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Abstract: This paper offers a general view of the solutions that are able to confer bioactivity to
the packaging materials, especially antimicrobial and antioxidant activity. These properties can
be induced by the nature of the polymers blend or due to the addition of ternary components
from natural agents (essential oils or other extracts) to synthetic organic and inorganic agents,
including nanoparticles with a broad antimicrobial activity such as metals (e.g., Ag, Au, Cu) or
metal oxide (e.g., TiO2, ZnO) nanoparticles, and even bacterial cells such as probiotics. Many times,
these components are synergistically used, each of them assuring a specific role or potentiating the
role of the other components. The antimicrobial activity can be induced due to the applied coatings
or due to the whole bulk material. Along with an increasing food stability which means a longer
shelf-life some smart packaging can be exploited in order to highlight the freshness of the food.
These act as a sensor (usually pH sensitive but also other mechanisms can be exploited such as
aggregation/agglomeration of AuNPs leading to color change or even aldehyde-specific reactions
such as the Cannizzaro reaction), and thus, consumers can be confident about the freshness of the
food, especially perishable food such as seafood or fish.

Keywords: polymeric nanocomposite; food packaging; antimicrobial packaging; food freshness
monitoring; smart packaging

1. Introduction

Worldwide, approximately 33% of the food production made for human consumption gets lost or
wasted. Food losses are about the same regardless of country. While in developing countries more
than 40% of food losses occur after harvest and at the processing level, in developed countries more
than 40% of losses are at the retail and consumer level.

Currently, nanocomposites are used in many medical and industrial applications, but also
increasingly used in food packaging. An extensive research on the use of nanocomposite materials
has been conducted in the food industry with a main purpose of increasing the shelf life of food and
minimizing the losses, being known as highly susceptible to bacterial/fungal contamination. The main
purpose for the use of polymeric materials in the food industry is the production of packaging that
protects food from adverse environmental conditions (dust, gas, light, and moisture), pathogenic
micro-organisms, or chemical contamination during storage and distribution. Food packaging should
be able to ensure the quality and safety of food throughout the distribution chain, but also during
storage, including the shelf storage. In order to be used as food packaging polymeric materials must be
safe to have a low production cost, to be inert, easy to dispose of, and reuse. Unfortunately, the bulk of
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packages used today are not bio-degradable and this presents an increasing unacceptable environmental
hazard. In addition, the mechanical, electrical, thermal, optical, and electrochemical properties of these
nanostructured materials will differ significantly from those of the component materials. These are
essential for assuring the expected shelf life, food quality, and safety parameters [1,2].

Food packaging is used as a protective barrier in the food industry. In addition, the demand
for packaging materials is constantly growing according to the specific requirements request to each
type of food. In this sense, the food packaging industry is dynamic and futuristic, which gives
rise to the expansion or evolution of new processes and technologies for obtaining superior quality
packaging materials.

According to the European Regulation (EC) —No. 1935/2004, good packaging must have a set
of functions such as protection of food from a number of destructive or harmful substances (dirt or
dust, oxygen, light, pathogenic microorganisms, moisture), to be inert, cheap to produce, easy to
remove, or reuse. An optimal packaging must withstand extreme conditions during processing or
filling, impervious to a lot of storage and transport conditions in the environment [3]. Many times,
these functions are obtained by using natural or synthetic polymers loaded with nanoparticles and
biological active agents.

Nanomaterials applied in packaging and food safety are in various forms, from bioactive bulk to
bioactive coatings. The bioactivity is usually conferred using different active agents: Natural or synthetic
biocides including essential oils and natural extracts; nanoparticles including metallic and metal oxide
nanoparticles, etc. The antimicrobial activity can be assured by various mechanisms, by contact,
or by release. Nanoparticles encapsulation is one of the mechanisms employed and can confer new
properties to the surface, such as inducing antimicrobial or even antibiofilm capacity. Due to the excellent
physico-chemical properties but also the antimicrobial potential of these nanomaterials, they are widely
used against various pathogens (most of the microorganisms, viruses, or fungi) in medicine, water
treatment, crop protection, food safety, and food preservation [3–9]. Usually, the antimicrