperatures) were incorporated
into the protein-based films [40]. Nowadays, protein-based film technology has emerged
as one of the most extensively studied in the food-packaging sector, as it exhibits good
mechanical, optical, and oxygen barrier properties. In addition, protein-based film also
showed good compatibility to polar surfaces, while having effective control on the release
of additives and bioactive compounds in the food-packaging system. Antimicrobial food
packaging gained great interest due to high inhibition of microbial activity that helps in
prolonging the shelf life of packaged food and enhancing the food’s safety, while improv-
ing the functionality of the films. They are also biodegradable. However, biocomposite
protein-based packaging films obtained by incorporation of antimicrobial agents might
also require chemical, toxicological, and further tests to secure more safe and approved
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products according to the standard food safety regulations while being able to deliver good
means in protecting the safety and quality of packaged food.

Antioxidants. Polyphenols, flavonoids, (e.g., quercitrin), vitamins, poly-unsaturated
fatty acids, curcumin, astaxanthin, catechins, selenium nanoparticles (SeNP), resveratrol,
etc., show antioxidant properties and are used in food products. They act both as chain-
breaking antioxidants or as hydroperoxide-deactivating antioxidants. Reactive oxygen
species (ROS) (such as: O2•, HO•, HO2•, RO•, ROO•), or reactive oxygen-containing
compounds (such as: H2O2, O3, 1O2) show various reactivity and oxidizing ability, par-
ticipating in diverse chemical reactions (oxidative stress) and producing decomposition
of biologically active compounds or biomolecules. Antioxidants protect other molecules
from the damaging effects of such ROS and are used as AC in formulations prevent-
ing oxidative stress [41]. They are appropriately encapsulated when there are favorable
interactions between the functional groups of the encapsulated compound and the en-
capsulating material/nanomaterial. The main nanoencapsulation techniques applied to
antioxidants and antimicrobials are described: association colloid-based nanoincorporation,
lipid-based nanoencapsulation techniques, encapsulation techniques based on biologically
derived polymeric nanocarriers, encapsulation techniques based on nonbiological poly-
meric nanocarriers, cyclodextrin incorporation, electrospraying and electrospinning, carbon
nanotubes, and nanocomposite encapsulation [42]. Several nanoencapsulation methods
can be followed by freeze-drying or spray-drying. An improvement to aqueous solubility,
antioxidant, and other health-promoting properties, in vitro gastrointestinal (GI) release
profile, and protection against process and environmentally harsh conditions (e.g., light,
oxygen, high temperatures, and humidity) of hydrophobic food bioactive compounds
could be achieved by nanoencapsulation, using different nanoencapsulations, including in-
clusion complexes of CDs, amylose, yeast cells, nanogels, natural extracts (NEs), nanofibers,
nanosponges, nanoliposomes, and NPs made with lipids [43], see also below. As an exam-
ple, there could be the aforementioned astaxanthin-loaded nanostructured lipid carriers
with the Z-average size of 94 nm containing α-tocopherol and EDTA as antioxidants, which
were stabilized using Tween 80 and lecithin and mixed with nonpasteurized CO2-free beer
at the volume ratio of 3:97; these showed improved stability at a low storage temperature of
6 ◦C [44]. Ethyl cellulose microparticles with encapsulated hydroxytyrosol, a constituent of
olive oil showing antioxidant properties, demonstrated the effectiveness of their gastrore-
sistance and the antioxidant capacity preservation of >50%, indicating possible applications
of this formulation in foods, drugs, and nutraceuticals [45]. Nanoliposomes incorporat-
ing olive-leaf extract with high levels of phenolic compounds and oleuropein, showing
antioxidant and antimicrobial activities, with average particle size 25–158 nm, negative
charge, were supplemented to yogurt, which improved its antioxidant activity, and no sig-
nificant changes in color and sensorial attributes were observed, suggesting that olive-leaf
phenolics can be entrapped in nanoliposomes and could increase the nutritional value of
products like yogurt [46]. The aqueous solubility of resveratrol (RES) from α-lactalbumin
(α-Lalb)-RES nanocomplexes was 32-fold higher than that of free RES, and the nanocom-
plexes considerably improved the antioxidant chemical stability under storage, at pH 8.0
and high temperature, and showed very good in vitro antioxidant activity compared to
free RES, suggesting that α-Lalb as a nanoscale carrier could effectively deliver lipophilic
nutraceuticals in the functional food, biomedical, and pharmaceutical products [47]. Di-
gested kenaf (Hibiscus cannabinus L.) seed O/W (nanoemulsion) natural extracts (NEs),
stabilized by a SCas, Tween 20, and β-CD complex, show a good bioaccessibility of antioxi-
dants (tocopherols and total phenolic contents) and a lower phytosterol degradation rate
compared to digested bulk oil, which indicates the possibility of their future application in
food and nutraceutical industries [48]. Many spices and herbs are recognized as sources
of bioactive compounds which are able to stabilize free radicals and prevent oxidation
processes and/or act as bacteriostatic or bactericidal agents [49,50], such as essential oils
(EOs) (as oregano essential oil, natural extracts (NEs) (rosemary extract, green tea extract
(GTE), sage extract) and/or inorganic and metal nanoparticles. Essential oils and natural
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extracts such as Salvia officinalis are generally recognized as safe according to the U.S. Food
and Drug Administration (FDA) [51]. EOs are volatile compounds obtained from aromatic
plants that produced them naturally as secondary metabolites. They also exhibit important
antimicrobial activity in the vapor phase, being applied to bakery products, because they
are able to delay the microbiological spoilage [52]. EOs and NEs are mainly composed of
terpenoids, phenolic, and aromatic compounds, and their composition can widely vary
depending on the edaphoclimatic characteristics of the plant, the part of the plant (i.e.,
flower, seed, leaves, fruits, stems, and others), and the extraction procedure [53,54]. There
is great interest in the use of these natural products, because they are classified as generally
recognized as safe (GRAS) food additives by the FDA [55]. Essential-oils extracts are multi-
functional, because they can be used as both antioxidants, antifungals, and antimicrobials.
They are increasingly studied as solutions to replace synthetic ones [56–59]. Active films
were developed by means of the electrospinning technique and subsequent annealing treat-
ment based on poly (ε-caprolactone) (PCL) containing a solid dispersion of multifunctional
sage extract (SE, 5–20%). The water vapor and aroma permeability of the obtained films
increased by adding SE to the polymer; by SE incorporation into PCL matrix. A strong
2,2-diphenyl-1-picrylhydrazyl (DPPH·) free radical scavenging ability and a strong activity
against foodborne pathogens such as Staphylococcus aureus and Escherichia coli [25] were
also obtained. Both volatile and nonvolatile antimicrobials may be used in CRP, where
there is direct food/package contact (e.g., in a vacuum-packed fresh-meat pouch), because
there is either a migration of microbes to the antimicrobials or vice versa [60,61]. Only
volatile antimicrobials may be used where there is no direct food/package contact (e.g.,
in a fresh-produce bag where there is air space between the produce and the bag) [62,63].
For antioxidants, the situation is different from antimicrobials: nonvolatile antioxidants
encapsulated in the package can be effective for oxidation inhibition where there is no
direct food/package contact. This is because free radicals generated from oxidation and
oxygen in the package can travel through space to reach the nonvolatile antioxidants
in the package [64,65]. CRP containing volatile antioxidants as sesamol is also effective;
for example, for lipid oxidation of oat cereals [66]. The mobility of volatile compounds
explains their higher efficiency when compared to nonvolatile compounds for retarding
microbial growth and oxidation. However, this mobility can also cause undesirable loss
of more volatile compounds such as butylated hydroxytoluene (BHT) during processing
(such as in a film-extrusion process where high temperature and shear are involved) and
during storage, due to premature release of the volatile compound than of the nonvolatile
tocopherol [67]. By protecting the volatile compounds by encapsulation and barrier layer,
the losses are diminished. Another requirement is the compatibility of the active compound
with the packaging material. This affects both loading and release of the active compound
from the packaging material with antioxidants [39,68]. Release can be modified (slow or
fast) by encapsulation. The encapsulated tocopherol into γ-cyclodextrin and transforma-
tion into nanofibers with polylactic acid (PLA) by electrospinning had a faster release rate
for the system with γ-cyclodextrin encapsulation than the system without encapsulation,
because γ-cyclodextrin improved the tocopherol solubility in the aqueous phase of the
food simulant. This was demonstrated for other system, too, as lecithin nanoencapsulated
nisin [69]. Hydroxypropyl methyl cellulose (HPMC) film incorporating PLA/green-tea
extract [70] and polyethylene (PE) film incorporating green-tea extract [71] are also used
for food-packaging applications.

3.2. Package Composition and Structure

Both synthetic polymers and biobased polymers and also their blends have been stud-
ied as packaging films. In the last decade, the research was focused to biobased polmyers,
because they are more environmentally friendly than synthetic polymers. Some polyhy-
droxyalkanoates (PHAs), such as poly(3-hydroxybutyrate) (PHB), poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV), poly(3-hydroxybutyrate-co-4-(P(3HB-co-4HB)), and poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) are currently frequently studied to de-



Molecules 2021, 26, 1263 9 of 49

velop bioplastic packaging articles, such as injection-molded pieces, compression-molded
sheets, and films [72,73]. The structure and morphology of biobased polymers can be
modified by crosslinking, processing, and other methods to obtain various release rates for
active compounds (e.g., the change in cellulose film morphology from dense to porous or
the release rates of L-ascorbic acid, tyrosine, and lysozyme) [74,75]. The composition of
stereochemical isomers of PLA [14], as well as the processing methods including drying,
annealing, solution casting, and extrusion, and the crystallinity of the resulted film can be
controlled. A wide range of tocopherol release rate profiles can be obtained, this one control-
ling the degree of crosslinking in low methyl pectin film with calcium ion as a crosslinker
to change release rate and the released amount of nisin [76] in different combinations,
such as a blend of chitosan and cellulose incorporating sodium benzoate or potassium
sorbate [77], and blend of chitosan and konjac glucomannan incorporating nisin [3,21].
PLA/thymol; PLA/BHA, BHT, PG and TBHQ/methylcellulose edible film, Ferulago angu-
late/essential oil nanocapsules; zein film/lauryl arginate (LAE); cassava starch film/bixin;
pectin/carboxymethyl cellulose films/potassium sorbate; whey protein film/essential oil;
starch film/BHT; starch film/green tea extract, soy protein film/incorporating /nisin, and
PLA-PHB film/catechin [15], as well as blends of LDPE/ chitosan and PLA/essential oils,
have been also studied [21]. Polymer blends were used to improve physical properties of
packaging films.

Multilayer film structure is studied very often as CRP, because the layers may have
various functions and desirable properties, such as high barrier, mechanical strength, or
heat sealability that no single material possesses. The multilayer active films are composed
of three layers: the barrier layer (with high barrier properties, preventing the loss of active
substances to the environment), matrix layer (containing active substance and showing very
fast diffusion), and control layer (with lower swelling ability than matrix layer, controlling
the release of the active agent to the food) [78]. The thickness, chemical composition and
diffusivity of the control layer must be varied with each type of food. Multilayer films are
produced by co-extrusion method, layer-by-layer (LbL) deposition method [79], lamination,
coating, co-injection with stretch blow molding, etc.

Commonly, ACs are contained inside a surface layer in direct contact with food.
LDPE/4% tocopherol, coextruded with high density polyethylene (HDPE), and ethylene
vinyl alcohol (EVOH) have improved water vapor and oxygen barrier properties, being
used as a milk-powder package [80]. Coating technology is applied to obtain an active
surface layer which can be disintegrated over time, when it is physically deposited, but this
behavior is not observed when it is covalently bonded [81–87]. If the active compounds are
placed into the core layer, they are protected from oxidation.

Some examples of CRP with multilayer structure are summarized in Table 1.
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Table 1. Examples of multilayer CRP.

Active Compounds (AC) Packaging Structure Effectiveness Reference

Natamycin and/or nisin Polyvinylidene chloride (PVDC) (active) or nitrocellulose
(NC) coated on PE Inhibition of selected microorganisms in cheese [88]

Nisin HPMC (active) coated on PE Preservation of food shelf life [89]
Nisin Cellulose coated on PE Inhibition of L. monocytogenes in tofu [90]

Nisin or nisaplin Ethylcellulose (EC)/HPMC (active layer)/EC Food simulant analysis: EC was effective to delay release of nisin [91]

Nisin or nisaplin polyvinylchloride (PVC) (active layer) coated on low-density
polyethylene LDPE Inhibited microbial growth on cheese [92]

Lysozyme Layer by layer assembled chitosan organic rectorite and
sodium alginate coated on cellulose acetate

Effective to inhibit growth of Escherichia coli and Staphylococcus aureus, and
extend shelf life of pork for 3 days [93]

Sodium benzoate and potassium
sorbate Pectin, pullulan, and chitosan as edible coating Effective to reduce weight loss, fruit softening, delayed color degradation

and titratable soluble solid in strawberry [94]

Ascorbic acid and tocopherol
Tetraethyl orthosilicate and a mixture of alcoxysilane

containing organic moieties (active) coated on
polyamide-polyethylene (PA/PE)

Inhibition of oxidation shown by ferric reducing antioxidant power assay in
EtOH [95]

Sesamol or BHT
(1) LLDPE/HDPE (active)/HDPE, (2) HDPE /HDPE

(active)/ethylene-vinyl acetate (EVA), (3) HDPE/HDPE
(BHT)/EVA

Effective to inhibit lipid oxidation in linoleic acid and breakfast cereal [66]

Cinnamon oil active with or without
encapsulation in polyvinyl alcohol

(PVA)
PVA coated on polypropylene (PP) and laminated with LDPE Effective to repel instar larvae in a retail box containing flour [96]

Chitosan oligomer Thin layer of chitosan oligomers sandwiched in
thermoplastic corn starch film

Effective to inhibit growth of yeast and mold in strawberries, ricotta, and
flavored breads [97]

Catechin (1–3%) antioxidant

Bilayer based on
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

(PHBV)/plasticized electrospun poly(lactic acid) (PLA)/
poly(3-hydroxybutyrate) (PHB) nanofiber blends. 15 wt% of
oligomeric lactic acid was added as a plasticizer to increase

stretchability

Bilayer films showed appropriate disintegration in compost conditions in
around three months. Thus, they show their potential as biobased and

biodegradable active packaging for fatty food products
[98]

Potassium sorbate LDPE/polyamide (PA)/LDPE The film samples within the liquid medium with low pH values had the
highest diffusion coefficient [99]

Scrophularia striata Boiss. extract
(SE) Bacterial cellulose (BCel)/BCel/BCel

Release rate and diffusion coefficient of SE in 95% ethanol simulant
significantly decreased by lamination. Also, the dependency of SE release to

temperature decreased after lamination
[100]

Quercetin HDPE/LDPE/LDPE-EVA
The diffusion coefficient for films decreased by increasing the EVA amounts
in inner layer, from 30% to 50%. The antioxidant activity values of the films

were also enhanced as the EVA amount increased
[101]



Molecules 2021, 26, 1263 11 of 49

Table 1. Cont.

Active Compounds (AC) Packaging Structure Effectiveness Reference

Gallic acid (GA) Polylactide (PLA)/PLA
The release rate of GA from the bilayer PLA films rapidly increased during
the first 5 h of immersion. The PLA multilayers presented a high sustained
release of GA, having the capacity to deliver the bioactive for over 1000 h

[102]

Tea polyphenols Polypropylene (PP)/PVA/PP

Microporous PP films with different pore size were used as the inner layer.
The diffusion coefficient for the films increased with the increase of pore
size. TP release rate could be controlled by adjusting the pore size of the

inner layer

[15]

Tea polyphenols Zein/zein-gelatin/gelatin Multilayer films exhibited prolonged release manner in comparison to
mono- or bi-layer films [103]
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Barrier properties (water vapor transmission rate, gas transmission rate, light, flavor,
and aroma) of the multilayer packaging films are superior when compared to those of the
monolayer packaging films. This behavior with has direct implications on the shelf life of
packaged foods. During the process of multilayer packaging testing, determination of the
physical, chemical, and mechanical properties of the polymers present in the respective
system is required, such as [104] seal strength evidenced by the peel test; gas and water
vapor permeation evidenced by oxygen transmission rate (OTR); stiffness evidenced by
the bend under own weight; tear strength evidenced by the cantilever test, trouser-tear
method, or Elmendorf tear-resistance test; scratch and abrasion resistance evidenced by
scratch tests; and adhesion evidenced by the peel test, etc.

For instance, EVOH is a copolymer widely used in food packaging for its excellent
gas-barrier property. However, its use can be limited because of the presence of moisture-
sensitive hydroxyl groups. This disadvantage can be overcome by forming a multilayer
structure using hydrophobic materials such as PP or LDPE [105].

PVA/vermiculite nanocomposite-coated multilayer packaging film was tested for
storing high-moisture foods using three food stimulants (deionized water, 3% acetic acid,
and 50% ethanol) [106]. It was observed that oxygen permeability significantly increased
for a relative humidity of about 60%, with no deterioration in oxygen-barrier properties
with deionized water and acetic acid but structural changes with ethanol.

3.3. CRP System Design

The main CRP objectives are to manipulate polymer morphology to achieve the
required release kinetics (fast or slow release) to match the food type, while antimicrobial
and antioxidant packaging are nonreleasing, being like those grafted onto packaging
materials, as well as nonreleasing systems involving oxygen absorbers and free radical
scavengers. The chemical modification of polymers, the preparation of multilayer films, and
the use of crosslinking agents are some methods tried in the last decades. Other approaches
use molecular complexes and irradiation treatments. Micro- or nano-encapsulation of
active compounds and using nanostructured materials in the CRP film matrix are the
newest techniques used for the preparation of CRP systems [10].

Active compounds type is obviously the first design factor, and its selection depends
on efficacy, regulatory compliance, and cost. The second design factor is package composi-
tion and structure that form a matrix or carrier, such as a packaging film or a coating, to
encapsulate the active compound. The third design factor is the processing methods, such
as cast film extrusion and blown film extrusion, which serve the purpose of incorporating
the active compound into the packaging polymer and creating an appropriate morphology
or structure to allow the release of the active compound. It was applied for HDPE, PP, and
their mixtures. Modifying the processing variables and applying new techniques methods,
accomplished by smart blender and polymer blends, led to changes in diffusivity; hence,
different release profiles were achieved. Biodegradable polymers such as pectin, gelatin,
chitosan, polylactic acid, and others are suitable components.

Poly(L-lactic acid) (P-LLA) and poly(D-lactic acid) (P-DLA) affect polymer final prop-
erties and provide a wide range of release profiles. The delivery occurs in a timely manner
to increase shelf life and maintain safety and quality of the food [14]. PLA containing
different ratios of stereochemical isomers was impregnated with 3000 ppm tocopherol
using solvent casting and commercial scale extrusion or casting methods to produce the
films. The solution casting films were first dried at room temperature for 24 h and fur-
ther dried at 40 ◦C. Results showed different tocopherol release profiles and diffusivities
(2.42 × 10−19 to 8.68 × 10−16 m2/s) with three orders of magnitude, while the annealing
process increased film crystallinity, which led to lower diffusivity and slower tocopherol
release and decreased water vapor and oxygen transmission rates of the films. Composition
of the packaging materials is also an important parameter.
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3.4. Micro- and Nano-Materials

Microcapsules are particles with a diameter between 3 and 800 µm, while nanocapsules
are in the range of 10 to 1000 nm (1 µm) [103,107]. Both microcapsules and nanocarriers can
protect a bioactive compound from unfavorable environmental conditions, e.g., oxidation,
heat, light, pH, and enzyme degradation. Nanotechnology by new nanoformulations
provides new or modified properties conferred to many current materials.

Nanomaterials can be incorporated in food-packaging design by melt compounding,
solvent casting, lamination, or electrohydrodynamic processing (EHDP), in the form of
nanocomposites using as carriers’ biopolymer matrices. They offer passive, active, and
even bioactive properties (barrier, antimicrobial, antioxidant, and oxygen scavenging) and
also have roles and the controlled release of functional ingredients exerted either by the
intended or non-intended migration of the nanomaterials or by the active substances they
may carry [108]. In general, the CRP systems utilized in the food industry can be classified
into two classes based on the main applied materials [109]: (1) lipid-based nano-carriers
formulated by lipids (fats and oils) and (2) biopolymer-based delivery systems, such as
polysaccharides (starch, pectin, chitosan, cellulose derivatives, gum arabic, guar gum,
alginates, etc.), proteins (whey protein concentrate and isolate (casein, gelatin, soy protein
isolate, etc.), or their mixtures.

Lipid-based nanocarriers can entrap materials with different solubility, can be pro-
duced in industrial scale, are capable of targeted and triggered release control, but show
some adverse effects on color, taste, and aroma of foods and beverages. Biopolymeric
systems are suitable carriers for high-temperature processes, show higher loading capacity,
stronger protection of encapsulated compounds, and a lower release rate. The lower inter-
action of active compounds with polymer matrix and their nano-encapsulation to protect
their chemical structure are reasons for an increased activity after migration and decreased
adverse effects of additives, as color and appearance of the active films.

Some examples of nanocompounds used in CRP are bacterial cellulose nanocrys-
tals [110], cellulose nanofillers as cellulose nanofibers and other nanocelluloses used to
prepare cellulosic biodegradable composites [111], and other natural polymers such as
nanoparticles (NPs). As inorganic nanoparticles, silver nanoparticles (AgNPs) [112], copper
oxide nanoparticles (CuONPs) [113], zinc oxide nanoparticles (ZnONPs) [114], mesoporous
silica nanoparticles [115], incorporated in electrospun poly hydroxy alkanoates (PHA), or
its copolymers materials and other polymers are used. Selenium nanoparticles (SeNPs)
with a size between 50 and 70 nm, incorporated in laminates as colorless multilayer (e.g.,
polyethylene terephthalate (PET, 12 µm), 3 g/m2 adhesive, and a second 20 × 30 cm
of 60 µm thickness film of low-density polyethylene (LDPE)), can prevent the oxidation
and extend the shelf life of hazelnuts, walnuts, and potato chips [116]. These multilayers
were also tested for ready-to-eat vegetable mixtures seasoned with butter, consisting of
sweet corn, chopped broccoli, and chopped carrot and fresh raw chicken breast. Metalloid
nanoparticles incorporated into a PET/adhesive/LDPE multilayer perform a strong free
radical scavenger activity. In such active-packaging materials, the nanomaterials are not
in direct contact with the food, but they protect the food, reducing the formation of lipid
off-flavors. Poly(3-hydroxybutyrate) (PHB) containing palladium nanoparticles (PdNPs)
films, pretreated with surfactants, and permitted for food-contact applications, had high
oxygen scavenging performance, water barrier, and oxygen [117]. Scavenging multilayer
films were developed by coating paper with electrospun PdNP-containing PHB and poly(ε-
caprolactone) (PCL) fiber mats, as paper multilayer exhibited higher oxygen scavenging
capacity [118]. Mineral nanoparticles containing 50 wt% of eugenols were loaded into
PHBV by electrospinning [115], followed by annealing. There were thus produced con-
tinuous films, which inhibited bacterial growth. Materials such as interlayers or coatings
for active food packaging applications showed enhanced barrier properties, due to the
presence of the eugenol-containing nanofillers, at optimal contents around 15 wt %. Their
antimicrobial activity against S. aureus and E. coli, in both open and closed systems (which
represent the real conditions in packaging applications) of such electrospun biopolymer
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films, showed antibacterial activity after 15 days, being higher (as expected). This behavior
was ascribed to the accumulation of eugenol in the system’s headspace.

Encapsulated oregano essential oil (OEO), rosemary extract (RE), and green tea extract
(GTE) were incorporated in ultrathin fibers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) derived from fruit waste, using solution electrospinning, and the resultant electro-
spun mats were annealed to produce continuous films [73]. The obtained films presented
the highest antimicrobial and antioxidant activity against the food-borne bacteria Staphy-
lococcus aureus (S. aureus) and Escherichia coli (E. coli). This activity can be explained by
their composition. OEO mainly contains isomer phenols, carvacrol and thymol, RE phe-
nolic, and the volatile constituents carnosol, carnosic acid, and rosmarinic acid, while
GTE is mainly composed of gallic acid, theobromine, chlorogenic acid, and caffeic acid.
The electrospun OEO-containing PHBV films presented the highest antimicrobial activity
against two strains of food-borne bacteria, as well as the most significant antioxidant
performance, which was ascribed to the films high content in carvacrol and thymol. Such
electrospun/annealed PHBV films can be applied as active layers to prolong the shelf life
of the foods in biopackaging applications. In the frame of a circular bioeconomy, such
materials prolong the shelf life of foods and delay the proliferation of microorganisms and
enzymatic oxidation.

Nanoformulations are used in the food industry for various types of nutritional
supplements, prepared to improve bioavailability, and obtaining functional foods, edi-
ble products (e.g., food, food constituents, or supplements), to protect active ingredients
against degradation or to reduce side effects [119]. Nutritional supplements are compounds
of natural origin, such as curcumin (CUR) occurring in turmeric, Ω-3-fatty acid in fish
oil, vitamins from fruits, probiotics, etc., as active ingredients which, when encapsulated
in an appropriate nanocarriers (for encapsulating nutraceuticals and fortification of food
products—nanostructured lipid carriers), are released after consumption of the food in the
target organ and utilized according to its nutritional properties [120]. Nanocarriers can
be nanogels, nanosponges, core-shell nanoparticles (NP), nanofibers, cyclodextrin com-
plexes, mesoporosous silica NP, core-shell NP, layered double hydroxides, nanoemulsions,
micelles, etc. The intelligent dietary supplements for bioactive compounds in foods are
designed to improve their low solubility, poor stability, and low permeability in the GI
tract and also to increase their oral bioavailability. Food dietary supplements are used to
create food for infants, follow-on nourishment, and nutrition of small children, low-energy
foods designed to reduce body weight, gluten-free foods, foods for people with disorders
of carbohydrate metabolism (diabetics), low lactose or lactose-free foods, foods with low
protein content, foods intended for athletes and for persons with increased physical perfor-
mance, etc. Foods for special medical purposes (FSMPs) are advised to be used only under
medical supervision and have to be provided with labels with information about their
intended use. A functional food or a functional ingredient is any food or food component
providing health benefits beyond basic nutrition, and natural bioactive compounds in low
concentration. Functional ingredients showing beneficial effects for health have become
increasingly popular in the diet [121]. Therefore, functional foods are similar to traditional
conventional foods but have more advantageous properties in relation to healthy physical
condition. The Pluronic® modified curcumin liposomes showed a slower release rate and
lower cumulative release percentage for curcumin, enhanced pH stability and thermal
stability, and a significantly improved absorption in simulated GI tract in vitro, suggesting
that both types of liposomes could be used as carriers [122]. Nanocapsules, based on lipid
formulations having larger surface areas than microsized carriers, can more effectively
enhance solubility, bioavailability, and controlled release of nanoencapsulated phenolic
compounds and could be successfully applied in functional foods [123]. Nanostructured
lipid carriers, such as micro- and nano-biobased delivery systems for food products, such
as vitamin A palmitate-loaded [124], solid lipid microparticles (MPs) loaded with 0.1% of
vitamin D3 [125], etc., have been prepared. Polysaccharide-based carriers show various
enzymatic susceptibilities and specific degradation in intestines. Targeting release has
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been obtained, such as low-molecular-weight octenyl succinic anhydride modified starches
which are suitable to form stable vitamin E nanocapsules for potential application in bev-
erages [126] and cellulosic nanomaterials for food and nutraceutical [127]. The following
nanomaterials for food products have been developed: cellulose nanocrystals and lecithin
into alginate microbeads [128], oligo-hyaluronic acid-CUR polymer co-loaded with both
curcumin and resveratrol, applicable in juice, yoghourt and nutritional supplements [129],
chitosan (CS)/tripolyphosphate-nanoliposomes core-shell nanocomplexes, as vitamin E
carriers [130], CS hydrochloride/carboxymethyl CS nanocomplexes loaded with antho-
cyanins [131], food-grade alginate/CS nanolaminates with incorporated folic acid [132],
multifunctional stimuli-responsive NPs, based on chondroitin sulfate/bovine serum albu-
min [133], protein-polysaccharide (propylene glycol alginate)-surfactant ternary complex
particles [134].

Functionalization of cellulose materials through surface modification is very impor-
tant for biomaterials intended to be used in food preservation, because surface functional
properties of cellulose-based composites is a desirable criterion to enhance its barrier capa-
bility against moisture, water vapor, and gases exchanges between the food and conditional
atmosphere. This enhancement in the barrier properties could protect the food via reducing
the degrading rates from physical, chemical, and microbiological changes [135].

Razavi et al. [136] demonstrated that nanoparticles of zinc oxide (ZnO) play a major
role in the antibacterial properties of cellulose-based film. A chitosan solution containing
zinc oxide nanoparticles was used for packaging cheese and chicken breast meat, proving
an enhancement in the antimicrobial properties against L. monocytogenes.

Cellulose acetate nanocomposite film with silver nanoparticle was very efficient in
suppressing the growth of B. cereus, E. coli, K. pneumoniae, S. typhi, and S. aureus [137]. Silver
nanoparticles were also incorporated into banana-peel powder-filled cellulose matrix [138],
the obtained hybrid composite showing good inhibitory activity on gram-negative (P.
aeruginosa and E. coli) bacteria when compared to gram-positive (B. licheniformis and S.
aureus) bacteria.

Protein-based carriers. Protein-based nanoencapsulation extend their functionality in
nanocarrier systems to achieve an improvement in encapsulation, retention, protection, and
release of bioactive agents [139,140], which have activity dependent on pH; for example,
one can mention folic acid binding to β-lactoglobulin (β-Lglb), and type A gelatin carri-
ers [141], 7S and 11S globulins (Glbs) obtained from soy flour complexed folic acid [142].
Encapsulation of proteins into microvesicles of bacteria, generally considered as safe, could
be also used in applications of foods and nutraceuticals. In vitamin D–potato protein co-
assemblies, the nanocomplexation provided pronounced protection and reduced vitamin
D losses during pasteurization and also under several different sets of storage conditions.
Therefore, the potato protein could be used as a protective carrier for hydrophobic nu-
traceuticals, suitable for enrichment of clear beverages and other food or drink products
with beneficial impact on human health [143]. Lagaron et al. proposed a high degree of
polymerization Agave fructans (HDPAF) as a novel encapsulating material for bioactive
compounds [144]. It was demonstrated that they act as lyoprotectant agents on bovine
plasma proteins and are able to cryoprotect food proteins. Fructans from Agave tequilana
consist of a complex mixture of fructooligosaccharides. Electrospraying coating (solution
and emulsion) was applied as the encapsulation technique. Encapsulated in the particles,
they provide a protective effect of β-carotene by the nanocapsules (440 nm to 880 nm).
Agave fructans from Agave tequilana Weber are considered microencapsulating materials
of pitanga or Surinam cherry (Eugenia uniflora L.) juice by spray drying. Using FTIR, the
interactions are detected by encapsulation of β-carotene with HDPAF. A comparison of
nanocapsules of HDPAF and HDPAF/β-carotene obtained by the encapsulation process
proved that the main differences between them are evident in the 1700–1800 cm−1 region
because of the interaction of the C=O group of fructose molecules with β-carotene. The
low intensity of β-carotene suggests that only a slight amount of this is located on the
surface of the HDPAF nanocapsules because of a centripetal distribution of β-carotene, the
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highest concentration being in the core of the nanocapsule. This is probable explained due
to the hydrophobicity of β-carotene, creating a barrier against oxygen and a protection
against thermal decomposition processes, occurring mainly on the surface of the HDPAF
nanocapsules [145]. β-carotene encapsulated in HDPAF by the EC method remained stable
for up to 50 h of exposure to ultraviolet (UV) light.

Some examples of CRP with organic matrices are found in the review of Almasi and
co. [10], the most recent being listed in Table 2.

Table 2. CPR systems with organic matrices.

AC Packaging, Structure/Preparation
Method/Composition Improvements Reference

Lipid, Polysaccharide, and Protein-Based Systems

Encapsulated oregano EO

Soluble soybean polysaccharide films/
Pickering emulsion stabilized by

complex coacervates of acid-soluble soy
protein and soluble soybean

polysaccharide

By encapsulation, was immobilized
and held more EO in the film matrix;

films exhibited prolonged antimicrobial
activity

[146]

Hesperidin Pickering
emulsion stabilized with

chitosan NPs
Activated gelatin film

Good compatibility and better
antioxidant activity were the
achievements of hesperidin

encapsulation before loading to film

[147]

Oregano EO, resveratrol Pectin/nanoemulsion

Nanoactive film showed the best
performance on pork loin preservation,

ascribed to the smaller particle size
with enhanced preservative of EO

[148]

Nanoemulsion and Pickering
emulsion-stabilized marjoram

EO
Pectin-based active film

Whey protein isolate (WPI)-inulin
microcapsule was more effective than
nanoemulsion; release controlling of

marjoram EO

[149]

Copaiba oil Pectin/Nanoemulsion

Good compatibility of oil with film
matrix was observed by nanoemulsion

formation. Improved antimicrobial
activity against S. aureus and E. coli

[150]

Encapsulated cumin seed EO Pectin

Active papers containing WPI-inulin
stabilized EO had the maximum effect

on controlling the microbial growth
and lipid oxidation of beef hamburger

in comparison to free and
nanoemulsion stabilized samples

[151]

Cyclodextrin (CD) Inclusion Complexes

Tymol/β-CD complex
Thymol inclusion complex was

incorporated into gelatin film’s casting
solution

Release rate of thymol decreased after
complexation and sustained release
(235 h) of thymol was achieved by

incorporating β-CD/thymol inclusion
complexes into the gelatin films

[152]

-Gallic acid -allyl
isothiocyanate

-quercetin/β-CD complex

-PLA electrospun nanofibers/β-CD
complex -PVA nanofibers/-polyacrylic
acid (PAA) nanofibers/β-CD complex

Improvement in preservation rate,
stability, and antibacterial activity [153–156]

Tea tree oil (TTO)/β-CD
complex Poly(ethylene oxide) (PEO)

The release efficiency of the
antibacterial agent from PEO

nanofibers and the antibacterial activity
of PEO nanofibers were improved. The

highest antibacterial activity was
observed against Escherichia coli

[157]
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Table 2. Cont.

AC Packaging, Structure/Preparation
Method/Composition Improvements Reference

Curcumin/β-CD complex Gelatin

Slower release of curcumin and better
preservation of color and polyphenol
contents of apple juice were observed

by using curcumin/b-CD complex

[158]

Citral and
transcinnamaldehyde/β-CD

complex
EVOH

Low diffusion coefficient and high
equilibrium concentration of active

compounds was observed. The shelf
life of beef was extended by inclusion

complex formation

[159]

Carvacrol, oregano, and
cinnamon EO/β-CD complex Cardboard tray

Beneficial effect of active compounds
on cherry tomato and bell pepper was

maintained until day 24 and 18,
respectively. Decay incidences reduced

significantly

[160,161]

Nanocomposites

Nisin Starch/ Halloysite nanotubes 1D
Swelling of film decreased and its

antimicrobial activity increased in the
presence of halloysite

[162]

Clove EO Soy protein isolate/MMT1D

MMT decreased the release of clove EO
and prolonged its antimicrobial and

antioxidant activity over time without
observing the diffusion of the clay’s

own metals

[163]

Carvacrol Thermoplastic starch/neat and
modified MMT1D

Organo-modified MMTs were more
effective that Na-MMT in the release

controlling of carvacrol, having a
higher intermolecular affinity

[164]

Origanum vulgare ssp. gracile
and Carum copticum EOs

Chitosan/cellulose and Lignocellulose
nanofibers 2D

The active film had high antioxidant
and antimicrobial activity, showing the
release-controlling effect of CNF and
LCNFa on the bioactive compounds

from films

[165,166]

Cinnamon EO (CEO) Sodium caseinate/cellulose nanofiber
2D

The CEO release ratio decreased by the
addition of cellulose nanofiber (CNF).

The increasing effect of temperature on
CEO release decreased by

incorporation of CNF

[167]

Cinnamon EO Zein/Chitosan NPs 3D

The co-presence of CEO and CSNPs
provided stronger inhibitory effects on

E. coli and S. aureus, due to the
enhanced delivery of EO, by loading in

CSNPs

[168]

Thymol CA films/AgNPs/gelatin-modified
MMT

Swelling of the polymer structure,
determining the diffusion of thymol to
simulant media could be decreased in

the presence of
AgNPs and MMT. The

release-controlling effect of MMT and
AgNPs was different, and MMT had a
higher delaying effect on the thymol

volatizing process during film drying
and storage, resulting in an upper

remaining thymol amount in the films

[169]
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Table 2. Cont.

AC Packaging, Structure/Preparation
Method/Composition Improvements Reference

Lythrum salicaria extract Cellulosic nanomaterials
Immobilization of antimicrobial NPs or

antimicrobial enzymes without a
considerable decrease in their activity

[170,171]

Cumin EO Sodium caseinate/TiO2 NPs 3D guar
gum

The mechanical, barrier and
antimicrobial properties of films

increased synergistically when the TiO2
and cumin EO were added together

[172]

Rosemary EO; Betanin

Zein/j-carrageenan electrospun
nanofibers incorporated with ZnO NPs;
zein-sodium alginate nanofibers/TiO2

NPs

Mechanical and water barrier
properties of nanofibers were improved
and their hydrophilicity decreased by

adding ZnO NPs. However, the
presence of ZnO had no significant

effect on the antioxidant and
antimicrobial activity of the films.

[173–175]

The formation of inclusion complexes leads to significant changes in the solubility
of the ACs, without any chemical modification to enhanced stability and bioavailability
and also to reduced volatility of active compounds and their improved miscibility with
hydrophilic matrices. Using β-CD inclusion complexes in the designing of CRP systems
for the food packaging applications started in 2015, when Barba et al. [176] evaluated β-CD
for the controlled-release of eugenol and carvacrol, observing their decreased release rate
from the films. Other examples are given in Table 2.

3.5. Nanofillers and Nanocomposites

A nanofiller or nano-reinforcement should have at least one dimension less than
100 nm [177]. These ones are classified, as organic and inorganic, and according to their
dimensions, such as [178–180]: (1) nanolayers, nanosheets, or nanoflakes (layered silicates
such as nanoclay and nanolayered double hydroxides, zirconium phosphate nanolayer,
starch nanocrystals); (2) nanotubes, having two nanoscale dimensions, such as nanotubes
(carbon (CNT)), nanofibers, nanorods, and nanowhiskers (cellulose, chitin nanofibers, Ti
nanotubes, halloysite nanotubes); and (3) nanoparticles (known also as 3D nanoparticles,
isodimensional nanoparticles, nanogranules, nanocrystals or nanospheres with three di-
mensions in the nanometer scale (e.g., as silver NPs, and metal oxide NPs,TiO2, ZnO,
Al2O3, SiO2, and chitosan NPs)). Incorporating nanofillers into packaging polymers and
biopolymers improves the physical properties of the films, forming nanocomposites with
unique properties. Two types of active nanocomposite have been produced: (1) nanocom-
posite film containing an active nanostructured material, such as antimicrobial NPs (Ag
or TiO2 NPs); (2) a film having an active compound (such as antimicrobial or antioxidant
chemicals) added for food preservation purposes or a nanostructured material (such as
nanoclay, cellulose nanofiber, etc.), used as a reinforcing agent of the packaging material.

The nanomaterials can act as release-controlling devices in active nanocomposites,
because of the strong interfacial interactions which occurred in the presence of NPs that
can reduce the mobility of the polymer chains. The active molecules thus decrease the
release of the active compound, or they crosslink the components and the tortuosity of
the polymer network increases, preventing the burst effect. The nanomaterials with high
surface area have the potential to form stronger interactions, especially nanolayers with
the highest aspect ratio.

Some inorganic porous materials, such as various silica- or aluminosilicate-based mate-
rials/composites, clays, calcium carbonate, calcium phosphate, layered double hydroxides
(LDHs), etc., have been also tested. For example, Ruiz-Rico et al. [181] investigated the
controlled folic acid (FA) delivery and stability in fruit juices by its encapsulation into SiO2
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mesoporous particles and obtained an improved vitamin stability and controlled release
after consumption by modifying FA bioaccessibility.

The forms with lower toxicity, higher bioavailability, and controlled release, such as
selenium NPs (SeNPs) and selenized polysaccharides, have been also studied [182].

The increased safety, shelf life, and stability of food products mainly for dietary
supplements/nutraceuticals is necessary to be applied in practice. This is achieved when
an appropriate stability of the active ingredient in the formulation is achieved at least
until the date of consumption (expiration date). Nanoformulations of active compounds
by incorporation in biodegradable nature- or semisynthetic-based nanocarriers, such as
polymeric matrices, micelles, liposomes, nanoemulsions, solid lipid NPs, nanostructured
lipid carriers, or appropriate inorganic matrices, are able to ensure not only an enhanced
stability but also frequently controlled release of such nutrients. Supplementation of food
products (e.g., bread, butter, yogurt, cakes, biscuits. etc.) or beverages (e.g., milk and juice)
with individual healthy ingredients is the most convenient nanoformulation selected and
used.

In other studies [183], electrically conductive thin layers with nanofiller contents of
only 0.5 wt% were created using graphene nanoplatelets (GNPs) embedded in poly(ethylene-
co-vinyl alcohol) (EVOH) nanofibers; these contact transparent EVOH films can be applied
as smart tags in film interlayers. Wang et al. [184] demonstrated the potential of protein-
inorganic hybrid nanoflowers to maintain or even increase the activity of the proteins and
amplify the detection signals and colloidal semiconducting quantum dots (QDs) to detect
bacterial cells or bacteria, cells, nucleic acids, molecules, ions, etc. [185]. Other examples
are given in Table 2 and reference [10].

However, there are some risks in using nanomaterials at a large scale for preparing
the packaging materials because of the dust inhalation [186]. The European Food Safety
Authority (EFSA) has performed a risk assessment and has issued an opinion on each
substance.

Factors which the authority take into account when making safety assessments in-
clude products’ toxicological properties and the extent to which they, or their breakdown
products, could transfer into foods; migration of active or intelligent substances; and
migration of their degradation and/or reaction products. In order for nanoformulations
to enhance the bioavailability and increase the stability of individual active ingredients,
all nanoscale materials applied in food industry should be used advisedly and only after
in-depth investigation of cytotoxicity, due to possible increased nanosize-based toxicity
effects (e.g., surface reactivity of NPs), because of unspecified toxic effects also in humans
or animals. The influence of risk factors associated with their applications and possible ad-
verse/hazardous effects to humans and animals can be studied according to the guidelines,
regulations, and directives issued by the European Committee.

3.6. Modification of Polymer Matrix

Different modifications of the polymers have been proposed in order to achieve a more
controlled diffusion of the AC from the packaging materials, concomitantly with improving
their properties, the stability of active agents during the film forming process, and also
leading to a more controlled release of the active compounds, such as chemical modifi-
cation of polymers, irradiation, encapsulation, crosslinking, nanocomposite preparation,
formation of inclusion complexes, lamination, etc.

Different examples on CRP systems obtained by either physical or chemical methods
of modification are given in Table 3.



Molecules 2021, 26, 1263 20 of 49

Table 3. Examples of physical and chemical modification of polymer matrix to obtain CRPs.

Method Type Polymer AC Modification Effect on AC Release Reference

Physical methods

Plasma
treatment

Polyvinyl alcohol (PVA)
films Nisin antimicrobial agent Extent of nisin adhesion

A better adhesion of biologically
active peptide-nisin to the polymer
was obtained. It was also confirmed
the nisin long-term stability on the

PVA films

[187]

UV irradiation
treatment

Ethylene -vinyl alcohol
(EVOH) surface Lysozyme

There were generated carboxylic acid groups, and the
lysozyme was covalently attached to the functionalized

polymer surface

Immobilized lysozyme reduces the
growth of Gram-positive bacteria

(Micrococcus lysodeikticus and Listeria
monocytogenes), without migration of

the lysozyme from the film; the
enzymatic activity was decreased,

being retained the entire
antimicrobial activity.

[188]

Plasma
treatment LDPE

Gallic acid coated
low-density polyethylene
(LDPE) antimicrobial film

Surface functionalization

A slower release of gallic acid was
observed after plasma treatment.

The prepared films exhibited strong
activity against E. coli and S. aureus

[189]

Wet Chemical Methods

Chemically
modified gliadin

films
Protein

Cinnamaldehyde
carrying

lysozyme
As sustained release systems

The release rate of the antimicrobial agent was controlled
by the reticulation of the protein matrix, and the degree

of crosslinking led to the slower release of the AC
[190]

Chromic acid
treatment and
coating with

clove EO

Linear low-density polyethylene (LLDPE)
surface Clove EO

Effective against selected pathogens,
namely Salmonella typhimurium and

L. monocytogenes.

The growth of pathogens was completely restricted in
minced chicken samples on the fifth day of storage, and

no further growth was detected during the 21 days
storage period

[191]
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Table 3. Cont.

Crosslinking

AC System Polymer/Crosslinking Agent Modification Reference

Lysozyme Lysozyme enzyme from the gelatin films/Genipin less toxic than
glutaraldehyde (GA)

The release kinetic profile of lysozyme from the neat gelatin films started
with a burst effect, followed by subsequent slower release. After

crosslinking, the burst release tended to be weakened and the cumulative
release decreased

[192]

Maqui (Aristotelia chilensis)
berry fruit extract or murta
fruit extract, as a source of

natural antioxidants

Methyl cellulose (MC)/glutaraldehyde
GA decreased water solubility, swelling and water vapor permeability

(WVP) of the MC films, and the release of phenolic compounds decreased
with the increase of the concentration of GA.

[193]

Lysozyme/Cinnamaldehyde
antimicrobial and antifungal

activity

Proteins–gliadin/crosslinking agent, due to its specific chemical
structure consisting of a phenyl group attached; glandin

Gliadin film crosslinked with cinnamaldehyde preserved its integrity in
water and prolonged the release of antimicrobial agent; a greater degree of
crosslinking led to a slower release of lysozyme, i.e., the films with a loosely
crosslinked structure released a greater amount of lysozyme, exhibiting a

higher antimicrobial activity.

[190,194]

Natamycin Ionic crosslinking between proteins (e.g., sodium caseinate) and
polysaccharides (e.g., chitosan, alginate)

Water and mechanical resistance, barrier properties, cohesiveness, rigidity
and also release controlling can be improved by the addition of Ca2 and

barium ions. Interaction between natamycin and alginate chains in Ba-Ca
films was stronger than that in the Ca-Ca and Ca-Ba films, therefore Ba-Ca

films had the lowest natamycin’s diffusion coefficient.

[195,196]

Transglutaminase
(TGase).Microbial, Vitamin

B12

Enzyme-mediated crosslinking of the biodegradable films.
Protein polymerization in presence of TGase to crosslink the

casein system for the controlled release of VB12.
The casein hydrogel strength increased by the increase of TGase amount. [197]

Doxycycline Chitosan/gelatin-based hydrogels after TGase treatment controlled release [198]

Lysozyme
Sodium caseinate films activated with lysozyme with three

crosslinking agents including glyoxal, calcium chloride, and
TGase.

A slow release of lysozyme was achieved after the addition of glyoxal, by
modulation in the antimicrobial activity against M. lysodeikticus and
Staphococcus aureus. Crosslinking with glyoxal generated a caseinate

network, able to release enzymatic activity in a gradual manner. However,
calcium chloride and TGase caused stronger interactions in caseinate

network, almost blocking enzyme release; adequate antimicrobial activity
was not found in films

[199]
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Table 3. Cont.

Crosslinking

AC System Polymer/Crosslinking Agent Modification Reference

Nicotine

Chemical crosslinkers are polycarboxylic acids, able to crosslink
carbohydratesby reaction with hydroxyl groups. Hydroxypropyl
methylcellulose (HPMC) films were crosslinked with citric acid

of nicotine.

Water insoluble films were created by crosslinking of HPMC with citric acid.
At pH 2, pH 5.5 and pH 9, the released nicotine is diprotonated,

monoprotonated and uncharged, respectively. The release rate tended to
increase as the medium ionic strength increased

[200]

Ciprofloxacin Recombinant silk-elastin like protein polymer/Ethanol or
methanol vapor

Ethanol-treated film had the lowest swelling ratio, but the methanol-treated
sample exhibited better release controlling of drug during 220 h [201]

Rapamycin
Elastin-like protein polymers Rapamycin Genipin (solution),

glutaraldehyde (solution and vapor) and disulfide (solution and
vapor)

The best drug release-controlling effect was observed for disulfide, followed
by glutaraldehyde in vapor state [202]

Gentamicin sulfate Sodium caseinate/ Alginate dialdehyde
Diffusion-controlled release of gentamicin was observed from the

crosslinked films. The dynamic release was best interpreted by the Schott
kinetic model

[203]

Tramadol Gelatin/poly(ethylene glycol)/Citric acid Slower release and maintaining of drug for a long time was achieved after
crosslinking [204]

Ketoconazole β-cyclodextrin (β-CD)/ carboxymethylcellulose/Citric acid β-CD and citric acid helped to minimize the burst effect and retarded the
release of ketoconazole [205]

Aloe vera gel extract CMC-PVA/ Citric acid
Citric acid improved mechanical properties and diminished water solubility
of the film. The shelf life of minced chicken meat was prolonged by using

crosslinked active film
[206]

Esential Oil citral Cashew gum-gelatin/ Ferulic acid Antifungal activity of crosslinked film was observed for 6 days at the surface
of bread, in comparison to 3 days of control [207]

Jaboticaba anthocyanins Casein hydrogel/Tgase T-gase slower release rate of anthocyanins was observed for TGase treated
hydrogels, at all studied pH values (2–7) [208]
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3.6.1. Physical Methods/Technologies

Physical methods, such as corona discharge, ultraviolet (UV) radiation, gamma-ray at
low doses, electron/ion beam, and plasma and laser treatments, can change the chemical
structure of polymers-/biopolymers-based systems. These irradiations can lead to subse-
quent attachment of functional groups on a surface, allowing the material to immobilize
enzymes or other bioactive species. Most are surface methods/technologies [209]. Plasma
treatment is effective when it is applied during the processing of AP film, not on the previ-
ously prepared packaging material. Gamma irradiation and also electron beam irradiation
are sometimes in nonsuitable conditions not only surface treatments, because the photon
energy may be high enough to penetrate through materials.

Irradiation action on CRP has the ability to induce crosslinking in the polymer network
being used for improving the physical properties of the films and also to tailor the release
behavior of the active agents from CRP systems, because a more compact polymer network
with a high/variable degree of crosslinking, causes the controlled release of the embedded
active compounds.

The advantage of irradiation over the chemical processing of polymers is the occur-
rence of in situ crosslinking at lower temperatures in the solid-state of finished products,
so that heating or melting of polymers is not needed and especially so that the use of
hazardous chemicals is not required in this type of crosslinking [83,210]. Good adhesion
and slower release of gallic acid was observed after plasma treatment. The prepared films
exhibited strong activity against E. coli and S. aureus [189].

Heidemann et al. [211] applied atmospheric cold-plasma treatment to surfaces of poly
(lactic acid) (PLA) and polycaprolactone (PCL) in order to improve the adhesion properties
of a cassava starch film, thus obtaining multilayer films. These obtained multilayer films
were characterized by significantly higher water-vapor barrier properties when compared
to starch and by similar mechanical properties with PLA/PCL films. Using the same
technique, Honarvar et al. [212] obtained an antimicrobial packaging of PP films coated
with carboxymethyl cellulose (CMC) incorporated with Zataria multiflora essential oil.
Another type of discharge, i.e., dielectric barrier discharge-generated atmospheric cold
plasma, was used by another research group [213] for improving the adhesion and dyeing
properties of chitosan-deposited ultrahigh molecular weight polyethylene (UHMWPE)
fiber surfaces.

3.6.2. Chemical Modification

Chemical modification consists in wet chemical techniques using chromic acid, potas-
sium permanganate, or nitric acid (which are effective in surface modification by general
oxidation reactions that generate carbonyl, hydroxyl, and carboxylic acid groups) [214], but
sometimes, they are susceptible to overexposure, damaging the polymer surface, and lead-
ing to undesirable bulk property changes and crosslinking. By the intra- or inter-molecular
crosslinking process, tridimensional networks are created by covalent or noncovalent bonds
such as ionic interactions between divalent cations, hydrogen bonds, or hydrophobic inter-
actions [194,215]. The ionic crosslinking of biopolymers occurs in mild reaction conditions,
with a lower toxicity of reagents. Covalent bonds are created by irradiation or chemical
reactions, using nontoxic crosslinking agents (bifunctional compounds such as aldehydes,
formaldehyde, borax, epichlorohydrin, and citric acid). The crosslinking efficacy includes
the following [216]: allows the controlled release of active compounds from package to
food surface; reduces the mobility of the polymer chains; enhances mechanical and barrier
properties of the systems; reduces water solubility and polymer swelling; increases the
resistance to heat, light, chemicals and solvents; decreases the free volume, so increas-
ing glass transition temperature; and retards the biodegradation of polysaccharide- and
protein-based films and the disintegration of other polymers. The mechanisms proposed
for controlled release are affected by decreasing the mobility of polymer chains, reducing
segmental mobility, increasing the tortuosity by decreasing diffusion rate, decreasing the
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water sensitivity and swelling power, and decreasing the biodegradation and corrosion of
polymer.

4. Processing Methods

The processing method strongly influences the release rates of CRP, which is why
CRP films can be produced by traditional processing methods (cast film extrusion, blown
film extrusion, and solvent casting, which is the use a smart blender attached to one
or more extruders to produce polymer blend films with very different morphologies
from those obtained by conventional extrusion methods) [217]. At the same time, special
polymer blend morphologies of the LDPE/PP or LDPE/HDPE blends, from which ACs
(as tocopherol) are released with desirable rates [218,219], were obtained by using a smart
blending by manipulating polymer compositions and film morphologies.

Several techniques have been also used to encapsulate bioactive components for
the food industry, such as extrusion methods [220], fluidized bed coating [221], spray
cooling [222] or spray drying [223,224], and emulsion/nanoemulsion [6,225]. Because most
EOs and NEs are volatile compounds, they require the use of manufacturing methods that
are carried out at room temperature to preserve their original properties. In this sense, the
electrospinning and electrospraying techniques are an emerging technology in the food
packaging field.

Electrospinning, a modern technology, produces polymer nanofibers containing active
compounds for the development of active food-packaging coating, encapsulation, and in-
terlayer materials [226,227] with both antimicrobial and antioxidant activities [154,228,229].
The electrospinning technique facilitates the processing of the thermolabile substances.
The basic set-up for electrospinning/electrospraying (Figure 2) consists of four main com-
ponents: (1) a high-voltage source (1–30 kV), usually operated in direct current mode,
though alternating current mode is also possible, (2) a blunt-ended stainless steel needle
or capillary, (3) a syringe pump, and (4) a grounded collector in the form of a flat plate.
The electrospraying process involves the application of a strong electrostatic field between
two electrodes imposed on a polymer solution. When increasing the electrostatic field up
to a critical value, charges on the surface of a pendant drop destabilize the shape of the
solution from partially spherical to conical, i.e., the so-called Taylor’s cone effect. As the
charged jet accelerates toward regions of lower potential, the solvent is evaporated [230].
Besides being a very simple technique, the solvent is evaporated at room temperature; thus,
it constitutes an ideal method for protecting sensitive encapsulated ingredients.

Figure 2. Coaxial electrospinning [209,231].

To protect volatile compounds, both single and coaxial electrospinning is used.
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5. Testing Methods for Performance of Active Food Packaging

There are many necessary testing methods to assess the performance of the active
food packaging [116,118]. Some of them are shortly presented here.

5.1. General Methods of Characterization

These methods include optical properties (transparency and color), fiber diameter
(µm), film thickness, morphological characterization by SEM, TEM, microscopies, structural
information obtained by spectroscopies (UV, Infrared, NMR, etc.), gas chromatography,
mechanical, rheological properties of the melts and solution properties prepared for elec-
trospinning technique, thermal characterization by DSC, thermogravimetry TG/DTG, and
chemiluminescence methods a.s.o. [6,232].

5.2. Surface Analysis

Surface properties. Water contact angle is an indicator of the surface hydrophilicity
(θ < 65◦) and hydrophobicity (θ > 65◦) [233,234]. Surface tension and conductivity are gen-
eral properties for surface characterization. Modern techniques giving rapid information
without separation steps are, for food contact materials (polymers) and solid food simulant
(Tenax®), direct thermal desorption techniques, such as atmospheric solids analysis probe
(ASAP) MS, direct analysis in-real-time (DART) MS, desorption electrospray ionization
(DESI) MS, liquid extraction surface analysis nano-electrospray, mass spectrometry (LESA-
nESI-MS), micro Raman, and surface-enhanced Raman scattering (SERS) [235,236], X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), atomic
force microscopy, and scanning electron microscopy (SEM) [237].

5.3. Specific Methods

To assess bioactive compounds activity and packaging effects on food composition of
bioactive compounds, one can use the determination of total phenolic content in vegetable
oils by the Folin–Ciocâlteu reagent method and gas chromatography GC-MS [35].

Barrier properties. Barrier-properties performance for volatile compounds such as
aromas, water vapors, and D- limonene are used as reference for WVT [109].

Antioxidant activity [238]. Oxygen-scavenging activity is determined by various tests,
such as HPLC with UV (which was the most used technique), Trolox equivalent antioxidant
capacity (TEAC) assay [239], DPPH [240], ABTS•+ (2,2′-Azino-bis 3-ethylbenzthiazoline-6-
sulfonic Acid) radical cation scavenging assay [35], by means of an OXY-4 mini (PreSens)
multichannel fiber-optic oxygen meter [118], and others.

Hexanal analysis. Hexanal is the main product of linoleic acid oxidation. Therefore, it
is an indicator of lipid oxidation, which has been used as a good marker to monitor many
foods. It was done by headspace-solid phase microextraction (HS-SPME), coupled to a
gas-chromatography–mass-spectrometry (GC–MS). The minimum inhibitory concentration
(MIC) and minimum bactericide concentration (MBC) were determined.

5.4. Antimicrobial Activity

The antibacterial properties of SE and subsequently of the films were ascertained in
triplicate against various microorganisms, such as the bacteria Carnobacterium, Enterococcus,
Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Tetragenococcus,
Vagococcus, and Weissella; each of them had a specific standard to be determined, such as
Staphylococcus aureus (ATCC 6538P CECT240) and Escherichia coli (ATCC 25922), Staphylo-
coccus aureus, Listeria innocua, and Saccharomyces cerevisiae; fungi (Fusarium graminearum,
Penicillium corylophilum, Aspergillus brasiliensis, etc.), by the agar disc diffusion method
modified by EUCAST (2010) [241], etc.

5.5. New Analytical Methods

Volatile compounds are analyzed by qualitative and quantitative analyses in samples
of migration assays, which are performed using GC–MS (gas chromatography coupled
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to mass spectrometry), APGC–Q-TOF-MSE (atmospheric pressure gas chromatography
coupled to quadrupole-time-of-flight mass spectrometry, elevated energy); and GC–Q-
Orbitrap-MS (gas chromatography coupled to quadrupole-Orbitrap mass spectrometry),
techniques which are able to detect the traces of analytes [242]. Solid-phase microextraction
(SPME) sampling technique or stir-bar sorptive extraction (SBSE) are coupled to GC–
MS system to increase sensitivity and also to analyze polymer pellets, flakes, or plastic
itself [243,244]. In addition, the automatic multiple-dynamic hollow-fiber liquid-phase
microextraction (HFLPME) and fabric-phase sorptive extraction (FPSE) coupled with GC–
MS or liquid chromatography are very useful and sensitive techniques for determination of
migrants from CRPs containing essential oils [245–247]. The combination of olfactometry
with gas-chromatography–mass-spectrometry (GC–O–MS) allows analysis of the odorous
compounds [248].

The interaction of plastics with components of the olive oils (tocopherols and polyphe-
nols) submitted to accelerated conditions (up to 30 days, at 40 ◦C) was analyzed by
3D-front-face fluorescence spectra of olive oil [249].

Non-Volatile Compounds. For the profiling of non-volatile compounds at very low
concentrations, liquid chromatography coupled to mass spectrometry (LC–MS) was used,
with modern development of ultrahigh performance liquid chromatography coupled to
quadrupole-time-of-flight mass spectrometry (UPLC–Q-TOF-MSE) [250,251]. Ion mobility
separation (IMS), together with Q-TOF-MS, provides detailed structural insight for the
analysis of nonvolatile compounds, and a more hybrid linear-ion-trap high-resolution
mass spectrometry (LTQ-Orbitrap) combines a linear-ion-trap MS and the Orbitrap mass
analyzer to obtain supplementary structural information about such compounds.

Table 4 summarizes some of the most-used analytical methods for detection of possible
food contaminants.

Table 4. Examples of analytical methods for substances released in different simulants [252].

Food Simulant Method Description Analytical Comments

A Ethanol 10% (v/v) SPME-GC–MS;
PLC–Q-TOF-MSE Either by HS or total immersion modes

B Acetic acid 3% (v/v) SPME-GC–MS;
UPLC–Q-TOF-MSE Either by HS or total immersion modes

C Ethanol 20% (v/v) SPME-GC–MS;
UPLC–Q-TOF-MSE Either by HS or total immersion modes

D1 Ethanol 20% (v/v) SPME-GC–MS;
UPLC–Q-TOF-MSE

If SPME-GC–MS with total immersion
of fiber is performed sample should be

diluted at least five times.

D2

Any vegetable oil containing
less than 1% unsaponifiable

matter can be replaced by 95%
ethanol and isooctane Liquid

injection

GC–MS;
UPLC–Q-TOF-MSE

(reverse-phase column for 95%
ethanol and normal-phase

mode for isooctane)

If oil is used, it needs to be extracted.
HS-SPME-GC–MS is also available for

oil. When using 95% ethanol and
isooctane, they can be concentrated

under gentle stream of nitrogen, to gain
sensitivity.

E

Poly(2,6-diphenyl-p-
phenyleneoxide), known as
Tenax®, particle size 60–80

mesh, pore size 200 nm

Liquid injection GC–MS;
UPLC–Q-TOF-MS

Needs to be extracted with some
organic solvent, like—for

example—ethanol or methanol; they
can be concentrated under gentle

stream of nitrogen to gain sensitivity.
Three sequential extractions are usually

applied

SPME-GC–MS—solid phase microextraction gas chromatography coupled to mass spectrometry (MS) detector; HS—headspace; UPLC–Q-
TOF-MS—ultrahigh performance liquid chromatography coupled to quadruple time-of-flight with MSE technology.
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Methods should be selected even for each contaminant or AC/analytical method,
such as 2-propenoicacid,1,10-[2-[[3-2,2-bis[[(1-oxo-2-propen-1-yl)oxy]methyl] butoxy]-1-
oxopropoxy]methyl]-2-ethyl-1,3-propanediyl]ester from varnished PP/vion IMS (Vion mo-
bility quadruple) Q-TOF-MS; mono-2-ethyloxoexyl adipat from PLA/APGC–Q-TOF-MS
(MS—ultrahigh performance liquid chromatography with electrospray ionization coupled
to quadruple-time-of-flight with mass detector; LC–Q-Orbitrap-MS—liquid chromatogra-
phy coupled to quadrupole-Orbitrap combined with mass spectrometry; cyclic oligomers
(phthalic acid (PA) or/and diethylene glycol) from biodegradable polylactic acid (PLA),
polyamide (PA), PET, PU were detected with migration tests, using ultrahigh performance
liquid chromatography coupled to quadruple-time-of-flight with MS [253,254].

Antimicrobials, such as some essential oils (EOs) used in CRP, produce new substances
as bioconversion products, such as methyl eugenol, styrene, and linalool oxide formed
from cinnamon essential oil by Aspergillus flavus strain [255]

Fatty Acids Oxidation. These are extracted and then analyzed by capillary GC–MS.
Thiobarbituric acid reactive substances to assess oxidation of lipids. Unsaturated fatty
acids are oxidized to form odor-free, tasteless hydroperoxides. Then, they are decomposed
to flavorful secondary oxidation products, which are mainly aldehydes, such as hexanal,
4-hydroxynonenal (HNE), and malondialdehyde (MDA) [256]. The most common method
to determine MDA in foods is the spectrophotometric measurement of the colored adduct
of MDA with 2-thiobarbituric acid (TBA).

5.6. Sensory Evaluation

Tasting is made by at least 10 experts and others. A quantitative descriptive analysis
(QDA) should be performed to evaluate negative odorous attributes, as those from starch-
based polymers. In this case, headspace solid-phase microextraction gas chromatography
with olfactometry coupled to mass detector (HS-SPME-GC–O-MS), when the following ana-
lytes can be identified with specific odors: trimethylamine (fish), 1-octen-3-one (mushroom),
sotolon (spices, licorice), nonenal (cucumber, fruit), eugenol (clove, honey), p-vinyguiacol
(clove, curry), etc. [257].

The inorganic nanoparticles in solutions of food simulants are analyzed by induc-
tively coupled with plasma mass spectrometry (ICP–MS). Two different modes can be
used: single-particle mode (SP-ICP–MS) or ICP can be connected to the field-flow frac-
tionation (FFF) technique that provides an additional separation step in respect with the
size of nanoparticles. The shape, size, and image of nanoparticles can be observed using
scanning electron microscopy (SEM), transmission electron microscopy (TEM), or atomic
force microscopy (AFM), but these techniques have limitations at low concentrations of
nanoparticles in case of migration assays when they have poor sensitivity [258].

5.7. Release Properties—Migration Methods

The migration levels in food are determined by one or more of the following methods:
(1) accelerated migration studies conducted with food-simulating liquids under the most
severe anticipated conditions of use, which is used to determine migrant concentrations in
food; (2) the assumption of 100% migration to food, using actual use or residue levels; and
(3) mathematical modeling of mass transfer from polymers to food, based on a thermal-
processing-extended storage scenario, using actual use or residue levels.

Simulants are food substitutes which reflect the properties of the food stuffs which
come into contact with the product or component. There are six different simulant types
specified for use in overall migration testing, according to EU Regulation 10/2011 [259]:
simulant A—10 percent ethanol (v/v), simulant B—3 percent acetic acid (w/v), simulant
C—20 percent ethanol (v/v), simulant D1—50 percent ethanol, simulant D2—vegetable
oil, simulant E—poly (2, 6-diphenyl-p-phenylene oxide), particle size 60–80 mesh, pore
size 200 nm. Simulants A, B, and C are assigned for foods that have hydrophilic properties,
covering aqueous, acidic, and alcoholic foods. Simulants D1 and D2 are for foods that have
lipophilic properties and cover both dairy and nondairy fatty foods. Simulant E is assigned
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for testing specific migration into dry foods. Other selected simulants can be found in the
study of Bailey et al. [260]. Once the appropriate simulant has been selected, the testing
conditions (temperature and exposure period) need to be decided upon; there are seven
specified overall migration limit testing conditions.

The release of catechin from the bilayer systems was studied in fatty-food simulant
D1, and it was expressed as the amount of catechin and epicatechin released from the inner
layer to the food simulant [107].

When applying the analytical procedures for migration tests, especially for antimicrobial-
packaging analysis, new substances coming from biotransformation are present in the
medium. Microorganisms from food can interact with essential oils used as the active
agent in antimicrobial packaging and can produce new substances such as metabolites.
Such results are important in the case of both real food and/or using food simulants for
migration assays. The analysis of food becomes difficult due to the complexity of the
matrix.

6. Mechanisms of Active-Compound Release

Between migration and sorption processes, an equilibrium is established during the
lifetime of a commercial packaged foodstuff. Therefore, the limits of these processes must
be measured for a specific food, an appropriate food simulant, and food packaging. The
compatibility between the aroma and the food or the food simulant is the main contributing
factor to the partition equilibrium describing the extent of food/packaging interactions.
The measurement of liquid/vapor equilibrium can be used to compare the effectiveness
of food simulants as substitutes of a particular food product and also for the selection
of the appropriate simulant [261]. The migration of catechins and caffeine from active
packaging with green tea for meat preservation is analyzed by UPLC–Q-TOF-MS when the
main active agents were detected, but a further study in depth, searching the individual
catechins, showed nine different compounds in 10% ethanol and 95% ethanol. All of them
were coming from green tea, which is food, and are accepted as active packaging, according
to the regulation 450/2009/EU [71,262].

Nanosilver and other metals are easily oxidized to ions but can re-form nanoparticles
at slightly reductive conditions, e.g., at sample preparation and pretending particle migra-
tion. At cutting edges, the particles may be released due to weak binding to the surface.
Nanoparticles which are completely encapsulated in the host polymer matrix do not have
a potential to migrate into food. Thus, consumers would not be exposed to nanoparticles
from food-contact polymers when those are completely embedded in polymer and the
contact surface is not altered by mechanical surface stress during application. Migration
modeling shows nanomaterials are immobilized in a polymer matrix [263]. Another prob-
lem consists in the detection of possible food contaminants from the packaging origin on
the quality and safety of fresh food [252]. Food migrants/contaminants can be classified
as intentionally added substances (IAS) to improve quality and safety of packaging and
food, such as AC, antioxidants, antimicrobials (acetic acid, chitosan, catechin, gallic acid,
lysozyme, and nisin), nanoparticles (see text and tables above), and non-intentionally
added substances (NIAS), such as impurities from chemicals or primary materials; contam-
inants in the case of recycled materials; degradation products from polymer matrix and
polymer additives; products of reaction between polymer components or reaction of poly-
mer with food; monomers, oligomers, and printing inks, polymer degradation products,
and aromatic volatile compounds (the last may compromise the safety and organoleptic
properties of food). Removal of unwanted damaging substances from food is necessary,
because they can have adverse effects on human health, due to migration of chemical
substances from packaging origin (which are different types of polymers, paper, metal, and
glass) to food structure. The transfer of migrants into food depends on packaging material
type [264].

For directly incorporated food AP systems, three types of release mechanisms have
been proposed [15,265]: (I) Diffusion-induced release of the AC through the microporous
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or macroporous structure of the synthetic and water-resistant polymer matrix towards
the food; (II) Swelling-induced release. Because incorporated AC has a low diffusion
coefficient when the system is placed in a fluid and the compatible polymeric matrix usu-
ally based in moisture-sensitive packaging materials (such as protein- or polysaccharide-
based films) swell and the diffusion coefficient of the AC increases, diffusion takes place;
(III) Disintegration-induced release: This takes place because of the degradation, cleav-
age, or deformation of polymer. This type of release occurs in biodegradable or reac-
tive nonbiodegradable polymers, such as polyanhydrides, poly(lactide), poly(lactide-co-
glycolide), etc.

6.1. Mathematical Models to Analyze Release Kinetic Data

The direct-type migration tests using analytical methods is time-consuming and, some-
times, not very efficient. That is why mathematical models have been used as predicting
tools to understand migration characteristics and also providing insights for the design
and performance evaluation of multilayer films [237].

The release of active compounds from a polymeric packaging film or food simulant
involves three steps [266]:

(1) molecular diffusion of bioactive compound (BC) towards the film/food interface,
(2) mass transfer across the interface, and
(3) dispersion into food or desorption into package headspace.

The first step is considered the slowest one; it determines the release rate, being
described by two mathematical models based on diffusivity phenomena and partition
coefficients [267–269]. The diffusivity shows the rate of migration of BC within the packag-
ing film, while the partition coefficient shows the amount of BC released to medium, at
equilibrium.

The most popular mathematical models to describe the release behavior are derived
from one-dimensional Fickian diffusion, using differential equations applied in appropriate
initial and boundary conditions or assumptions, such as the following: No structural
change occurs in the polymer film during the release process; the active compound in the
film is homogeneously distributed initially; initial concentration of the active compounds
in food is zero; partition coefficient and diffusivity are constant at a given temperature;
interactions between food simulant and film are absent or negligible; and no degradation
of active compound occurs. Partition coefficients (Kf,p, Kp,f) are defined as:

K f ,p =
C f ,∞

Cp,∞
or Kp, f =

Cp,∞

C f ,∞
(1)

where Cf,∞ and Cp,∞ are the concentrations of the active compound in food (f ) and in
package (p) at equilibrium, respectively.

The release curves of the active constituents of powdered-rosemary alcoholic ex-
tract by migration into 50% ethanol solution at 40 ◦C, as a food-simulant medium, from
PLA/PEG/CS-based films, prepared by melt mixing, are represented in Figure 3. The
release profiles of the active components of the rosemary from rosemary-powdered ethanol
extract into 50% ethanol solution as a food simulant describing migration phenomenon
into selected food simulant show an overall similar release behavior from the studied films,
dependent on samples composition.

For example, the samples PLA/PEG/0.5R and PLA/PEG/3CS/0.5R show a fast
release in the first 30 h; then, after 70 h the equilibrium is reached in the case of migration
from plasticized PLA and from the biocomposite containing 3 wt% CS. At a content of
6 wt% CS, the migration is much slower and a more gradual release for entire studied
period, and the equilibrium is reached after a longer period of about 350 h, in higher
quantity until the end of 14 days. An amount of ~61% is released compared to 47% from the
plasticized PLA/PEG/0.5R sample and 51% from PLA/PEG/3CS/0.5R sample. Therefore,



Molecules 2021, 26, 1263 30 of 49

the increase of CS content in the sample’s composition favors a gradual release without
reaching a plateau even up to 10–12 days.

Figure 3. Release profiles of the active components from rosemary-powdered ethanol extract into
50% ethanol solution as a food simulant [37].

For short-term migration, defined as the time for which mt/m∞ < 0.6, a simplified
migration model derived from Fick’s second law is applied, which considers diffusion as
the main process governing the release of the active component, which occurs from both
sides of the film, as described by Equation (2) [270]:

mt

m∞
= 4

(
D·t/l2

) 1
2 (2)

where D is the diffusion coefficient and l is the film thickness. A plot of mt/m∞ versus
t1/2 should yield a straight line, from which the diffusion coefficient can be obtained. The
partition coefficient can be defined also as the ratio of the migrant concentration in the
film (Cf,∞) to the migrant concentration in the food-simulant system (Cs,∞) at equilibrium
(Equation (3)) [37,271]:

Kp =
C f ,∞

Cs,∞
(3)

The evaluated kinetic parameters are given in Table 5.

Table 5. Kinetic parameters of the bioactive compounds release from plasticized polylactic acid (PLA)-based materials
containing chitosan (CS) and rosemary extract [37].

Samples

Peppas/Power Law Model First Order Kinetic
Model Diffusion Model

Kp

n R2 k × 103

(h−n) R2 k1 × 103

(h−n) R2
D ×

10−13

(m2/s)
R2

PLA/PEG/0.5R 0.37 0.99 85.12 0.98 5.20 0.84 1.70 0.98 1.06
PLA/PEG/3CS/0.5R 0.23 0.98 147.78 0.99 5.17 0.81 2.05 0.97 0.95
PLA/PEG/6CS/0.5R 0.38 0.99 72.92 0.99 3.70 0.92 1.05 0.99 0.64

Sodium benzoate (SB) inhibits the growth of potentially harmful bacteria, mold, and
other microbes in food, thus determining spoilage. It is particularly effective in acidic foods.
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It was recently tested in CRP based on multiple layers of chitosan, SB alginate beads in
the inner layer, and alginate films [272]. The dependence of the release profiles on film
thickness is represented in Figure 4. Kinetics of the first order, using the following model,
was proposed to describe the two-stage release kinetics:

Mt/M∞ = M1(t)/M∞ + M2(t)/M∞ (4)

where M1(t) is the amount of antimicrobial released at the first stage of the release kinetics,
and M2(t) is the amount of antimicrobial released in the second stage.

Figure 4. Release kinetic curves of sodium benzoate (SB) in water from both MULT-THIN (•) and
MULT-THIK (♦) films, during the first stage of release [272].

Lee and Yam [273] also developed a numerical [274] model to identify the target
release kinetics of antioxidants and the optimum loading of antioxidant in packaging film,
based on the reaction kinetics of lipid oxidation. The model was developed by combining a
differential equation of hydroperoxides data. The release kinetics of the AC can be analyzed
using the following equations:

M f ,t

M f ,∞
= 1−

∞

∑
n=1

2α(1 + α)

1 + α + α2q2
n

exp

(
−Dq2

nt
L2

p

)
(Model 1) (5)

α = K f p
Vf

Vp
(6)

tanqn = −α·qn (7)

When the volume of food simulant is much larger than the volume of the film (i.e., Vf
>> Vp), Model 1 can be simplified to the more commonly used Model 2, where Vf is the
volume of food simulant, Vp is the volume of package (film), Kfp is the partition coefficient,
qn values are the nonzero positive roots of tanqn = −α·qn, Mf,t is the mass of the active
compound migrated to the food simulant at time t, Mf,∞ is the mass of the active compound
in the food simulant at equilibrium, Lp is the film thickness, D is the diffusivity of the active
compound in the film, and t is the time.

M f ,t

M f ,∞
= 1−

∞

∑
n=1

8

(2n− 1)2π2
exp

(
−D(2n− 1)2π2t

4L2
p

)
(Model 2) (8)

with simplified form for short time when Mf,t/Mp,0 ≤ 0.6,

M f ,t

Mp,0
=

2
Lp

(
Dt
π

)0.5

(Model 3) (9)
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where Mp,0 is the initial loading of the active compound in the package. D can be estimated
from the slope of the plot of Mf,t/Mp,0 versus t0.5. This model assumes total migration of the
active compound to the food simulant (i.e., Mp,0 = Mf,1). Before applying these equations, it
must verify if the model does fit the data, and the release kinetics follows Fickian diffusion,
and/or some of the models’ mentioned assumptions are accomplished. If the data do not fit,
a non-Fickian model accounting for the swelling effect must be used. These models provide
useful insights of the release of the active compound to food simulants, but usefulness is
quite limited for describing and predicting the release to real foods [15,269]. Software for
migration tests was elaborated [275]. Some kinetic parameters obtained using these models
are summarized in Table 6 [276].

Table 6. Some kinetics data obtained using the previous described mathematical models [276].

Active
Compounds Packaging D × 10−10

(cm2/s) Kn T (◦C) Release media Reference

Model 1

Potassium
sorbate

LMP/CMC 8/2 0.0026 0.00062 4
95% EtOH [277]LMP/CMC 4:6 0.0150 0.00505 25

LMP/CMC 4:6 0.0311 0.01758 60

Eugenol SPI 0.003 1155 5 Olive oil

[39]
Cinnamaldehyde SPI 0.001 1445 5 Olive oil

Eugenol SPI 0.003 1155 5 Olive oil
Isoeugenol SPI 0.01 535 5 Olive oil

Astaxanthin LDPE 0.354 55.54 95% EtOH [278]

Lysozyme CA with various CA/H2O ratios and
porosities 1.50–23.3 234–826 4 Water [74]

L-ascorbic acid CA with various CA/acetone/H2O
ratios and porosities 1.67–15 169–2439 4 Water [75]

Tocopherol Ziegler-Natta LLDPE 4.2 83% 30 Coconut oil [279]

Model 2

Carvacrol
Soy-protein-coated paper, under

various RH (60%- 80%) 0.0011–0.075 NA 5 H2O & n-pentane
mixture [280]

0.0085–0.0878 (50/50) 20

Quercetin EVA 133 0.01 RT 95% EtOH [39]

Tocopherol HDPE/EVOH/LDPE (active) 0.234 27.91 20 Whole milk
powder [80]

Tocopherol LDPE wt% various loadings of
tocopherol

0.13–0.14 NA 5

Corn oil [281]0.71–0.96 20

3.03–5.11 30

Tocopherol LDPE 0.264 NA 95% EtOH [282]

Nisin EVA 1130 NA 10
66% H2O, 32%

PO w/2%
emulsifier

[22]

Tocopherol Ecoflex 983 NA 30 95% EtOH [283]

BHT PLA 19.04 12.61 43 95% EtOH [284]

Model 3

Clove essential oil
H2O EVA 0.25 0.25 NA 23 0.30 [61]

Tocopherol LDPE 4.60 NA 40 95% EtOH [285]

Cinnamaldehyde Gliadin w/ various loading of
cinnamaldehyde 0.0488–1.31 NA 20 Released into

headspace [286]

Quercetin LDPE 1.15 × 10−5 001 RT 95% EtOH [39]

Nisin Acrylic polymer (active) coated paper 420 1.3% 105 10 Water [287]

Catechin PLA 0.019 NA 40 50% EtOH [288]

K is calculated by KP,F.
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6.2. Concept of Target Release Rate

The design of CRP systems is based on the concept of target release rate, defined as a
release rate or a range of release rates of active compounds to effectively inhibit microbial
growth or lipid oxidation at a target [285,289]. This depends on the food composition, the
package, the distribution, and the storage conditions.

This definition was first presented considering the maximum inhibition of lipid oxida-
tion in linoleic acid which provides different release rates, as in the case of the tocopherol,
where the release rates cannot be too fast or too slow. A too-fast release caused more
tocopherol released than linoleic acid free radical produced, and the excess tocopherol
formed dimers or other products, making it not available for later stage of lipid oxidation;
on the other hand, a too-slow release did not supply sufficient tocopherol for inhibiting
lipid oxidation. This concept was further developed by Balasubramanian [289], who found
that the initial amount of antimicrobial released in the inherent lag period of the target
microbial needs to be greater than the minimal inhibition concentration (MIC), in order
to achieve a high bio-efficacy, and a further inhibition. The new developed mathemat-
ical model—Model 4—takes the antimicrobial efficacy (MIC) and the microbial growth
kinetics (lag period) into consideration, correlating them with the release kinetics of the
antimicrobial from the film (diffusivity). Using this release rate model, one can identify
the optimum release-rate profile based on the requirement of the food product that can be
achieved using a smaller amount of antimicrobial.

MICIL ×Vf

Mp,0
=

2A
Vp

√
D× tlag

π
(Model 4) (10)

where MICIL is the minimum inhibitory concentration for an initial microbial load, Mp,0
is the initial amount of antimicrobial in the packaging film, tlag is the time taken for the
organism to increase by 1 log, Vf is the volume of food, Vp is the volume of the package, A
is the surface area of the polymer, and D is the diffusivity.

Target release profile is in form of a quantifiable parameter, such as diffusivity. It was
found that the diffusivity between 7.5 × 10−12 m2/s and 2.60 × 10−13 m2/s was needed
to provide complete inhibition of the microorganisms for 24 h, when 0.2 g (1 mg/mL)
was added to the polymer. The release rate of antimicrobials from the package during the
inherent lag period of the organism must be equal or more than their MIC, to produce
an effective inhibition of the organism over the desired shelf life. The model takes into
account the antimicrobial efficacy and the microbial growth kinetics (lag period), and
correlates them with the release kinetics of the antimicrobial from polymer (diffusivity). It
was established that the controlled release may use only 15% nisin to achieve the complete
inhibition of M. Luetus, being smaller than instant addition of 100% nisin.

7. Different Indicators Used in Food Packaging
7.1. IOSP

IOSP systems contain small labels or tags, printed onto or incorporated into food
packaging materials, in order to acquire information about the food’s quality, store that
information, and transfer it to manufacturers, the retailers, or the consumers [17,290]. These
indicators are classified in direct and indirect indicators [7], respectively. Direct indicators
(i.e., maturation, freshness, pathogen indicators, etc.) monitor or sense storage conditions
like pathogenic bacteria, volatile compounds, aroma compounds, biogenic amines, ATP
degradation products, etc. These indicators offer information on microbial growth and
spoilage, freshness, and edibility. Direct indicators must be usually placed inside the
primary packaging, for having direct contact with the atmosphere surrounding the food or
with the food itself.

On the other hand, indirect indicators (i.e., time–temperature indicators, gas indicators,
radiofrequency identification tags) offer information on the storage conditions through-
out the supply chain; these indicators indirectly evaluate the effects of the environment
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surrounding the food on the shelf life and quality of food, which might lead to a hidden
danger for consumers, especially for children and the elderly [291].

7.2. TTIs

Because temperature is one of the main causes of food degradation during transporta-
tion, handling, distribution, storage, and consumption, temperature monitoring is very
important to provide consumers with necessary information about food quality and safety
throughout the process of food circulation. TTIs are generally attached onto individual
consumer packages or shipping containers, and, depending on their capabilities, they can
be classified into three categories [292], i.e.,

(1) critical temperature indicators, which only show whether a product has been exposed
to a temperature above, or sometimes below, a reference temperature;

(2) critical TTIs, which indicate the cumulative effect of the time–temperature changes
on product quality or safety and when a product has been exposed to a temperature
above a reference temperature;

(3) full history indicators, which provide a continuous monitoring of the manner in
which the temperature varies with time throughout a product’s history.

TTIs allow the identification of irreversible responses (such as enzymatic or biological
changes) induced when the food is exposed to a higher temperature. Between all TTI
types, most of electronics-based TTIs have relatively high precision, are environmentally
friendly, and can be recycled. This type of TTI can present a warning about the quality of a
product by using a thermal sensor that converts temperature signals to electrical signals,
after which the electrical signals are converted to a final visual output. Electronics-based
TTIs are, however, generally expensive, due to the complexity of the involved read-out
devices.

For other types of TTIs (such as nanoparticle-based, enzyme-based, chemistry-based,
and biology-based), an irreversible color change is the main way to determine the thermal
history of the product. These types of TTIs have a lower cost, are more convenient to read,
and are smaller than electronics-based TTIs.

In the case of nanoparticle-based TTI, the size, shape, and surface morphology of
metal nanoparticles change is based on the time/temperature history. Nanoparticles exhibit
an irreversible color change when exposed to a particular temperature for a given time.
Gelatin/AuNP (gold nanoparticle) [293] and alginate/AuNP [291] systems were used as
indicators for thermal history.

In enzyme-based TTIs, the hydrolysis reaction of an enzyme with a substrate causes
different degrees of color change, depending on the real time–temperature history. The
observed color of a TTI can offer information on the cumulative effect of time and tem-
perature, the information being used to implement a dynamic evaluation of the product’s
remaining shelf life.

Chemical TTIs are based on many different chemical reactions, such as polymerization,
photochromic, and oxidation reactions, which induce different changes in the TTI color.
Some examples of chemistry-based TTIs include Fresh-Check®, HEATmarker® (NJ, USA),
and OnVuTM (Ciba Specialty Chemicals, Inc., Basel, Switzerland).

7.3. RFID

RFID is based on wireless communication (magnetic field or electromagnetic wave)
which can provide real-time information about temperature, relative humidity, and nu-
tritional and supplier information while moving the product from the supplier to the
consumer. Even if RFID tags are now considered to be a replacement for barcodes, their
usage is still limited, due to their relatively high cost (approximately 0.2 to 0.3 USD per
tag) [7].

RFID tags can be classified, according to the power supply mode, as:
Passive, which do not contain onboard power sources and are powered by electro-

magnetic induction in magnetic fields, which is produced near the reader. When compared
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with the other two types of RFID tags, the passive ones have a relatively short reading
distance but a high operational life, making their small dimension and low cost be other
advantages [294].

Semipassive, which have a local power source that is used only for powering the
chip, being inactive most of the time. This fact increases the lifespan of this type of tags.

Active, which have an embedded battery that is used to power the chip and to
broadcast signals to the reader. Compared with the other two types of tags, these tags have
the widest reading range (more than 50 m), and many tags can be read simultaneously.
Due to their high cost and to their lifespan depending on the battery life, the use of the
active tags is limited.

7.4. Gas Indicators

The gas composition within food packaging changes due to several factors, such as
the activity of the food product (i.e., respiration and transpiration of fresh horticultural
products, as well as spoilage due to microorganisms), the nature of the package (i.e., the gas
permeability), and the environmental conditions (temperature or package leaks). This gas
composition significantly influences the integrity, shelf life, quality, and safety of packaged
food products [290]. In order to obtain information on the changes in gas composition
inside the package, different types of gas indicators are used in the form of package labels
or package printing films that detect oxygen, ethanol, hydrogen sulfide (H2S), water vapor,
carbon dioxide, or other gas components. In general, depending on the changes in gas
composition, a gas indicator also provides an irreversible and visible color change on the
packaging.

As an example of gas indicator, one can mention the reversible oxygen indicator
produced by DryPak Industries, which changes the color from pink to blue when the
oxygen concentration exceeds 0.5%. Another oxygen indicator is developed by Mitsubishi
Gas Chemical Company [7].

One of the new trends in improving the indicators used in food packaging is to
integrate gas indicators into RFID tags. To obtain such a system, gas indicators have to be
read automatically and changed into electrical signals.

7.5. Direct Indicators

After the food is packed up, volatile compounds can be generated within the package,
due to enzymatic reactions, microbial growth, or chemical changes in the fresh food product.
The quality and safety of packaged food products can be evaluated directly based on the
levels of these volatile compounds. The principle on which direct indicators are based
is to evaluate the quality and safety of the food product by finding the concentrations of
the generated volatile compounds. Information obtained using direct indicators is more
precise when compared with that obtained with the indirect ones.

Another type of a direct indicator is the pathogen indicators, used for detecting the
presence of contaminating bacteria or pathogens, especially in meat products [290]. Even
if very few commercial pathogen indicators are available for intelligent packaging in the
global market, one can mention the Food Sentinel System™ (Pasadena, CA, USA), a system
that utilizes barcode-based biosensors [295]. Biochemical reactions of a specific antibody
with the target pathogens (such as Salmonella spp., Escherichia coli, and Listeria monocytogenes)
are the basis of the operating principle of this system. The antibodies react with the target
pathogen, causing the formation of a localized dark bar on the barcode, which becomes
unreadable upon scanning. Another pathogen indicator is Toxin GuardTM developed by
Toxin Alert (Ontario, Canada). This one incorporates antibodies into polyvinyl chloride or
polyolefin packaging films in order to detect pathogens [296].

8. Legislation for Using Packaging Materials

Legislation for using food packaging is periodically elaborated or updated, mainly at
a national level but also at European (European Food Safety Authority) and worldwide
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levels. It refers both to main materials, additives, and bioactive compounds which can
be tested to be food-contact safe and non-harmful to consumers, according to the safety
standard and to environmental assessment (EA) for packed food and with no negative
impact to the environment after applying the procedure for waste recovery/recycling. All
food packaging materials must be rigorously tested by food safety agencies such as the U.S.
Food and Drug Administration (FDA), the Brazil National Health Surveillance Agency
(ANVISA), and the European Commission (EC), which are responsible for ensuring the
safety of food packaging materials and additives before they can be used in food [297].
The US Food and Drugs Administration (FDA) has environmental responsibilities started
under National Environmental Policy Act (NEPA) of 1969 [260].

Most food multilayer packages are either incinerated or landfilled [298], a fact that
can be a serious problem for the environment and health. Hence, the application of
biodegradable polymeric materials such as PLA, starch blends, and polyhydroxyalkanoates
in food packaging has gained more attention in recent years [299]. In general, the reusability
of composite films involves collecting, sorting, and recyclability. Since the preparation
of multilayers involves the usage of adhesives for lamination of interlayers, recycling of
these materials involves additional steps of delamination [300]. Apart from such adhesives,
multilayer structure formation involves lamination with various other additives such as
inks and colorants, increasing the level of difficulty of the recycling process. Physical or
chemical delamination methods are used for recycling the multilayer packaging [237].

Toxicology testing and carcinogenic bioassays for food-contact substances are also
necessary, based on dietary concentration (DC) and on corresponding estimated daily
intake (EDI) values. Special attention should be given to the following categories: (1)
substances used in the production and processing of food and which are not intended to
remain with food, (2) processing aids used in the production of food-packaging material
and which are not intended to remain as components of the finished packaging, and (3)
components of food-packaging material present at greater than 5% by-weight (wt%) of the
finished packaging.

In 1972, the European Commission (EC) drew up a broad program of action designed
to harmonize all existing national laws in the field of materials intended to come into
contact with food (especially plastics, and paper, ceramics, rubber, etc.) [274]. The 4th
Amendment (Directive 2007/19/EC of March 30, 2007) specified rules with restricted
phthalates, additives, functional barriers, and many others. Overall and specific migration
limits, toxicological data, and mutagenicity studies are also required.

European Commission Regulation No 10/2011 [301] specified the plastic materials
and articles intended to come into contact with food, the rules of migration experiments,
and also a list of substances, together with their specific limits. The toxicological threshold
is recommended by the European Food Safety Authority (EFSA).

9. New Trends and Necessary Developments

The purpose of all existing studies was to maintain the quality and safety and pro-
longing the shelf life of foods and beverages by slow releasing of the active compounds in
a controlled manner. It is very important for CRP to know which is an optimum concentra-
tion profile of the active compound in dependence on time of the food-product distribution
and storage conditions. This profile varies due to the food deterioration kinetics. Each
profile is needed both for simulants and real foods. For this, are necessary experiments
both for different active agents and foods and food simulants with a variety of profiles and
systems with a slower and sustained release, which are not still studied. Until now, mainly
liquid simulants in well-stirred systems have been studied. It is known that the release
of the active compound to real foods is much slower than to liquid food simulants. If the
active compound is released too fast, its concentration is not enough to prevent food deteri-
oration. The results obtained in food simulants are not very useful to create kinetic models
in order to predict the release of the active compounds into real-food products, because
real-food products are much more complicated than food simulants. The new biobased
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packaging films should have competitive advantages over cellophane, (commercialized
over a century ago), before the commercialization of synthetic polymers. Cellophane has
superior mechanical, barrier, and optical properties, in comparison to most new biobased
materials recently proposed. However, the price of cellophane in the last decades is too
high in comparison with synthetic polymers, while its production is considered to be
environmentally unfriendly as for production of other biobased polymer films, because
they involve the use of toxic chemicals and/or unfriendly environmental solvents.

These studies might also lack the method of the film preparation, as a solvent casting
method at laboratory scale, which is not similar to any industrial production technology.
In addition, commercial equipment for producing biobased film needs to be developed.
Development of a smart extruder to obtain controlled composition of the CRP and also of
the electrospinning technology is necessary.

The most useful procedure to incorporate active compounds into the package usually
facilitates unintended migration of other packaging additives into food, especially for the
systems involving micro- and nano-encapsulation of active compounds, as some of the
encapsulates may migrate with active compounds into the food. The possible migration of
undesirable compounds may cause product safety and regulatory compliance issues and
can affect the transfer of CRP technology from a bench to industrial scale.

It is a growing interest to develop controlled-release packaging for improving food
safety and quality, as proven by the big number of publications in last decades. This is
because the aim of this packaging technology is to deliver active compounds to the food in
a controlled manner, providing a more effective and safe inhibition of food deterioration
than using the traditional method of instant addition. This innovative technology passed
the early development stages with significant results to improve food safety and quality.
Its commercial success requires industry participation, regulatory approval, and market
acceptance.
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35. Vasile, C.; Sivertsvik, M.; Miteluţ, A.C.; Brebu, M.A.; Stoleru, E.; Rosnes, J.T.; Tănase, E.E.; Khan, W.; Pamfil, D.; Cornea, C.P.; et al.

Comparative Analysis of the Composition and Active Property Evaluation of Certain Essential Oils to Assess their Potential
Applications in Active Food Packaging. Materials 2017, 10, 45. [CrossRef] [PubMed]

36. Munteanu, S.B.; Vasile, C. Vegetable Additives in Food Packaging Polymeric Materials. Polymers 2020, 12, 28. [CrossRef]
[PubMed]

37. Vasile, C.; Stoleru, E.; Darie-Niţa, R.N.; Dumitriu, R.P.; Pamfil, D.; Tarţau, L. Biocompatible Materials Based on Plasticized
Poly(lactic acid), Chitosan and Rosemary Ethanolic Extract I. Effect of Chitosan on the Properties of Plasticized Poly(lactic acid)
Materials. Polymers 2019, 11, 941. [CrossRef]

38. Nerin, C.; Silva, F.; Manso, S.; Becerril, R. The downside of antimicrobial packaging: Migration of packaging elements into food.
In Antimicrobial Food Packaging; Jorge-Barros, V., Ed.; Elsevier: San Diego, CA, USA, 2016; pp. 81–90.

39. Chen, X.; Lee, D.S.; Zhu, X.; Yam, K.L. Release kinetics of tocopherol and quercetin from binary antioxidant controlled-release
packaging films. J. Agric. Food Chem. 2012, 60, 3492–3497. [CrossRef]

40. Said, N.S.; Sarbon, N.M. Protein-Based Active Film as Antimicrobial Food Packaging: A Review. In Active Antimicrobial Food
Packaging; IntechOpen: London, UK, 2019; 18p. Available online: https://www.intechopen.com/books/active-antimicrobial-
food-packaging/protein-based-active-film-as-antimicrobial-food-packaging-a-review (accessed on 21 February 2021).

http://doi.org/10.1111/j.1365-2621.1996.tb14739.x
http://doi.org/10.1080/10408398.2018.1453778
http://www.ncbi.nlm.nih.gov/pubmed/29553807
http://doi.org/10.1016/j.foodcont.2010.04.028
http://doi.org/10.1080/02652039409374220
http://www.ncbi.nlm.nih.gov/pubmed/8039582
http://doi.org/10.1080/02652030400028035
http://doi.org/10.1002/pts.617
http://doi.org/10.1016/S0260-8774(03)00246-2
https://www.verywellfit.com/bha-and-bht-keep-foods-fresh-but-are-they-safe-2506579
https://www.verywellfit.com/bha-and-bht-keep-foods-fresh-but-are-they-safe-2506579
http://doi.org/10.3390/nano9020270
http://doi.org/10.1016/j.tifs.2013.08.001
http://doi.org/10.1021/acs.biomac.7b01058
http://doi.org/10.1016/S0168-3659(03)00154-8
http://doi.org/10.3390/ijms21020487
http://doi.org/10.3390/ijms151120800
http://www.ncbi.nlm.nih.gov/pubmed/25402643
http://doi.org/10.1016/j.bjp.2015.09.010
http://doi.org/10.1006/fstl.2002.0928
http://doi.org/10.1007/s00253-019-10126-4
http://doi.org/10.1016/S1405-888X(14)70322-5
http://doi.org/10.3390/ma10010045
http://www.ncbi.nlm.nih.gov/pubmed/28772407
http://doi.org/10.3390/polym12010028
http://www.ncbi.nlm.nih.gov/pubmed/31877858
http://doi.org/10.3390/polym11060941
http://doi.org/10.1021/jf2045813
https://www.intechopen.com/books/active-antimicrobial-food-packaging/protein-based-active-film-as-antimicrobial-food-packaging-a-review
https://www.intechopen.com/books/active-antimicrobial-food-packaging/protein-based-active-film-as-antimicrobial-food-packaging-a-review


Molecules 2021, 26, 1263 39 of 49

41. De Villiers, M.M. Antioxidants. In A Practical Guide to Contemporary Pharmacy Practice; Thompson, J.E., Ed.; Lippincott Williams
and Wilkins: Hagerstown, MD, USA, 2009; pp. 216–223.

42. Pisoschi, A.M.; Pop, A.; Cimpeanu, C.; Turcus, V.; Predoi, G.; Iordache, F. Nanoencapsulation techniques for compounds and
products with antioxidant and antimicrobial activity—A critical view. Eur. J. Med. Chem. 2018, 157, 1326–1345. [CrossRef]

43. Rezaei, A.; Fathi, M.; Jafari, S.M. Nanoencapsulation of hydrophobic and low-soluble food bioactive compounds within different
nanocarriers. Food Hydrocoll. 2019, 88, 146–162. [CrossRef]

44. Tamjidi, F.; Shahedi, M.; Varshosaz, J.; Nasirpour, A. Stability of astaxanthin-loaded nanostructured lipid carriers in beverage
systems. J. Sci. Food Agric. 2018, 98, 511–518. [CrossRef]

45. Paulo, F.; Santos, L. Inclusion of hydroxytyrosol in ethyl cellulose microparticles: In vitro release studies under digestion
conditions. Food Hydrocoll. 2018, 84, 104–116. [CrossRef]

46. Tavakoli, H.; Hosseini, O.; Jafari, S.M.; Katouzian, I. Evaluation of physicochemical and antioxidant properties of yogurt enriched
by olive leaf phenolics within nanoliposomes. J. Agric. Food Chem. 2018, 66, 9231–9240. [CrossRef]

47. Liu, Y.X.; Fan, Y.T.; Gao, L.Y.; Zhang, Y.Z.; Yi, J. Enhanced pH and thermal stability, solubility and antioxidant activity of
resveratrol by nanocomplexation with α-lactalbumin. Food Funct. 2018, 9, 4781–4790. [CrossRef] [PubMed]

48. Cheong, A.M.; Tan, K.W.; Tan, C.P.; Nyam, K.L. Kenaf (Hibiscus cannabinus L.) seed oil-in-water pickering nanoemulsions
stabilized by mixture of sodium caseinate, Tween 20 and β-cyclodextrin. Food Hydrocoll. 2016, 52, 934–941. [CrossRef]

49. Souza, V.G.L.; Fernando, A.L.; Pires, J.R.A.; Rodrigues, P.F.; Lopes, A.A.S.; Fernandes, F.M.B. Physical properties of chitosan films
incorporated with natural antioxidants. Ind. Crop. Prod. 2017, 107, 565–572. [CrossRef]

50. Shan, B.; Cai, Y.Z.; Brooks, J.D.; Corke, H. The in vitro antibacterial activity of dietary spice and medicinal herb extracts. Int. J.
Food Microbiol. 2007, 117, 112–119. [CrossRef] [PubMed]

51. U.S. Food and Drug Administration. Food for Human Consumption, Part 182—Substances Generally Recognized as Safe. Fed.
Regist. 2016, 81, 54960–55055.

52. Gavahian, M.; Chu, Y.-H.; Lorenzo, J.M.; Khaneghah, A.M.; Barba, F.J. Essential oils as natural preservatives for bakery products:
Understanding the mechanisms of action, recent findings, and applications. J. Crit. Rev. Food Sci. Nutr. 2020, 60, 310–321.
[CrossRef]

53. Raut, J.S.; Karuppayil, S.M. A status review on the medicinal properties of essential oils. Ind. Crop. Prod. 2014, 62, 250–264.
[CrossRef]

54. Figueroa-Lopez, K.J.; Vicente, A.A.; Reis, M.A.M.; Torres-Giner, S.; Lagaron, J.M. Antimicrobial and Antioxidant Performance
of Various Essential Oils and Natural Extracts and Their Incorporation into Biowaste Derived Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) Layers Made from Electrospun Ultrathin Fibers. Nanomaterials 2019, 9, 144, reprinted in Nanomaterials 2020,
158–179. [CrossRef] [PubMed]

55. Abdel Ghany, T.M. Safe food additives. A review. J. Biol. Chem. Res. 2015, 32, 402–437.
56. Albertos, I.; Avena-Bustillos, R.J.; Martın-Diana, A.B.; Du, W.-X.; Rico, D.; McHugh, T.H. Antimicrobial Olive Leaf Gelatin films

for enhancing the quality of cold-smoked Salmon. Food Packag. Shelf Life 2017, 13, 49–55. [CrossRef]
57. Choulitoudi, E.; Ganiari, S.; Tsironi, T.; Ntzimani, A.; Tsimogiannis, D.; Taoukis, P.; Oreopoulou, V. Edible coating enriched with

rosemary extracts to enhance oxidative and microbial stability of smoked eel fillets. Food Packag. Shelf Life 2017, 12, 107–113.
[CrossRef]

58. Manso, S.; Becerril, R.; Nerin, C.; Gomez-Lus, R. Influence of pH and temperature variations on vapor phase action of an
antifungal food packaging against five mold strains. Food Control 2015, 47, 20–26. [CrossRef]

59. Lopez de Dicastillo, C.; Nerín, C.; Alfaro, P.; Catala, R.; Gavara, R.; Hernandez-Munoz, P. Development of new antioxidant
active packaging films based on ethylene vinyl alcohol copolymer (EVOH) and green tea extract. J. Agric. Food Chem. 2011, 59,
7832–7840. [CrossRef]

60. Dawson, P.; Carl, G.; Acton, J.; Han, I. Effect of lauric acid and nisin-impregnated soy-based films on the growth of Listeria
monocytogenes on turkey bologna. Poult. Sci. 2002, 81, 721–726. [CrossRef]

61. Yang, H.; Wang, J.; Yang, F.; Chen, M.; Zhou, D.; Li, L. Active packaging films from ethylene vinyl alcohol copolymer and clove
essential oil as shelf life extenders for grass carp slice. Packag. Technol. Sci. 2016, 29, 383–396. [CrossRef]

62. Ray, S.; Jin, T.; Fan, X.; Liu, L.; Yam, K.L. Development of chlorine dioxide releasing film and its application in decontaminating
fresh produce. J. Food Sci. 2013, 78, M276–M284. [CrossRef] [PubMed]

63. Pola, C.C.; Medeiros, E.A.A.; Pereira, O.L.; Souza, V.G.L.; Otoni, C.G.; Camilloto, G.P.; Soares, N.F.F. Cellulose acetate active
films incorporated with oregano (Origanum vulgare) essential oil and organophilic montmorillonite clay control the growth of
phytopathogenic fungi. Food Packag. Shelf Life 2016, 9, 69–78. [CrossRef]

64. Lopez de Dicastillo, C.; Pezo, D.; Nerın, C.; Lopez-Carballo, G.; Catala, R.; Gavara, R.; Hernandez-Munoz, P. Reducing oxidation
of foods through antioxidant active packaging based on ethyl vinyl alcohol and natural flavonoids. Packag. Technol. Sci. 2012, 25,
457–466. [CrossRef]

65. Moudache, M.; Nerin, C.; Colon, M.; Zaidi, F. Antioxidant effect of an innovative active plastic film containing olive leaves extract
on fresh pork meat and its evaluation by Raman spectroscopy. Food Chem. 2017, 229, 98–103. [CrossRef]

66. Zhu, X.; Schaich, K.; Chen, X.; Yam, K. Antioxidant effects of sesamol released from polymeric films on lipid oxidation in linoleic
acid and oat cereal. Packag. Technol. Sci. 2013, 26, 31–38. [CrossRef]

http://doi.org/10.1016/j.ejmech.2018.08.076
http://doi.org/10.1016/j.foodhyd.2018.10.003
http://doi.org/10.1002/jsfa.8488
http://doi.org/10.1016/j.foodhyd.2018.06.009
http://doi.org/10.1021/acs.jafc.8b02759
http://doi.org/10.1039/C8FO01172A
http://www.ncbi.nlm.nih.gov/pubmed/30124711
http://doi.org/10.1016/j.foodhyd.2015.09.005
http://doi.org/10.1016/j.indcrop.2017.04.056
http://doi.org/10.1016/j.ijfoodmicro.2007.03.003
http://www.ncbi.nlm.nih.gov/pubmed/17449125
http://doi.org/10.1080/10408398.2018.1525601
http://doi.org/10.1016/j.indcrop.2014.05.055
http://doi.org/10.3390/nano9020144
http://www.ncbi.nlm.nih.gov/pubmed/30678126
http://doi.org/10.1016/j.fpsl.2017.07.004
http://doi.org/10.1016/j.fpsl.2017.04.009
http://doi.org/10.1016/j.foodcont.2014.06.014
http://doi.org/10.1021/jf201246g
http://doi.org/10.1093/ps/81.5.721
http://doi.org/10.1002/pts.2215
http://doi.org/10.1111/1750-3841.12010
http://www.ncbi.nlm.nih.gov/pubmed/23294122
http://doi.org/10.1016/j.fpsl.2016.07.001
http://doi.org/10.1002/pts.992
http://doi.org/10.1016/j.foodchem.2017.02.023
http://doi.org/10.1002/pts.1964


Molecules 2021, 26, 1263 40 of 49

67. Lee, Y.S.; Shin, H.S.; Han, J.K.; Lee, M.; Giacin, J.R. Effectiveness of antioxidantimpregnated film in retarding lipid oxidation. J.
Sci. Food Agric. 2004, 84, 993–1000. [CrossRef]

68. Koontz, J.L.; Moffitt, R.D.; Marcy, J.E.; O’Keefe, S.F.; Duncan, S.E.; Long, T.E. Controlled release of a-tocopherol, quercetin, and
their cyclodextrin inclusion complexes from linear low-density polyethylene (LLDPE) films into a coconut oil model food system.
Food Addit. Contam. Part A 2010, 27, 1598–1607. [CrossRef]

69. Imran, M.M.; Revol-Junelles, A.-M.; Rene, N.; Jamshidian, M.; Akhtar, M.J.; Arab-Tehrany, E.; Jacquot, M.J.; Desobry, S.
Microstructure and physico-chemical evaluation of nano-emulsion-based antimicrobial peptides embedded in bioactive packaging
films. Food Hydrocoll. 2012, 29, 407–419. [CrossRef]

70. Wrona, M.; Cran, M.J.; Nerın, C.; Bigger, S.W. Development and characterisation of HPMC films containing PLA nanoparticles
loaded with green tea extract for food packaging applications. Carbohydr. Polym. 2017, 156, 108–117. [CrossRef]

71. Wrona, M.; Nerin, C.; Alfonso, M.J.; Caballero, M.A. Antioxidant packaging with encapsulated green tea for fresh minced meat.
Innov. Food Sci. Emerg. Technol. 2017, 41, 307–313. [CrossRef]

72. Arifin, W.; Kuboki, T. Effects of thermoplastic elastomers on mechanical and thermal properties of glass fiber reinforced
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) composites. Polym. Compos. 2018, 39, E1331–E1345. [CrossRef]

73. Torres-Giner, S.; Hilliou, L.; Melendez-Rodriguez, B.; Figueroa-Lopez, K.J.; Madalena, D.; Cabedo, L.; Covas, J.A.; Vicente, A.A.;
Lagaron, J.M. Melt processability, characterization, and antibacterial activity of compression-molded green composite sheets
made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) reinforced with coconut fibers impregnated with oregano essential oil.
Food Packag. Shelf Life 2018, 17, 39–49. [CrossRef]

74. Gemili, S.; Yemenicioglu, A.; Altınkaya, S.A. Development of cellulose acetate based antimicrobial food packaging materials for
controlled release of lysozyme. J. Food Eng. 2009, 90, 453–462. [CrossRef]

75. Gemili, S.; Yemenicioglu, A.; Altinkaya, S.A. Development of antioxidant food packaging materials with controlled release
properties. J. Food Eng. 2010, 96, 325–332. [CrossRef]

76. Ouattara, B.; Simard, R.E.; Piette, G.; Begin, A.; Holley, R.A. Diffusion of acetic and propionic acids from chitosan-based
antimicrobial packaging films. J. Food Sci. 2000, 65, 768–773. [CrossRef]

77. Chen, M.-C.; Yeh, G.H.-C.; Chiang, B.-H. Antimicrobial and physicochemical properties of methylcellulose and chitosan films
containing a preservative. J. Food Process. Preserv. 1996, 20, 379–390. [CrossRef]

78. Sharma, R.; Jafari, S.M.; Sharma, S. Antimicrobial bio-nanocomposites and their potential applications in food packaging. Food
Control 2020, 112, 107086. [CrossRef]

79. Slavutsky, A.M.; Bertuzzi, M.A. Improvement of water barrier properties of starch films by lipid nanolamination. Food Packag.
Shelf Life 2016, 7, 41–46. [CrossRef]

80. Granda-Restrepo, D.M.; Soto-Valdez, H.; Peralta, E.; Troncoso-Rojas, R.; Vallejo-Cordoba, B.; Gamez-Meza, N.; Graciano-Verdugo,
A.Z. Migration of a-tocopherol from an active multilayer film into whole milk powder. Food Res. Int. 2009, 42, 1396–1402.
[CrossRef]

81. Stoleru, E.; Munteanu, S.B.; Dumitriu, R.P.; Coroaba, A.; Drobotă, M.; Fras Zemljic, L.; Pricope, G.M.; Vasile, C. Polyethylene
Materials with Multifunctional Surface Properties by Electrospraying Chitosan/Vitamin E Formulation Destined to Biomedical
and Food Packaging Applications. Iran. Polym. J. 2016, 25, 295–307. [CrossRef]

82. Stoleru, E.; Zaharescu, T.; Hitruc, E.G.; Vesel, A.; Ioanid, E.G.; Coroaba, A.; Safrany, A.; Pricope, G.; Lungu, M.; Schick, C.; et al.
Lactoferrin-immobilized surfaces onto functionalized PLA assisted by the gamma-rays and nitrogen plasma to create materials
with multifunctional properties. ACS Appl. Mater. Interfaces 2016, 8, 31902–31915. [CrossRef] [PubMed]

83. Stoleru, E.; Dumitriu, R.P.; Munteanu, B.S.; Zaharescu, T.; Tanase, E.E.; Mitelut, A.; Ailiesei, G.L.; Vasile, C. Novel Procedure to
Enhance PLA Surface Properties by Chitosan Irreversible Immobilization. Appl. Surf. Sci. 2016, 367, 407–417. [CrossRef]

84. Stoleru, E.; Baican, M.C.; Coroaba, A.; Hitruc, G.E.; Lungu, M.; Vasile, C. Plasma-activated fibrinogen coatings onto
poly(vinylidene fluoride) surface for improving biocompatibility with tissues. J. Bioact. Comp. Polym. Biomed. Appl. 2016, 31,
91–108. [CrossRef]

85. Munteanu, B.S.; Pâslaru, E.; Fras Zemljic, L.; Sdrobis, A.; Pricope, G.M.; Vasile, C. Chitosan coatings applied to polyethylene
surface to obtain food-packaging materials. Cell. Chem. Technol. 2014, 48, 565–575.

86. Pâslaru, E.; Fras Zemljic, L.; Bracic, M.; Vesel, A.; Petrinic, I.; Vasile, C. Stability of a Chitosan Layer Deposited onto a Polyethylene
Surface. J. Appl. Polym. Sci. 2013, 130, 2444–2457. [CrossRef]

87. Darie, R.N.; Sdrobis, , A.; Pâslaru, E.; Pricope, G.; Baklavaridis, A.; Munteanu, S.B.; Zuburtikudis, I.; Vasile, C. Effectiveness of
chitosan as antimicrobial agent in LDPE/CS composite films as poultry minced meat packaging materials. Cell. Chem. Technol.
2014, 48, 325–336.

88. Hanusova, K.; Stastna, M.; Votavova, L.; Klaudisova, K.; Dobias, J.; Voldrich, M.; Marek, M. Polymer films releasing nisin and/or
natamycin from polyvinyldichloride lacquer coating: Nisin and natamycin migration, efficiency in cheese packaging. J. Food Eng.
2010, 99, 491–496. [CrossRef]

89. Chollet, E.; Swesi, Y.; Degraeve, P.; Sebti, I. Monitoring nisin desorption from a multi-layer polyethylene-based film coated with
nisin loaded HPMC film and diffusion in agarose gel by an immunoassay (ELISA) method and a numerical modeling. Innov.
Food Sci. Emerg. Technol. 2009, 10, 208–214. [CrossRef]

90. Cha, D.S.; Chen, J.; Park, H.J.; Chinnan, M.S. Inhibition of Listeria monocytogenes in tofu by use of a polyethylene film coated with
a cellulosic solution containing nisin. Int. J. Food Sci. Technol. 2003, 38, 499–503. [CrossRef]

http://doi.org/10.1002/jsfa.1747
http://doi.org/10.1080/19440049.2010.495729
http://doi.org/10.1016/j.foodhyd.2012.04.010
http://doi.org/10.1016/j.carbpol.2016.08.094
http://doi.org/10.1016/j.ifset.2017.04.001
http://doi.org/10.1002/pc.24188
http://doi.org/10.1016/j.fpsl.2018.05.002
http://doi.org/10.1016/j.jfoodeng.2008.07.014
http://doi.org/10.1016/j.jfoodeng.2009.08.020
http://doi.org/10.1111/j.1365-2621.2000.tb13584.x
http://doi.org/10.1111/j.1745-4549.1996.tb00754.x
http://doi.org/10.1016/j.foodcont.2020.107086
http://doi.org/10.1016/j.fpsl.2016.01.004
http://doi.org/10.1016/j.foodres.2009.07.007
http://doi.org/10.1007/s13726-016-0421-0
http://doi.org/10.1021/acsami.6b09069
http://www.ncbi.nlm.nih.gov/pubmed/27933972
http://doi.org/10.1016/j.apsusc.2016.01.200
http://doi.org/10.1177/0883911515595236
http://doi.org/10.1002/app.39329
http://doi.org/10.1016/j.jfoodeng.2010.01.034
http://doi.org/10.1016/j.ifset.2008.08.001
http://doi.org/10.1046/j.1365-2621.2003.00684.x


Molecules 2021, 26, 1263 41 of 49

91. Guiga, W.; Swesi, Y.; Galland, S.; Peyrol, E.; Degraeve, P.; Sebti, I. Innovative multilayer antimicrobial films made with Nisaplin®

or nisin and cellulosic ethers: Physico-chemical characterization, bioactivity and nisin desorption kinetics. Innov. Food Sci. Emerg.
Technol. 2010, 11, 352–360. [CrossRef]

92. Hanusova, K.; Dobias, J.; Kludisovsa, K. Effect of packaging filmsreleasing antimicrobial agents on stability of food products.
Czech J. Food Sci. 2009, 27, 347–349. [CrossRef]

93. Huang, W.; Xu, H.; Xue, Y.; Huang, R.; Deng, H.; Pan, S. Layer-by-layer immobilization of lysozyme–chitosan–organic rectorite
composites on electrospun nanofibrous mats for pork preservation. Food Res. Int. 2012, 48, 784–791. [CrossRef]

94. Trevino-Garza, M.Z.; García, S.; del Socorro Flores-Gonzalez, M.; Arevalo-Nino, K. Edible Active Coatings Based on Pectin,
Pullulan, and Chitosan Increase Quality and Shelf Life of Strawberries (Fragaria ananassa). J. Food Sci. 2015, 80, M1823–M1830.
[CrossRef]

95. Bossi, E.; Tana, F.; Punta, C.; Cigada, A.; De Nardo, L. Flexible hybrid coatings with efficient antioxidation properties. Food Packag.
Shelf Life 2016, 10, 106–114. [CrossRef]

96. Jo, H.J.; Park, K.M.; Na, J.H.; Min, S.C.; Park, K.H.; Chang, P.S.; Han, J. Development of anti-insect food packaging film containing
a polyvinyl alcohol and cinnamon oil emulsion at a pilot plant scale. J. Stored Prod. Res. 2015, 61, 114–118. [CrossRef]

97. Castillo, L.A.; Farenzena, S.; Pintos, E.; Rodrıguez, M.S.; Villar, M.A.; Garcıa, M.A.; Lopez, O.V. Active films based on thermoplastic
corn starch and chitosan oligomer for food packaging applications. Food Packag. Shelf Life 2017, 14, 128–136. [CrossRef]

98. Arrieta, M.P.; García, A.D.; López, D.; Fiori, S.; Peponi, L. Antioxidant Bilayers Based on PHBV and Plasticized Electrospun
PLA-PHB Fibers Encapsulating Catechin. Nanomaterials 2019, 9, 346, reprinted in Special Issue. Nanomaterials www.mdpi.com/
journal/nanomaterials Lagaron, J.M.; Torres-Giner, S.; Prieto, C. 2020, 103–116. [CrossRef] [PubMed]

99. Diblan, S.; Kaya, S. Potassium sorbate diffusion in multilayerpolymer films: Effects of water activity and pH. J. Food Process.
Preserv. 2018, 42, 13544. [CrossRef]

100. Sukhtezari, S.; Almasi, H.; Pirsa, S.; Zandi, M.; Pirouzifard, M. Development of bacterial cellulose based slow-release active films
by incorporation of Scrophularia striata Boiss. extract. Carbohydr. Polym. 2017, 156, 340–350. [CrossRef]

101. Lu, L.J.; Lu, L.X. Preparation and properties of quercetin incorporated high density polyethylene/low density polyethylene
antioxidant multilayer film. Packag. Technol. Sci. 2018, 31, 433–439. [CrossRef]

102. Quiles-Carrillo, L.; Montanes, N.; Lagaron, J.M.; Balart, R.; Torres-Giner, S. Bioactive multilayer polylactide films with controlled
release capacity of gallic acid accomplished by incorporating electrospun nanostructured coatings and interlayers. Appl. Sci. 2019,
9, 533. [CrossRef]

103. Xia, C.; Wang, W.; Wang, L.; Liu, H.; Xiao, J. Multilayer zein/gelatin films with tunable water barrier property and prolonged
antioxidant activity. Food Packag. Shelf Life 2019, 19, 76–85. [CrossRef]

104. Jayan, H.; Moses, J.A.; Anandharamakrishnan, C. Testing methods for packaging materials. In Bio-Based Materials for Food
Packaging; Ahmed, S., Ed.; Springer: Singapore, 2018; pp. 57–79. [CrossRef]

105. Bumbudsanpharoke, N.; Ko, S. Nanoclays in Food and Beverage Packaging. J. Nanomater. 2019, 2019, 1–13. [CrossRef]
106. Kim, J.M.; Lee, M.H.; Ko, J.A.; Kang, D.H.; Bae, H.; Park, H.J. Influence of food with high moisture content on oxygen barrier

property of polyvinyl alcohol (PVA)/vermiculite nanocomposite coated multilayer packaging film. J. Food Sci. 2018, 83, 349–357.
[CrossRef]

107. Ye, C.; Chi, H. A review of recent progress in drug and protein. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 83, 233–246. [CrossRef]
108. Torres-Giner, S.C.; Prieto, C.; Lagaron, J.M. Nanomaterials to Enhance Food Quality, Safety, and Health Impact. Nanomaterials 2020,

10, 1–7, In Nanomaterials to Enhance Food Quality, Safety, and Health Impact. Printed Edition of the Special Issue. Nanomaterials
www.mdpi.com/journal/nanomaterials Eds. Lagaron, J.M.; Torres-Giner, S.C; Prieto, C. 2020. [CrossRef]

109. Assadpour, E.; Jafari, S.M. A systematic review on nanoencapsulation of food bioactive ingredients and nutraceuticals by various
nanocarriers. Crit. Rev. Food Sci. Nutr. 2019, 59, 3129–3151. [CrossRef]

110. Wardhono, E.Y.; Wahyudi, H.; Agustina, S.; Oudet, F.; Pinem, P.M.; Clausse, D.; Saleh, K.; Guenin, E. Ultrasonic Irradiation
Coupled with Microwave Treatment for Eco-friendly Process of Isolating Bacterial Cellulose Nanocrystals. Nanomaterials 2018, 8,
859, reprinted in Nanomaterials 2020, 7–21. [CrossRef] [PubMed]

111. Guzman-Puyol, S.; Ceseracciu, L.; Tedeschi, G.; Marras, S.; Scarpellini, A.; Benítez, J.J.; Athanassiou, A.; Heredia-Guerrero, J.A.
Transparent and Robust All-Cellulose Nanocomposite Packaging Materials Prepared in a Mixture of Trifluoroacetic Acid and
Trifluoroacetic Anhydride. Nanomaterials, 2019, 9, 368, reprinted in Nanomaterials 2020, 21–34.

112. Castro-Mayorga, J.L.; Fabra, M.J.; Cabedo, L.; Lagaron, J.M. On the use of the electrospinning coating technique to produce an-
timicrobial polyhydroxyalkanoate materials containing in situ-stabilized silver nanoparticles. Nanomaterials 2017, 7, 4. [CrossRef]

113. Castro Mayorga, J.L.; Fabra Rovira, M.J.; Cabedo Mas, L.; Sánchez Moragas, G.; Lagarón Cabello, J.M. Antimicrobial nanocom-
posites and electrospun coatings based on poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and copper oxide nanoparticles for
active packaging andcoating applications. J. Appl. Polym. Sci. 2018, 135, 45673. [CrossRef]

114. Hu, M.; Li, C.; Li, X.; Zhou, M.; Sun, J.; Sheng, F.; Shi, S.; Lu, L. Zinc oxide/silver bimetallic nanoencapsulated in PVP/PCL
nanofibres for improved antibacterial activity. Artif. Cells Nanomed. Biotechnol. 2018, 46, 1248–1257. [CrossRef]

115. Melendez-Rodriguez, B.; Figueroa-Lopez, K.J.; Bernardos, A.; Martínez-Máñez, R.; Cabedo, L.; Torres-Giner, S.; Lagaron, J.M.
Electrospun Antimicrobial Films of Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Containing Eugenol Essential Oil Encap-
sulated in Mesoporous Silica Nanoparticles. Nanomaterials 2019, 9, 227, reprinted in Nanomaterials 2020, 135–157. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.ifset.2010.01.008
http://doi.org/10.17221/958-CJFS
http://doi.org/10.1016/j.foodres.2012.06.026
http://doi.org/10.1111/1750-3841.12938
http://doi.org/10.1016/j.fpsl.2016.10.002
http://doi.org/10.1016/j.jspr.2015.01.005
http://doi.org/10.1016/j.fpsl.2017.10.004
www.mdpi.com/journal/nanomaterials
www.mdpi.com/journal/nanomaterials
http://doi.org/10.3390/nano9030346
http://www.ncbi.nlm.nih.gov/pubmed/30832425
http://doi.org/10.1111/jfpp.13544
http://doi.org/10.1016/j.carbpol.2016.09.058
http://doi.org/10.1002/pts.2371
http://doi.org/10.3390/app9030533
http://doi.org/10.1016/j.fpsl.2018.12.004
http://doi.org/10.1007/978-981-13-1909-9_3
http://doi.org/10.1155/2019/8927167
http://doi.org/10.1111/1750-3841.14012
http://doi.org/10.1016/j.msec.2017.10.003
www.mdpi.com/journal/nanomaterials
http://doi.org/10.3390/nano10050941
http://doi.org/10.1080/10408398.2018.1484687
http://doi.org/10.3390/nano8100859
http://www.ncbi.nlm.nih.gov/pubmed/30347805
http://doi.org/10.3390/nano7010004
http://doi.org/10.1002/app.45673
http://doi.org/10.1080/21691401.2017.1366339
http://doi.org/10.3390/nano9020227
http://www.ncbi.nlm.nih.gov/pubmed/30744000


Molecules 2021, 26, 1263 42 of 49

116. Vera, P.; Canellas, E.; Nerín, C. New Antioxidant Multilayer Packaging with Nanoselenium to Enhance the Shelf-Life of Market
Food Products. Nanomaterials 2018, 8, 837, reprinted in Nanomaterials 2020, 53–64. [CrossRef]

117. Cherpinski, A.; Gozutok, M.; Sasmazel, H.T.; Torres-Giner, S.; Lagaron, J.M. Electrospun Oxygen Scavenging Films of Poly(3-
hydroxybutyrate) Containing Palladium Nanoparticles for Active Packaging Applications. Nanomaterials 2018, 8, 469, reprinted
in Nanomaterials 2020, 65–83. [CrossRef] [PubMed]

118. Cherpinski, A.; Szewczyk, P.K.; Gruszczynski, A.; Stachewicz, U.; Lagaron, J.M. Oxygen-Scavenging Multilayered Biopapers
Containing Palladium Nanoparticles Obtained by the Electrospinning Coating Technique. Nanomaterials 2019, 9, 262, reprinted in
Nanomaterials 2020, 84–102. [CrossRef]

119. Jampilek, J.; Kos, J.; Kralova, K. Review Potential of Nanomaterial Applications in Dietary Supplements and Foods for Special
Medical Purposes. Nanomaterials 2019, 9, 296, reprinted in Nanomaterials 2020, 236–277. [CrossRef]

120. Rao, P.J.; Naidu, M.M. Nanoencapsulation of Bioactive Compounds for Nutraceutical Food. In Nanoscience in Food and Agriculture
2. Sustainable Agriculture Reviews; Ranjan, S., Dasgupta, N., Lichtfouse, E., Eds.; Springer: Cham, Switzerland, 2016; Volume 21,
pp. 129–156.

121. Corradini, C.; Lantano, C.; Cavazza, A. Innovative analytical tools to characterize prebiotic carbohydrates of functional food
interest. Anal. Bioanal. Chem. 2013, 405, 4591–4605. [CrossRef] [PubMed]

122. Li, Z.L.; Peng, S.F.; Chen, X.; Zhu, Y.Q.; Zou, L.Q.; Liu, W.; Liu, C.M. Pluronics modified liposomes for curcumin encapsulation:
Sustained release, stability and bioaccessibility. Food Res. Int. 2018, 108, 246–253. [CrossRef] [PubMed]

123. Esfanjani, A.F.; Assadpour, E.; Jafari, S.M. Improving the bioavailability of phenolic compounds by loading them within
lipid-based nanocarriers. Trends Food Sci. Technol. 2018, 76, 56–66. [CrossRef]

124. Kong, R.; Xia, Q.; Liu, G.Y. Preparation and characterization of vitamin A palmitate-loaded nanostructured lipid carriers as
delivery systems for food products. Adv. Mater. Res. 2011, 236–238, 1818–1823. [CrossRef]

125. Paucar, O.C.; Tulini, F.L.; Thomazini, M.; Balieiro, J.C.C.; Pallone, E.M.J.A.; Favaro-Trindade, C.S. Production by spray chilling
and characterization of solid lipid microparticles loaded with vitamin D3. Food Bioprod. Process. 2016, 100, 344–350. [CrossRef]

126. Hategekirnana, J.; Masamba, K.G.; Ma, J.G.; Zhong, F. Encapsulation of vitamin E: Effect of physicochemical properties of wall
material on retention and stability. Carbohydr. Polym. 2015, 124, 172–179. [CrossRef] [PubMed]

127. Khan, A.; Wen, Y.B.; Huq, T.; Ni, Y.H. Cellulosic nanomaterials in food and nutraceutical ppplications: A review. J. Agric. Food
Chem. 2018, 66, 8–19. [CrossRef]

128. Huq, T.; Fraschini, C.; Khan, A.; Riedl, B.; Bouchard, J.; Lacroix, M. Alginate based nanocomposite formicroencapsulation of
probiotic: Effect of cellulose nanocrystal (CNC) and lecithin. Carbohydr. Polym. 2017, 168, 61–69. [CrossRef]

129. Guo, C.J.; Yin, J.G.; Chen, D.Q. Co-encapsulation of curcumin and resveratrol into novel nutraceutical hyalurosomes nano-food
delivery system based on oligo-hyaluronic acid-curcumin polymer. Carbohydr. Polym. 2018, 181, 1033–1037. [CrossRef] [PubMed]

130. Xia, S.Q.; Tan, C.; Xue, J.; Lou, X.W.; Zhang, X.M.; Feng, B.A. Chitosan/tripolyphosphate-nanoliposomes core-shell nanocomplexes
as vitamin E carriers: Shelf-life and thermal properties. Int. J. Food Sci. Technol. 2014, 49, 1367–1374. [CrossRef]

131. Ge, J.; Yue, P.X.; Chi, J.P.; Liang, J.; Gao, X.L. Formation and stability of anthocyanins-loaded nanocomplexes prepared with
chitosan hydrochloride and carboxymethyl chitosan. Food Hydrocoll. 2018, 74, 23–31. [CrossRef]

132. Acevedo-Fani, A.; Soliva-Fortuny, R.; Martin-Belloso, O. Photo-protection and controlled release of folic acid using edible
alginate/chitosan nanolaminates. J. Food Eng. 2018, 229, 72–82. [CrossRef]

133. Papagiannopoulos, A.; Vlassi, E. Stimuli-responsive nanoparticles by thermal treatment of bovine serum albumin inside its
complexes with chondroitin sulfate. Food Hydrocoll. 2019, 87, 602–610. [CrossRef]

134. Dai, L.; Wei, Y.; Sun, C.X.; Mao, L.K.; McClements, D.J.; Gao, Y.X. Development of protein-polysaccharide-surfactant ternary
complex particles as delivery vehicles for curcumin. Food Hydrocoll. 2018, 85, 75–85. [CrossRef]

135. Kian, L.K.; Jawaid, M. Surface functionalization of cellulose biocomposite for food packaging application In Biopolymers and Biocomposites
from Agro-Waste for Packaging Applications; Saba, N., Jawaid, M., Thariq, M., Eds.; Woodhead Publishing, Elsevier: Cambridge, UK,
2021; pp. 255–269.

136. Razavi, R.; Tajik, H.; Moradi, M.; Molaei, R.; Ezati, P. Antimicrobial, microscopic and spectroscopic properties of cellulose paper
coated with chitosan sol-gel solution formulated by epsilon-poly-L-lysine and its application in active food packaging. Carbohydr.
Res. 2020, 489, 107912. [CrossRef] [PubMed]

137. Marrez, D.A.; Abdelhamid, A.E.; Darwesh, O.M. Eco-friendly cellulose acetate green synthesized silver nano-composite as
antibacterial packaging system for food safety. Food Packag. Shelf Life 2019, 20, 100302. [CrossRef]

138. Thiagamani, S.M.K.; Rajini, N.; Siengchin, S.; Varada Rajulu, A.; Hariram, N.; Ayrilmis, N. Influence of silver nanoparticles on
the mechanical, thermal and antimicrobial properties of cellulose-based hybrid nanocomposites. Compos. Part B Eng. 2019, 165,
516–525. [CrossRef]

139. Fathi, M.; Donsi, F.; McClements, D.J. Protein-based delivery systems for the nanoencapsulation of food ingredients. Compr. Rev.
Food Sci. 2018, 17, 920–936. [CrossRef]

140. Ramos, O.L.; Pereira, R.N.; Martins, A.; Rodrigues, R.; Fucinos, C.; Teixeira, J.A.; Pastrana, L.; Malcata, F.X.; Vicente, A.A. Design
of whey protein nanostructures for incorporation and release of nutraceutical compounds in food. Crit. Rev. Food Sci. Nutr. 2017,
57, 1377–1393. [CrossRef] [PubMed]

141. Madalena, D.A.; Ramos, O.L.; Pereira, R.N.; Bourbon, A.I.; Pinheiro, A.C.; Malcata, F.X.; Teixeira, J.A.; Vicente, A.A. In vitro
digestion and stability assessment of β-lactoglobulin/riboflavin nanostructures. Food Hydrocoll. 2016, 58, 89–97. [CrossRef]

http://doi.org/10.3390/nano8100837
http://doi.org/10.3390/nano8070469
http://www.ncbi.nlm.nih.gov/pubmed/29954085
http://doi.org/10.3390/nano9020262
http://doi.org/10.3390/nano9020296
http://doi.org/10.1007/s00216-013-6731-6
http://www.ncbi.nlm.nih.gov/pubmed/23420135
http://doi.org/10.1016/j.foodres.2018.03.048
http://www.ncbi.nlm.nih.gov/pubmed/29735054
http://doi.org/10.1016/j.tifs.2018.04.002
http://doi.org/10.4028/www.scientific.net/AMR.236-238.1818
http://doi.org/10.1016/j.fbp.2016.08.006
http://doi.org/10.1016/j.carbpol.2015.01.060
http://www.ncbi.nlm.nih.gov/pubmed/25839808
http://doi.org/10.1021/acs.jafc.7b04204
http://doi.org/10.1016/j.carbpol.2017.03.032
http://doi.org/10.1016/j.carbpol.2017.11.046
http://www.ncbi.nlm.nih.gov/pubmed/29253929
http://doi.org/10.1111/ijfs.12438
http://doi.org/10.1016/j.foodhyd.2017.07.029
http://doi.org/10.1016/j.jfoodeng.2017.03.024
http://doi.org/10.1016/j.foodhyd.2018.08.054
http://doi.org/10.1016/j.foodhyd.2018.06.052
http://doi.org/10.1016/j.carres.2020.107912
http://www.ncbi.nlm.nih.gov/pubmed/31978746
http://doi.org/10.1016/j.fpsl.2019.100302
http://doi.org/10.1016/j.compositesb.2019.02.006
http://doi.org/10.1111/1541-4337.12360
http://doi.org/10.1080/10408398.2014.993749
http://www.ncbi.nlm.nih.gov/pubmed/26065435
http://doi.org/10.1016/j.foodhyd.2016.02.015


Molecules 2021, 26, 1263 43 of 49

142. Ochnio, M.E.; Martinez, J.H.; Allievi, M.C.; Palavecino, M.; Martinez, K.D.; Perez, O.E. Proteins as nano-carriers for bioactive
compounds. The case of 7S and 11S soy globulins and folic acid complexation. Polymers 2018, 10, 149. [CrossRef] [PubMed]

143. David, S.; Livney, Y.D. Potato protein based nanovehicles for health promoting hydrophobic bioactives in clear beverages. Food
Hydrocoll. 2016, 57, 229–235. [CrossRef]

144. Ramos-Hernández, J.A.; Ragazzo-Sánchez, J.A.; Calderón-Santoyo, M.; Ortiz-Basurto, R.I.; Prieto, C.; Lagaron, J.M. Use of
Electrosprayed Agave Fructans as Nanoencapsulating Hydrocolloids for Bioactives. Nanomaterials 2018, 8, 868, reprinted in
Nanomaterials 2020, 278–288.

145. Peinado, I.; Mason, M.; Romano, A.; Biasioli, F.; Scampicchio, M. Stability of β-carotene in polyethylene oxide electrospun
nanofibers. Appl. Surf. Sci. 2016, 370, 111–116. [CrossRef]

146. Liu, Q.-R.; Wang, W.; Qi, J.; Huang, Q.; Xiao, J. Oregano essential oil loaded soybean polysaccharide films: Effect of Pickering
type immobilization on physical and antimicrobial properties. Food Hydrocoll. 2019, 87, 165–172. [CrossRef]

147. Dammak, I.; Lourenco, R.V.; Amaral Sobral, P.J. Active gelatin films incorporated with Pickering emulsions encapsulating
hesperidin: Preparation and physicochemical characterization. J. Food Eng. 2019, 240, 9–20. [CrossRef]

148. Xiong, Y.; Li, S.; Warner, R.D.; Fang, Z. Effect of oregano essential oil and resveratrol nanoemulsion loaded pectin edible coating
on the preservation of pork loin in modified atmosphere. Food Control 2020, 114, 107226. [CrossRef]

149. Almasi, H.; Azizi, S.; Amjadi, S. Development and characterization of pectin films activated by nanoemulsion and Pickering
emulsion stabilized marjoram (Origanum majorana L.) essential oil. Food Hydrocoll. 2020, 99, 105338. [CrossRef]

150. Norcino, L.; Mendes, J.; Natarelli, C.; Manrich, A.; Oliveira, J.; Mattoso, L. Pectin films loaded with copaiba oil nanoemulsionsfor
potential use as bio-based active packaging. Food Hydrocoll. 2020, 106, 105862. [CrossRef]

151. Hemmatkhah, F.; Zeynali, F.; Almasi, H. Encapsulated cumin seed essential oil-loaded active papers: Characterization and
evaluation of the effect on quality attributes of beef hamburger. Food Bioprocess. Technol. 2020, 13, 533–547. [CrossRef]

152. Li, M.; Zhang, F.; Liu, Z.; Guo, X.; Wu, Q.; Qiao, L. Controlled release system by active gelatin film incorporated with β-
cyclodextrin-thymol inclusion complexes. Food Bioprocess. Technol. 2018, 11, 1695–1702. [CrossRef]

153. Aytac, Z.; Dogan, S.Y.; Tekinay, T.; Uyar, T. Release and antibacterial activity of allyl isothiocyanate/β-cyclodextrin complex
encapsulated in electrospun nanofibers. Colloids Surf. B Biointerfaces 2014, 120, 125–131. [CrossRef]

154. Aytac, Z.; Ipek, S.; Durgun, E.; Tekinay, T.; Uyar, T. Antibacterial electrospun zein nanofibrous web encapsulating
thymol/cyclodextrin-inclusion complex for food packaging. Food Chem. 2017, 233, 117–124. [CrossRef] [PubMed]

155. Aytac, Z.; Kusku, S.I.; Durgun, E.; Uyar, T. Encapsulation of gallic acid/cyclodextrin inclusion complex in electrospun polylactic
acid nanofibers: Release behavior and antioxidant activity of gallic acid. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 63, 231–239.
[CrossRef] [PubMed]

156. Aytac, Z.; Kusku, S.I.; Durgun, E.; Uyar, T. Quercetin/β-cyclodextrin inclusion complex embedded nanofibres: Slow release and
high solubility. Food Chem. 2016, 197, 864–871. [CrossRef]

157. Cui, H.; Bai, M.; Lin, L. Plasma-treated poly(ethylene oxide) nanofibers containing tea tree oil/beta-cyclodextrin inclusion
complex for antibacterial packaging. Carbohydr. Polym. 2018, 179, 360–369. [CrossRef]

158. Wu, J.; Wang, J.; Cheng, C.; Chen, L.; Wen, C.; Zhang, Q. Physicochemical, antioxidant, in vitro release, and heat sealing properties
of fish gelatin films incorporated with β-cyclodextrin/curcumin complexes for apple juice preservation. Food Bioprocess. Technol.
2018, 11, 447–461. [CrossRef]

159. Chen, H.; Li, L.; Ma, Y.; Mcdonald, T.P.; Wang, Y. Development of active packaging film containing bioactive components
encapsulated in b-cyclodextrin and its application. Food Hydrocoll. 2019, 90, 360–366. [CrossRef]

160. Buendia, L.; Soto, S.; Ros, M.; Antolinos, V.; Navarro, L.; Sanchez, M.J.; Martınez, G.B.; Lopez, A. Innovative cardboard active
packaging with a coating including encapsulated essential oils to extend cherry tomato shelf life. LWT Food Sci. Technol. 2019, 116,
108584.

161. Buendía-Moreno, L.; Soto-Jover, S.; Ros-Chumillas, M.; Antolinos-López, V.; Navarro-Segura, L.; Sánchez-Martínez, M.J.;
Martínez−Hernández, G.B.; López−Gómez, A. An innovative active cardboard box for bulk packaging of fresh bell pepper.
Postharvest Biol. Technol. 2020, 164, 1111711. [CrossRef]

162. Meira, S.M.M.; Zehetmeyer, G.; Scheibel, J.M.; Werner, J.O.; Brandelli, A. Starch-halloysite nanocomposites containing nisin:
Characterization and inhibition of Listeria monocytogenes in soft cheese. Food Sci. Technol. 2016, 68, 226–234. [CrossRef]

163. Echeverria, I.; Lopez-Caballero, M.E.; Gomez-Guillen, M.C.; Mauri, A.N.; Montero, M.P. Active nanocomposite films based on
soy proteins-montmorillonite-clove essential oil for the preservation of refrigerated bluefin tuna (Thunnus thynnus) fillets. Int. J.
Food Microbiol. 2018, 266, 142–149. [CrossRef]

164. Campos-Requena, V.H.; Rivas, B.L.; Perez, M.A.; Garrido-Miranda, K.A.; Pereira, E.D. Release of essential oil constituent from
thermoplastic starch/layered silicate bionanocomposite film as a potential active packaging material. Eur. Polym. J. 2018, 109,
64–71. [CrossRef]

165. Jahed, E.; Alizadeh Khaledabad, M.; Rezazad Bari, M.; Almasi, H. Effect of cellulose and lignocellulose nanofibers on the
properties of Origanum vulgare ssp. gracile essential oil-loaded chitosan films. React. Funct. Polym. 2017, 117, 70–80. [CrossRef]

166. Jahed, E.; Alizadeh Khaledabad, M.; Almasi, H.; Hasanzadeh, R. Physicochemical properties of Carum copticum essential oil
loaded chitosan films containing organic nanoreinforcements. Carbohydr. Polym. 2017, 164, 325–338. [CrossRef]

167. Ranjbaryan, S.; Pourfathi, B.; Almasi, H. Reinforcing and release controlling effect of cellulose nanofiber in sodium caseinate films
activated by nanoemulsified cinnamon essential oil. Food Packag. Shelf Life 2019, 21, 100341. [CrossRef]

http://doi.org/10.3390/polym10020149
http://www.ncbi.nlm.nih.gov/pubmed/30966185
http://doi.org/10.1016/j.foodhyd.2016.01.027
http://doi.org/10.1016/j.apsusc.2016.02.150
http://doi.org/10.1016/j.foodhyd.2018.08.011
http://doi.org/10.1016/j.jfoodeng.2018.07.002
http://doi.org/10.1016/j.foodcont.2020.107226
http://doi.org/10.1016/j.foodhyd.2019.105338
http://doi.org/10.1016/j.foodhyd.2020.105862
http://doi.org/10.1007/s11947-020-02418-9
http://doi.org/10.1007/s11947-018-2134-1
http://doi.org/10.1016/j.colsurfb.2014.04.006
http://doi.org/10.1016/j.foodchem.2017.04.095
http://www.ncbi.nlm.nih.gov/pubmed/28530556
http://doi.org/10.1016/j.msec.2016.02.063
http://www.ncbi.nlm.nih.gov/pubmed/27040215
http://doi.org/10.1016/j.foodchem.2015.11.051
http://doi.org/10.1016/j.carbpol.2017.10.011
http://doi.org/10.1007/s11947-017-2021-1
http://doi.org/10.1016/j.foodhyd.2018.12.043
http://doi.org/10.1016/j.postharvbio.2020.111171
http://doi.org/10.1016/j.lwt.2015.12.006
http://doi.org/10.1016/j.ijfoodmicro.2017.10.003
http://doi.org/10.1016/j.eurpolymj.2018.08.055
http://doi.org/10.1016/j.reactfunctpolym.2017.06.008
http://doi.org/10.1016/j.carbpol.2017.02.022
http://doi.org/10.1016/j.fpsl.2019.100341


Molecules 2021, 26, 1263 44 of 49

168. Vahedikia, N.; Garavand, F.; Tajeddin, B.; Cacciotti, I.; Jafari, S.M.; Omidi, T.; Zahedi, Z. Biodegradable zein film composites
reinforced with chitosan nanoparticles and cinnamon essential oil: Physical, mechanical, structural and antimicrobial attributes.
Colloids Surf. B Biointerfaces 2019, 177, 25–32. [CrossRef] [PubMed]

169. Dairi, N.; Ferfera-Harrar, H.; Ramos, M.; Garrigos, C.M. Cellulose acetate/AgNPs-organoclay and/or thymol nano-biocomposite
films with combined antimicrobial/antioxidant properties for active food packaging use. Int. J. Biol. Macromol. 2019, 121, 508–523.
[CrossRef] [PubMed]

170. Mohammadalinejhad, S.; Almasi, H.; Esmaiili, M. Simultaneous green synthesis and in-situ impregnation of silver nanoparticles
into organic nanofibers by Lythrum salicaria extract: Morphological, thermal, antimicrobial and release properties. Mater. Sci. Eng.
C Mater. Biol. Appl. 2019, 105, 110115. [CrossRef] [PubMed]

171. Bayazidi, P.; Almasi, H.; Khosrowshahi, A. Immobilization of lysozyme on bacterial cellulose nanofibers: Characteristics,
antimicrobial activity and morphological properties. Int. J. Biol. Macromol. Part B 2018, 107, 2544–2551. [CrossRef]

172. Alizadeh-Sani, M.; Rhim, J.W.; Azizi-Lalabadi, M.; Hemmati-Dinarvand, M.; Ehsani, A. Preparation and characterization of
functional sodium caseinate/guar gum/TiO2/cumin essential oil composite film. Int. J. Biol. Macromol. 2020, 145, 835–844.
[CrossRef] [PubMed]

173. Amjadi, S.; Almasi, H.; Ghorbani, M.; Ramazani, S. Reinforced ZnONPs/rosemary essential oil-incorporated zein electrospun
nanofibers by j-carrageenan. Carbohydr. Polym. 2020, 232, 115800. [CrossRef]

174. Amjadi, S.; Almasi, H.; Ghorbani, M.; Ramazani, S. Preparation and characterization of TiO2NPs and betanin loaded zein/sodium
alginate nanofibers. Food Packag. Shelf Life 2020, 24, 100504. [CrossRef]

175. Amjadi, S.; Nazari, M.; Alizadeh, S.A.; Hamishehkar, H. Multifunctional betanin nanoliposomes-incorporated gelatin/chitosan
nanofiber/ZnO nanoparticles nanocomposite film for fresh beef preservation. Meat Sci. 2020, 167, 108161. [CrossRef]

176. Barba, C.; Eguinoa, A.; Mate, J.I. Preparation and characterization of b-cyclodextrin inclusion complexes as a tool of a controlled
antimicrobial release in whey protein edible films. LWT Food Sci. Technol. 2015, 64, 1362–1369. [CrossRef]

177. Perumal, A.B.; Sellamuthu, P.S.; Nambiar, R.B.; Sadiku, E.R.; Adeyeye, O.A. Biocomposite Reinforced with Nanocellulose for
Packaging Applications Green Biopolymers and their Nanocomposites. In Green Biopolymers and Their Nanocomposites Materials
Horizons: From Nature to Nanomaterials; Gnanasekaran, D., Ed.; Springer: Singapore, 2019; pp. 83–123.

178. Ghanbarzadeh, B.; Oleyaei, S.A.; Almasi, H. Nanostructured Materials Utilized in Biopolymer-based Plastics for Food Packaging
Applications. Crit. Rev. Food Sci. Nutr. 2015, 55, 1699–1723. [CrossRef]

179. Vasile, C. (Ed.) Polymeric Nanomaterials in Nanomedicine. In Polymeric Nanomaterials for Nanotherapeutics; Elsevier: Amsterdam,
The Netherlands, 2018; pp. 1–67.

180. Pamfil, D.; Vasile, C. Responsive Polymeric Nanotherapeutics. In Polymeric Nanomaterials for Nanotherapeutics; Vasile, C., Ed.;
Elsevier: Amsterdam, The Netherlands, 2018; pp. 67–122.

181. Ruiz-Rico, M.; Perez-Esteve, E.; Lerma-Garcia, M.J.; Marcos, M.D.; Martinez-Manez, R.; Barat, J.M. Protection of folic acid through
encapsulation in mesoporous silica particles included in fruit juices. Food Chem. 2017, 218, 471–478. [CrossRef] [PubMed]

182. Constantinescu-Aruxandei, D.; Frincu, R.M.; Capra, L.; Oancea, F. Selenium analysis and speciation in dietary supplements based
on next-generation selenium ingredients. Nutrients 2018, 10, 1466. [CrossRef] [PubMed]

183. Torres-Giner, S.; Echegoyen, Y.; Teruel-Juanes, R.; Badia, J.D.; Ribes-Greus, A.; Lagaron, J.M. Electrospun Poly(ethylene-co-vinyl
alcohol)/Graphene Nanoplatelets Composites of Interest in Intelligent Food Packaging Applications. Nanomaterials 2018, 8, 745,
reprinted in Nanomaterials 2020, 180–198. [CrossRef]

184. Wang, L.; Huo, X.; Guo, R.; Zhang, Q.; Lin, J. Exploring Protein-Inorganic Hybrid Nanoflowers and Immune Magnetic Nanobeads
to Detect Salmonella typhimurium. Nanomaterials 2018, 8, 1006, reprinted in Nanomaterials 2020 199–211. [CrossRef]

185. Lesiak, A.; Drzozga, K.; Cabaj, J.; Banski, M.; Malecha, K.; Podhorodecki, A. Review. Optical Sensors Based on II-VI Quantum
Dots. Nanomaterials 2019, 9, 192, reprinted in Nanomaterials 2020, 212–235. [CrossRef]

186. Ede, J.D.; Ong, K.J.; Goergen, M.; Rudie, A.; Pomeroy-Carter, C.A.; Shatkin, J.A. Review Risk Analysis of Cellulose Nanomaterials
by Inhalation: Current State of Science. Nanomaterials 2019, 9, 337, reprinted in Nanomaterials 2020, 34–52. [CrossRef] [PubMed]

187. Kolarova Raskova, Z.; Stahel, P.; Sedlarikova, J.; Musilova, L.; Stupavska, M.; Lehocky, M. The effect of plasma pretreatment and
cross-linking degree on the physical and antimicrobial properties of nisin-coated PVA films. Mater. Sci. Eng. C 2018, 11, 1451.
[CrossRef] [PubMed]

188. Muriel-Galet, V.; Talbert, J.N.; Hernandez-Munoz, P.; Gavara, R.; Goddard, J. Covalent immobilization of lysozyme on ethylene
vinyl alcohol films for nonmigrating antimicrobial packaging applications. J. Agric. Food Chem. 2013, 61, 6720–6727. [CrossRef]

189. Wong, L.W.; Hou, C.Y.; Hsieh, C.C.; Chang, C.K.; Wu, Y.S.; Hsieh, C.-W.J.L. Preparation of antimicrobial active packaging film by
capacitively coupled plasma treatment. LWT Food Sci. Technol. 2020, 117, 108612. [CrossRef]

190. Fajardo, P.; Balaguer, M.P.; Gomez-Estaca, J.; Gavara, R.; Hernandez-Munoz, P. Chemically modified gliadins as sustained release
systems for lysozyme. Food Hydrocoll. 2014, 41, 53–59. [CrossRef]

191. Mulla, M.; Ahmed, J.; Al-Attar, H.; Castro-Aguirre, E.; Arfat, Y.A.; Auras, R. Antimicrobial efficacy of clove essential oil infused
into chemically modified LLDPE film for chicken meat packaging. Food Control 2017, 73, 663–671. [CrossRef]

192. Ma, W.; Tang, C.-H.; Yin, S.-W.; Yang, X.-Q.; Qi, J.-R. Genipin-crosslinked gelatin films as controlled releasing carriers of lysozyme.
Food Res. Int. 2013, 51, 321–324. [CrossRef]

193. De Dicastillo, C.L.; Rodrıguez, F.; Guarda, A.; Galotto, M.J. Antioxidant films based on cross-linked methyl cellulose and native
Chilean berry for food packaging applications. Carbohydr. Polym. 2016, 136, 1052–1060. [CrossRef] [PubMed]

http://doi.org/10.1016/j.colsurfb.2019.01.045
http://www.ncbi.nlm.nih.gov/pubmed/30703751
http://doi.org/10.1016/j.ijbiomac.2018.10.042
http://www.ncbi.nlm.nih.gov/pubmed/30321636
http://doi.org/10.1016/j.msec.2019.110115
http://www.ncbi.nlm.nih.gov/pubmed/31546384
http://doi.org/10.1016/j.ijbiomac.2017.10.137
http://doi.org/10.1016/j.ijbiomac.2019.11.004
http://www.ncbi.nlm.nih.gov/pubmed/31726161
http://doi.org/10.1016/j.carbpol.2019.115800
http://doi.org/10.1016/j.fpsl.2020.100504
http://doi.org/10.1016/j.meatsci.2020.108161
http://doi.org/10.1016/j.lwt.2015.07.060
http://doi.org/10.1080/10408398.2012.731023
http://doi.org/10.1016/j.foodchem.2016.09.097
http://www.ncbi.nlm.nih.gov/pubmed/27719938
http://doi.org/10.3390/nu10101466
http://www.ncbi.nlm.nih.gov/pubmed/30304813
http://doi.org/10.3390/nano8100745
http://doi.org/10.3390/nano8121006
http://doi.org/10.3390/nano9020192
http://doi.org/10.3390/nano9030337
http://www.ncbi.nlm.nih.gov/pubmed/30832338
http://doi.org/10.3390/ma11081451
http://www.ncbi.nlm.nih.gov/pubmed/30115861
http://doi.org/10.1021/jf401818u
http://doi.org/10.1016/j.lwt.2019.108612
http://doi.org/10.1016/j.foodhyd.2014.03.019
http://doi.org/10.1016/j.foodcont.2016.09.018
http://doi.org/10.1016/j.foodres.2012.12.039
http://doi.org/10.1016/j.carbpol.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26572446


Molecules 2021, 26, 1263 45 of 49

194. Benbettaïeb, N.; Karbowiak, T.; Debeaufort, F. Bioactive edible films for food applications: Influence of the bioactive compounds
on film structure and properties. Crit. Rev. Food Sci. Nutr. 2019, 59, 1137–1153.

195. Tavassoli-Kafrani, E.; Shekarchizadeh, H.; Masoudpour-Behabadi, M.H. Development of edible films and coatings from alginates
and carrageenans. Carbohydr. Polym. 2016, 137, 360–374. [CrossRef] [PubMed]

196. Bierhalz, A.C.; da Silva, M.A.; Braga, M.E.; Sousa, H.J.; Kieckbusch, T.G. Effect of calcium and/or barium crosslinking on the
physical and antimicrobial properties of natamycin-loaded alginate films. LWT Food Sci. Technol. 2014, 57, 494–501. [CrossRef]

197. Song, F.; Zhang, L.-M.; Shi, J.-F.; Li, N.-N. Novel casein hydrogels: Formation, structure and controlled drug release. Colloids Surf.
B Biointerfaces 2010, 79, 142–148. [CrossRef] [PubMed]

198. Tormos, C.J.; Abraham, C.; Madihally, S.V. Improving the stability of chitosan-gelatin-based hydrogels for cell delivery using
transglutaminase and controlled release of doxycycline. Drug Deliv. Transl. Res. 2015, 5, 575–584. [CrossRef]

199. De Souza, P.M.; Fernandez, A.; Lopez-Carballo, G.; Gavara, R.; Hernandez-Munoz, P. Modified sodium caseinate films as
releasing carriers of lysozyme. Food Hydrocoll. 2010, 24, 300–306. [CrossRef]

200. Marani, P.L.; Bloisi, G.D.; Petri, D.F. Hydroxypropylmethylcellulose films crosslinked with citric acid for control release of
nicotine. Cellulose 2015, 22, 3907–3918. [CrossRef]

201. Teng, W.; Cappello, J.; Wu, X. Physical crosslinking modulates sustained drug release from recombinant silk-elastinlike protein
polymer for ophthalmic applications. J. Control. Release 2011, 156, 186–194. [CrossRef]

202. Martinez, A.W.; Caves, J.M.; Ravi, S.; Li, W.; Chaikof, E.L. Effects of crosslinking on the mechanical properties, drug release and
cytocompatibility of protein polymers. Acta Biomater. 2014, 10, 26–33. [CrossRef]

203. Bajpai, S.; Bajpai, M.; Shah, F.F. Alginate dialdehyde (AD)-crosslinked casein films: Synthesis, characterization and water
absorption behavior. Des. Monomers Polym. 2016, 19, 406–419. [CrossRef]

204. Rocha-Garcia, D.; Guerra-Contreras, A.; Reyes-Hernandez, J.; Palestino, G. Thermal and kinetic evaluation of biodegradable
thermo-sensitive gelatin/poly(ethylene glycol) diamine crosslinked citric acid hydrogels for controlled release of tramadol. Eur.
Polym. J. 2017, 89, 42–56. [CrossRef]

205. Ghorpade, V.S.; Yadav, A.V.; Dias, R.J. Citric acid crosslinked β-cyclodextrin /carboxymethylcellulose hydrogel films for controlled
delivery of poorly soluble drugs. Carbohydr. Polym. 2017, 164, 339–348. [CrossRef]

206. Kanatt, S.R.; Makwana, S.H. Development of active, water resistant carboxymethyl cellulose-poly vinyl alcohol-Aloe vera
packaging film. Carbohydr. Polym. 2020, 227, 115303. [CrossRef] [PubMed]

207. Oliveira, M.A.; Gonzaga, M.L.; Bastos, M.S.; Magalhaes, H.C.; Benevides, S.D.; Furtado, R.F.; Zambelli, R.A.; Garruti, D.S.
Packaging with cashew gum/gelatin/essential oil for bread: Release potential of the citral. Food Packag. Shelf Life 2020, 23, 100431.
[CrossRef]

208. Nascimento, L.G.L.; Casanova, F.; Silva, N.F.N.; de Carvalho Teixeira, A.V.N.; Junior, P.P.S.P.; Vidigal, M.C.T.R.; Stringheta, P.C.; de
Carvalho, A.F. Use of a crosslinked casein micelle hydrogel as a carrier for jaboticaba (Myrciaria cauliflora) extract. Food Hydrocoll.
2020, 106, 105872. [CrossRef]

209. Vasile, C. Radiation mediated bioactive compound immobilization on polymers to obtain multifunctional food packaging
materials. In Proceedings of the International Conference on Applications of Radiation Science and Technology, ICARST ’2017,
Vienna, Austria, 24–28 April 2017. Available online: https://media.superevent.com/documents/20170425/8584c618df6eb47383
529f034c356728/c.-vasile.pdf (accessed on 21 February 2021).

210. Vasle, C. Project: Improving food safety through the development and implementation of active and biodegradable food
packaging systems (ACTIBIOSAFE) 1SEE/30.06.2014. Project final results and courses sustained by Vasile, C. Projects financed
under health & food safety and renewable energy domains. Programe RO14 “Research within Priority Sectors” RO14 “Research
within Priority Sectors”. In Proceedings of the Committee Meeting Iasi, Iasi, Romania, 24 October 2017.

211. Heidemann, H.M.; Dotto, M.E.R.; Laurindo, J.B.; Carciofi, B.A.M.; Costa, C. Cold plasma treatment to improve the adhesion of
cassava starch films onto PCL and PLA surface. Colloids Surf. A Physicochem. Eng. Asp. 2019, 580, 123739. [CrossRef]

212. Honarvar, Z.; Farhoodi, M.; Khani, M.R.; Mohammadi, A.; Shokri, B.; Ferdowsi, R.; Shojaee-Aliabadi, S. Application of cold
plasma to develop carboxymethyl cellulose-coated polypropylene films containing essential oil. Carbohydr. Polym. 2017, 176, 1–10.
[CrossRef]

213. Ren, Y.; Ding, Z.; Wang, C.; Zang, C.; Zhang, Y.; Xu, L. Influence of DBD plasma pretreatment on the deposition of chitosan onto
UHMWPE fiber surfaces for improvement of adhesion and dyeing properties. Appl. Surf. Sci. 2017, 396, 1571–1579. [CrossRef]

214. Lee, K.T. Quality and safety aspects of meat products as affected by various physical manipulations of packaging materials. Meat
Sci. 2010, 86, 138–150. [CrossRef]

215. Deng, L.; Li, X.; Miao, K.; Mao, X.; Han, M.; Li, D.; Mu, C.; Ge, L. Development of disulfide bond crosslinked gelatine-polylysine
active edible film with antibacterial and antioxidant activities. Food Bioprocess. Technol. 2020, 13, 577–588. [CrossRef]

216. Menzel, C.; Olsson, E.; Plivelic, T.S.; Andersson, R.; Johansson, C.; Kuktaite, R.; Jearnstreom, L.; Koch, K. Molecular structure of
citric acid cross-linked starch films. Carbohydr. Polym. 2013, 96, 270–276. [CrossRef] [PubMed]

217. Zumbrunnen, D.A.; Subrahmanian, R.; Kulshreshtha, B.; Mahesha, C. Smart blending technology enabled by chaotic advection.
Adv. Polym. Technol. 2006, 25, 152–169. [CrossRef]

218. LaCoste, A.; Schaich, K.M.; Zumbrunnen, D.; Yam, K.L. Advancing controlled release packaging through smart blending. Packag.
Technol. Sci. 2005, 18, 77–87. [CrossRef]

http://doi.org/10.1016/j.carbpol.2015.10.074
http://www.ncbi.nlm.nih.gov/pubmed/26686140
http://doi.org/10.1016/j.lwt.2014.02.021
http://doi.org/10.1016/j.colsurfb.2010.03.045
http://www.ncbi.nlm.nih.gov/pubmed/20434318
http://doi.org/10.1007/s13346-015-0258-7
http://doi.org/10.1016/j.foodhyd.2009.10.005
http://doi.org/10.1007/s10570-015-0757-1
http://doi.org/10.1016/j.jconrel.2011.07.036
http://doi.org/10.1016/j.actbio.2013.08.029
http://doi.org/10.1080/15685551.2016.1169374
http://doi.org/10.1016/j.eurpolymj.2017.02.007
http://doi.org/10.1016/j.carbpol.2017.02.005
http://doi.org/10.1016/j.carbpol.2019.115303
http://www.ncbi.nlm.nih.gov/pubmed/31590852
http://doi.org/10.1016/j.fpsl.2019.100431
http://doi.org/10.1016/j.foodhyd.2020.105872
https://media.superevent.com/documents/20170425/8584c618df6eb47383529f034c356728/c.-vasile.pdf
https://media.superevent.com/documents/20170425/8584c618df6eb47383529f034c356728/c.-vasile.pdf
http://doi.org/10.1016/j.colsurfa.2019.123739
http://doi.org/10.1016/j.carbpol.2017.08.054
http://doi.org/10.1016/j.apsusc.2016.11.215
http://doi.org/10.1016/j.meatsci.2010.04.035
http://doi.org/10.1007/s11947-020-02420-1
http://doi.org/10.1016/j.carbpol.2013.03.044
http://www.ncbi.nlm.nih.gov/pubmed/23688480
http://doi.org/10.1002/adv.20073
http://doi.org/10.1002/pts.675


Molecules 2021, 26, 1263 46 of 49

219. Jeong, Y.-J.; Kim, M.-K.; Song, H.-J.; Kanga, E.-J.; Ock, S.-A.; Kumara, B.M.; Balasubramaniana, S.; Rhoa, G.-J. Effect of α-
tocopherol supplementation during boar semen cryopreservation on sperm characteristics and expression of apoptosis related
genes. Cryobiology 2009, 58, 181–189. [CrossRef]

220. Li, X.Y.; Chen, X.G.; Sun, Z.W.; Park, H.J.; Cha, D.S. Preparation of alginate/chitosan/carboxymethyl chitosan complex microcap-
sules and application in Lactobacillus casei ATCC 393. Carbohydr. Polym. 2011, 83, 1479–1485. [CrossRef]

221. Zuidam, N.J.; Shimoni, E. Overview of microencapsulates for use in food products or processes and methods to make them. In
Encapsulation Technologies for Active Food Ingredients and Food Processing; Zuidam, N.J., Nedovic, V., Eds.; Springer: New York, NY,
USA, 2010; Volume 1, pp. 3–29.

222. Nedovic, V.; Kalusevic, A.; Manojlovic, V.; Levic, S.; Bugarski, B. An overview of encapsulation technologies for food applications.
Procedia Food Sci. 2011, 1, 1806–1815. [CrossRef]

223. Murugesan, R.; Orsat, V. Spray drying for the production of nutraceutical ingredients—A review. Food Bioprocess. Technol. 2011, 5,
3–14. [CrossRef]

224. Anandharamakrishnan, C.; Ishwarya, P. Spray Drying Techniques for Food Ingredient Encapsulation; IFT Press, Wiley Blackwell:
Chicago, IL, USA, 2015; 525p.

225. Jafari, S.M.; McClements, D.J. Nanoemulsions: Formulation, Applications, and Characterization; Academic Press: San Diego, CA, USA,
2018.

226. Pâslaru Stoleru, E.; Munteanu, B.S.; Vasile, C. Electrospun Nanostructures as Biodegradable Composite Materials for Biomedical
Applications. In Biodegradable Polymeric Nanocomposites Advances in Biomedical Applications; Depan, D., Ed.; CRC Press, Taylor &
Francis Group: Boca Raton, FL, USA, 2016.

227. Munteanu, B.S.; Vasile, C. Electrospun Polymeric Nanostructures With Applications in Nanomedicine. In Polymeric Nanomaterials
for Nanotherapeutics; Vasile, C., Ed.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 261–299.

228. Aytac, Z.; Keskin, N.O.S.; Tekinay, T.; Uyar, T. Antioxidant α-tocopherol/γ-cyclodextrin–inclusion complex encapsulated
poly(lactic acid) electrospun nanofibrous web for food packaging. J. Appl. Polym. Sci. 2017, 134. [CrossRef]

229. Munteanu, B.S.; Aytac, Z.; Pricope, G.M.; Uyar, T.; Vasile, C. Polylactic acid (PLA)/Silver-NP/Vitamin E bionanocomposite
electrospun nanofibers with antibacterial and antioxidant activity. J. Nanoparticles Res. 2014, 16, 2643. [CrossRef]

230. Song, Z.; Chiang, S.W.; Chu, X.; Du, H.; Li, J.; Gan, L.; Xu, C.; Yao, Y.; He, Y.; Li, B.; et al. Effects of solvent on structures and
properties of electrospun poly(ethylene oxide) nanofibers. J. Appl. Polym. Sci. 2018, 135, 45787. [CrossRef]

231. Li, F.; Zhao, Y.; Song, Y. Core-Shell Nanofibers: Nano-Channel and Capsule by Coaxial Electrospinning. In Nanofibers; Kumar, A.,
Ed.; IntechOpen: London, UK, 2010; pp. 419–438.

232. Vasile, C.; Tudorachi, N.; Zaharescu, T.; Darie-Nit,a, R.N.; Cheaburu-Yilmaz, C.N. Study on Thermal Behavior of Some Biocompat-
ible and Biodegradable Materials Based on Plasticized PLA, Chitosan, and Rosemary Ethanolic Extract. Int. J. Polym. Sci. 2020,
11–12, 1–18. [CrossRef]

233. Vogler, E.A. Structure and reactivity of water at biomaterial surfaces. Adv. Colloid Interface Sci. 1998, 74, 69–117. [CrossRef]
234. Vasile, C.; Pascu, M.C. (Eds.) Surface Properties of Polymers; Research Signpost: Kerala, India, 2008.
235. Issart, A.; Godin, S.; Preud’homme, H.; Bierla, K.; Allal, A.; Szpunar, J. Direct screening of food packaging materials for

post-polymerization residues, degradation products and additives by liquid extraction surface analysis nanoelectrospray mass
spectrometry (LESA-nESI-MS). Anal. Chim. Acta 2019, 1058, 117–126. [CrossRef] [PubMed]

236. Aznar, M.; Alfaro, P.; Nerín, C.; Jones, E.; Riches, E. Progress in mass spectrometry for the analysis of set-off phenomena in plastic
food packaging materials. J. Chromatogr. A 2016, 1453, 124–133. [CrossRef]

237. Anukiruthika, T.; Sethupathy, P.; Wilson, A.; Kashampur, K.; Moses, J.A.; Anandharamakrishnan, C. Multilayer packaging:
Advances in preparation techniques and emerging food applications. Compr. Rev. Food Sci. Food Saf. 2020, 19, 1156–1186.
[CrossRef]

238. Andre, C.; Castanheira, I.; Cruz, J.M.; Paseiro, P.; Sanches-Silva, A. Analytical strategies to evaluate antioxidants in food: A review.
Trends Food Sci. Technol. 2010, 21, 229–246. [CrossRef]

239. Van den Berg, R.; Haenen, G.R.M.M.; van den Berg, H.; Bast, A. Applicability of an improved Trolox equivalent antioxidant
capacity (TEAC) assay for evaluation of antioxidant capacity measurements of mixtures. Food Chem. Anal. Nutr. Clin. Methods
Sect. 1999, 66, 511–517. [CrossRef]

240. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a Free Radical Method to Evaluate Antioxidant Activity. LWT Food Sci.
Technol. 1995, 28, 25–30. [CrossRef]

241. Rawdkuen, S.; Suthiluk, P.; Kamhangwong, D.; Benjakul, S. Antimicrobial activity of some potential activecompounds against
food spoilage microorganisms. Afr. J. Biotechnol. 2012, 11, 13914–13921. [CrossRef]

242. Lucera, A.; Conte, A.; Del Nobile, M.A. Volatile compounds usage in active packaging systems. In Antimicrobial Food Packaging;
Barros-Velázquez, J., Ed.; Academic Press: San Diego, CA, USA, 2016; pp. 319–327.

243. Souza Silva, E.A.; Risticevic, S.; Pawliszyn, J. Recent trends in SPME concerning sorbent materials, configurations and in vivo
applications. TrAC Trends Anal. Chem. 2013, 43, 24–36. [CrossRef]

244. Ruvalcaba, J.E.; Durán-Guerrero, E.; Barroso, C.G.; Castro, R. Development of a stir bar sorptive extraction method to study
different beer styles volatile profiles. Food Res. Int. 2019, 126, 108680. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cryobiol.2008.12.004
http://doi.org/10.1016/j.carbpol.2010.09.053
http://doi.org/10.1016/j.profoo.2011.09.265
http://doi.org/10.1007/s11947-011-0638-z
http://doi.org/10.1002/app.44858
http://doi.org/10.1007/s11051-014-2643-4
http://doi.org/10.1002/app.45787
http://doi.org/10.1155/2020/4269792
http://doi.org/10.1016/S0001-8686(97)00040-7
http://doi.org/10.1016/j.aca.2019.01.028
http://www.ncbi.nlm.nih.gov/pubmed/30851845
http://doi.org/10.1016/j.chroma.2016.05.032
http://doi.org/10.1111/1541-4337.12556
http://doi.org/10.1016/j.tifs.2009.12.003
http://doi.org/10.1016/S0308-8146(99)00089-8
http://doi.org/10.1016/S0023-6438(95)80008-5
http://doi.org/10.5897/AJB12.1400
http://doi.org/10.1016/j.trac.2012.10.006
http://doi.org/10.1016/j.foodres.2019.108680
http://www.ncbi.nlm.nih.gov/pubmed/31732064


Molecules 2021, 26, 1263 47 of 49

245. Oliveira, É.C.; Echegoyen, Y.; Cruz, S.A.; Nerin, C. Comparison between solid phase microextraction (SPME) and hollow fiber
liquid phase microextraction (HFLPME) for determination of extractables from post-consumer recycled PET into food simulants.
Talanta 2014, 127, 59–67. [CrossRef]

246. Aznar, M.; Alfaro, P.; Nerin, C.; Kabir, A.; Furton, K.G. Fabric phase sorptive extraction: An innovative sample preparation
approach applied to the analysis of specific migration from food packaging. Anal. Chim. Acta 2016, 936, 97–107. [CrossRef]
[PubMed]

247. Otoukesh, M.; Nerín, C.; Aznar, M.; Kabir, A.; Furton, K.G.; Eshaghi, Z. Determination of adhesive acrylates in recycled
polyethylene terephthalate by fabric phase sorptive extraction coupled to ultra performance liquid chromatography-mass
spectrometry. J. Chromatogr. A 2019, 1602, 56–63. [CrossRef] [PubMed]

248. Vera, P.; Canellas, E.; Nerín, C. Compounds responsible for off-odors in several samples composed by polypropylene, polyethylene,
paper and cardboard used as food packaging materials. Food Chem. 2019, 309, 125792. [CrossRef] [PubMed]

249. Kassouf, A.; El Rakwe, M.; Chebib, H.; Ducruet, V.; Rutledge, D.N.; Maalouly, J. Independent components analysis coupled with
3D-front-face fluorescence spectroscopy to study the interaction between plastic food packaging and olive oil. Anal. Chim. Acta
2014, 839, 14–25. [CrossRef] [PubMed]

250. Vera, P.; Canellas, E.; Nerín, C. Identification of non volatile migrant compounds and NIAS in polypropylene films used as food
packaging characterized by UPLC-MS/QTOF. Talanta 2018, 188, 750–762. [CrossRef]

251. Canellas, E.; Nerín, C.; Moore, R.; Silcock, P. New UPLC coupled to mass spectrometry approaches for screening of non-volatile
compounds as potential migrants from adhesives used in food packaging materials. Anal. Chim. Acta 2010, 666, 62–69. [CrossRef]

252. Wrona, M.; Nerín, C. Analytical Approaches for Analysis of Safety of Modern Food Packaging. Molecules 2020, 25, 752. [CrossRef]
253. Úbeda, S.; Aznar, M.; Vera, P.; Nerín, C.; Henríquez, L.; Taborda, L.; Restrepo, C. Overall and specific migration from multilayer

high barrier food contact materials—Kinetic study of cyclic polyester oligomers migration. Food Addit. Contam. Part. A 2017, 34,
1784–1794. [CrossRef] [PubMed]

254. Gavril, G.-L.; Wrona, M.; Bertella, A.; Swieca, M.; Râpa, M.; Salafranca, J.; Nerín, C. Influence of medicinal and aromatic plants
into risk assessment of a new bioactive packaging based on polylactic acid (PLA). Food Chem. Toxicol. 2019, 132, 1–11. [CrossRef]

255. Becerril, R.; Manso, S.; Nerín, C. Metabolites identified as interaction products between EOs from food packaging and selected
microorganisms. LWT Chem. Food Sci. Technol. 2019, 116, 108518. [CrossRef]

256. Frankel, E.N. Oxidation of polyunsaturated lipids and its nutritional significance. Abs. Pap. Am. Chem. Soc. 1994, 208, 51.
257. Osorio, J.; Aznar, M.; Nerín, C. Identification of key odorant compounds in starch-based polymers intended for food contact

materials. Food Chem. 2019, 285, 39–45. [CrossRef]
258. De la Calle, I.; Menta, M.; Klein, M.; Séby, F. Study of the presence of micro- and nanoparticles in drinks and foods by multiple

analytical techniques. Food Chem. 2018, 266, 133–145. [CrossRef]
259. Irvine, A. EU Regulation 10/2011. Available online: https://www.smithers.com/resources/2016/jul/migration-testing-

simulants (accessed on 21 February 2021).
260. Bailey, A.; Batarseh, L.; Begley, T.; Twaroski, M. US FDA Food Contact Materials Regulations. In Plastic Packaging: Interactions with

Food and Pharmaceuticals; Piringer, O.G., Baner, A.L., Eds.; Wiley-VCH: Weinheim, Germany, 2008; pp. 417–438.
261. Hernández-Munoz, P.; Catalá, R.; Gavara, R. Simple method for the selection of the appropriate food simulant for the evaluation

of a specific food/packaging interaction. J. Food Addit. Contam. 2002, 19 (Suppl. S1), 192–200. [CrossRef]
262. Official Journal of the European Union, Commission Regulation (EC) No 450/2009 of 29 May 2009 on active and intelligent

materials and articles intended to come into contact with food. Available online: https://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=OJ:L:2009:135:0003:0011:EN:PDF (accessed on 21 February 2021).

263. Störmer, A.; Bott, J.; Kemmer, D.; Franz, R. Review Critical review of the migration potential of nanoparticles in food contact
plastics. Trends Food Sci. Technol. 2017, 63, 39–50. [CrossRef]

264. Franz, R. Migration modelling from food-contact plastics into foodstufs as a new tool for consumer exposure estimation. Food
Addit. Contam. 2005, 22, 920–937. [CrossRef]

265. Mastromatteo, M.; Mastromatteo, M.; Conte, A.; Del Nobile, M.A.J. Advances in controlled release devices for food packaging
applications. Trends Food Sci. Technol. 2010, 21, 591–598. [CrossRef]

266. Lee, D.S.; Yam, K.L.; Piergiovanni, L. Migration and food packaging interactions. In Food Packaging Science and Technology; Lee,
D.S., Yam, K.L., Piergiovanni, L., Eds.; CRC Press: New York, NY, USA, 2008; pp. 109–138.

267. Mercea, P. Models for Diffusion in Polymers. In Plastic Packaging: Interactions with Food and Pharmaceuticals, 2nd ed.; Piringer,
O.G., Baner, A.L., Eds.; Wiley-VCH: Weinheim, Germany, 2008; pp. 123–163.

268. Piringer, O. A Uniform Model for Prediction of Diffusion Coefficients with Emphasis on Plastic Materials. In Plastic Packaging:
Interactions with Food and Pharmaceuticals, 2nd ed.; Piringer, O.G., Baner, A.L., Eds.; Wiley-VCH: Weinheim, Germany, 2008; pp.
163–195.

269. Tosa, V.; Mercea, P. Solution of the Diffusion Equation for Multilayer Packaging. In Plastic Packaging: Interactions with Food and
Pharmaceuticals, 2nd ed.; Piringer, O.G., Baner, A.L., Eds.; Wiley-VCH: Weinheim, Germany, 2008; pp. 247–263.

270. Peppas, N.A. Analysis of Fickian and non-Fickian drug release from polymers. Pharm. Acta Helv. 1985, 60, 110–111.
271. Poças, M.F.; Oliveira, J.C.; Oliveira, F.A.R.; Hogg, T. A critical survey of predictive mathematical models for migration from

packaging. Crit. Rev. Food Sci. Nutr. 2008, 48, 913–928. [CrossRef]

http://doi.org/10.1016/j.talanta.2014.03.042
http://doi.org/10.1016/j.aca.2016.06.049
http://www.ncbi.nlm.nih.gov/pubmed/27566344
http://doi.org/10.1016/j.chroma.2019.05.044
http://www.ncbi.nlm.nih.gov/pubmed/31155144
http://doi.org/10.1016/j.foodchem.2019.125792
http://www.ncbi.nlm.nih.gov/pubmed/31711806
http://doi.org/10.1016/j.aca.2014.06.035
http://www.ncbi.nlm.nih.gov/pubmed/25066714
http://doi.org/10.1016/j.talanta.2018.06.022
http://doi.org/10.1016/j.aca.2010.03.032
http://doi.org/10.3390/molecules25030752
http://doi.org/10.1080/19440049.2017.1346390
http://www.ncbi.nlm.nih.gov/pubmed/28665763
http://doi.org/10.1016/j.fct.2019.110662
http://doi.org/10.1016/j.lwt.2019.108518
http://doi.org/10.1016/j.foodchem.2019.01.157
http://doi.org/10.1016/j.foodchem.2018.05.107
https://www.smithers.com/resources/2016/jul/migration-testing-simulants
https://www.smithers.com/resources/2016/jul/migration-testing-simulants
http://doi.org/10.1080/02652030110069726
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:135:0003:0011:EN:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:135:0003:0011:EN:PDF
http://doi.org/10.1016/j.tifs.2017.01.011
http://doi.org/10.1080/02652030500157700
http://doi.org/10.1016/j.tifs.2010.07.010
http://doi.org/10.1080/10408390701761944


Molecules 2021, 26, 1263 48 of 49

272. Conte, A.; Lecce, L.; Iannetti, M.; Nobile, M.A. Study on the Influence of Bio-Based Packaging System on Sodium Benzoate
Release Kinetics. Foods 2020, 9, 1010. [CrossRef]

273. Lee, D.S.; Yam, K.L. Effect of tocopherol loading and diffusivity on effectiveness of antioxidant packaging. CyTA J. Food 2013, 11,
89–93. [CrossRef]

274. Rossi, L. Community Legislation on Materials and Articles Intended to Come into Contact with Foodstuffs. In Plastic Packaging:
Interactions with Food and Pharmaceuticals, 2nd ed.; Piringer, O.G., Baner, A.L., Eds.; Wiley-VCH: Weinheim, Germany, 2008; pp.
441–499.

275. Mercea, P.; Petrescu, L.; Piringer, O.; Tosa, V. User-Friendly Software for Migration Estimations. In Plastic Packaging: Interactions
with Food and Pharmaceuticals, 2nd ed.; Piringer, O.G., Baner, A.L., Eds.; Wiley-VCH: Weinheim, Germany, 2008; pp. 263–297.

276. Centre for Wood Science & Technology. Institute for Sustainable Construction; Edinburgh Napier University. Available online:
https://blogs.napier.ac.uk/cwst/carmen-mihaela-popescu/ (accessed on 21 February 2021).

277. Yu, W.X.; Hu, C.Y.; Wang, Z.W. Release of Potassium Sorbate from Pectin/Carboxymethyl Cellulose Films into Food Simulant. J.
Food Process. Preserv. 2017, 41. [CrossRef]

278. Colin-Chavez, C.; Soto-Valdez, H.; Peralta, E.; Lizardi-Mendoza, J.; Balandran-Quintana, R. Diffusion of natural astaxanthin from
polyethylene active packaging films into a fatty food simulant. Food Res. Int. 2013, 54, 873–880. [CrossRef]

279. Koontz, J.L.; Marcy, J.E.; O’Keefe, S.F.; Duncan, S.E.; Long, T.E.; Moffitt, R.D. Polymer processing and characterization of LLDPE
films loaded with α-tocopherol, quercetin, and their cyclodextrin inclusion complexes. J. Appl. Polym. Sci. 2010, 117, 2299–2309.
[CrossRef]

280. Chalier, P.; Ben Arfa, A.; Guillard, V.; Gontard, N. Moisture and temperature triggered release of a volatile active agent from
soy protein coated paper: Effect of glass transition phenomena on carvacrol diffusion coefficient. J. Agric. Food Chem. 2009, 57,
658–665. [CrossRef] [PubMed]

281. Graciano-Verdugo, A.Z.; Soto-Valdez, H.; Peralta, E.; Cruz-Zarate, P.; Islas-Rubio, A.R.; Sanchez-Valdes, S.; Sanchez-Escalante, A.;
Gonzalez-Mendez, N.; Gonzalez-Rıos, H. Migration of α-tocopherol from LDPE films to corn oil and its effect on the oxidative
stability. Food Res. Int. 2010, 43, 1073–1078. [CrossRef]

282. Heirlings, L.; Siro, I.; Devlieghere, F.; Van Bavel, E.; Cool, P.; De Meulenaer, B.; Vansant, E.F.; Debevere, J. Influence of polymer
matrix and adsorption onto silica materials on the migration of α-tocopherol into 95% ethanol from active packaging. Food Addit.
Contamin. 2004, 21, 1125–1136. [CrossRef]

283. Marcos, B.; Sarraga, C.; Castellari, M.; Kappen, F.; Schennink, G.; Arnau, J. Development of biodegradable films with antioxidant
properties based on polyesters containing a-tocopherol and olive leaf extract for food packaging applications. Food Packag. Shelf
Life. 2014, 1, 140–150. [CrossRef]

284. Ortiz-Vazquez, H.; Shin, J.; Soto-Valdez, H.; Auras, R. Release of butylated hydroxytoluene (BHT) from Poly(lactic acid) films.
Polym. Test. 2011, 30, 463–471. [CrossRef]

285. Zhu, X.; Lee, D.; Yam, K. Release property and antioxidant effectiveness of tocopherol-incorporated LDPE/PP blend films. Food
Addit. Contam. Part. A 2012, 29, 461–468. [CrossRef] [PubMed]

286. Balaguer, M.P.; Lopez-Carballo, G.; Catala, R.; Gavara, R.; Hernandez-Munoz, P. Antifungal properties of gliadin films incorporat-
ing cinnamaldehyde and application in active food packaging of bread and cheese spread foodstuffs. Intern. J. Food Microbiol.
2013, 166, 369–377. [CrossRef] [PubMed]

287. Kim, Y.M.; An, D.S.; Park, H.J.; Park, J.M.; Lee, D.S. Properties of nisin-incorporated polymer coatings as antimicrobial packaging
materials. Packag. Technol. Sci. 2002, 15, 247–254. [CrossRef]

288. Arrieta, M.P.; Castro-López, M.A.D.M.; Rayón, E.; Barral-Losada, L.F.; López-Vilariño, J.M.; López, J.; González-Rodrıguez,
M.V. Plasticized poly (lactic acid)–poly (hydroxybutyrate)(PLA–PHB)blends incorporated with catechin intended for active
food-packaging applications. J. Agric. Food Chem. 2014, 62, 10170–10180. [CrossRef] [PubMed]

289. Balasubramanian, A. Predicting Target Release Profile of Antimicrobials from Controlled Release Packaging. Ph.D. Thesis,
Rutgers The State University of New Jersey, New Brunswick, NJ, USA, May 2012. [CrossRef]

290. Fang, Z.; Zhao, Y.; Warner, R.D.; Johnson, S.K. Active and intelligent packaging in meat industry. Trends Food Sci. Technol. 2017, 61,
60–71. [CrossRef]

291. Wang, Y.C.; Lu, L.; Gunasekaran, S. Biopolymer/gold nanoparticles composite plasmonic thermal history indicator to monitor
quality and safety of perishable bioproducts. Biosens. Bioelectron. 2017, 92, 109–116. [CrossRef]

292. Taoukis, P.S.; Fu, B.; Labuza, T.P. Time temperature indicators. Food Technol. 1991, 45, 70–82.
293. Lim, S.; Gunasekaran, S.; Imm, J.Y. Gelatin-templated gold nanoparticles as novel time-temperature indicator. J. Food Sci. 2012, 77,

N45–N49. [CrossRef]
294. Bibi, F.; Guillaume, C.; Gontard, N.; Sorli, B. A review: RFID technology having sensing aptitudes for food industry and their

contribution to tracking and monitoring of food products. Trends Food Sci. Technol. 2017, 62, 91–103. [CrossRef]
295. Realini, C.E.; Marcos, B. Active and intelligent packaging systems for a modern society. Meat Sci. 2014, 98, 404–419. [CrossRef]
296. Bodenhamer, W.T. Method and Apparatus for Selective Biological Material Detection. U.S. Patent 6,841,392, 15 August 2001.
297. Ribeiro-Santos, R.; Andrade, M.; Melo, N.R.D.; Sanches-Silva, A. Use of essential oils in active food packaging: Recent advances

and future trends. Trends Food Sci. Technol. 2017, 61, 132–140. [CrossRef]
298. Kaiser, K.; Schmid, M.; Schlummer, M. Recycling of polymer-based multilayer packaging: A review. Recycling 2017, 3, 1.

[CrossRef]

http://doi.org/10.3390/foods9081010
http://doi.org/10.1080/19476337.2012.696281
https://blogs.napier.ac.uk/cwst/carmen-mihaela-popescu/
http://doi.org/10.1111/jfpp.12860
http://doi.org/10.1016/j.foodres.2013.08.021
http://doi.org/10.1002/app.32044
http://doi.org/10.1021/jf802254p
http://www.ncbi.nlm.nih.gov/pubmed/19154166
http://doi.org/10.1016/j.foodres.2010.01.019
http://doi.org/10.1080/02652030400010439
http://doi.org/10.1016/j.fpsl.2014.04.002
http://doi.org/10.1016/j.polymertesting.2011.03.006
http://doi.org/10.1080/19440049.2011.643826
http://www.ncbi.nlm.nih.gov/pubmed/22257167
http://doi.org/10.1016/j.ijfoodmicro.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/24029024
http://doi.org/10.1002/pts.594
http://doi.org/10.1021/jf5029812
http://www.ncbi.nlm.nih.gov/pubmed/25255375
http://doi.org/10.7282/T37M06V5
http://doi.org/10.1016/j.tifs.2017.01.002
http://doi.org/10.1016/j.bios.2017.01.047
http://doi.org/10.1111/j.1750-3841.2012.02872.x
http://doi.org/10.1016/j.tifs.2017.01.013
http://doi.org/10.1016/j.meatsci.2014.06.031
http://doi.org/10.1016/j.tifs.2016.11.021
http://doi.org/10.3390/recycling3010001


Molecules 2021, 26, 1263 49 of 49

299. Briassoulis, D.; Giannoulis, A. Evaluation of the functionality of bio-based food packaging films. Polym. Test. 2018, 69, 39–51.
[CrossRef]

300. Horodytska, O.; Valdés, F.J.; Fullana, A. Plastic flexible films waste management—A state of art review. Waste Manag. 2018, 77,
413–425. [CrossRef]

301. Available online: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32011R0010 (accessed on 22 October
2020).

http://doi.org/10.1016/j.polymertesting.2018.05.003
http://doi.org/10.1016/j.wasman.2018.04.023
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32011R0010

	Introduction 
	Types of Active Packaging 
	Controlled-Release Packaging (CRP) 
	Active Compounds 
	Package Composition and Structure 
	CRP System Design 
	Micro- and Nano-Materials 
	Nanofillers and Nanocomposites 
	Modification of Polymer Matrix 
	Physical Methods/Technologies 
	Chemical Modification 


	Processing Methods 
	Testing Methods for Performance of Active Food Packaging 
	General Methods of Characterization 
	Surface Analysis 
	Specific Methods 
	Antimicrobial Activity 
	New Analytical Methods 
	Sensory Evaluation 
	Release Properties—Migration Methods 

	Mechanisms of Active-Compound Release 
	Mathematical Models to Analyze Release Kinetic Data 
	Concept of Target Release Rate 

	Different Indicators Used in Food Packaging 
	IOSP 
	TTIs 
	RFID 
	Gas Indicators 
	Direct Indicators 

	Legislation for Using Packaging Materials 
	New Trends and Necessary Developments 
	References

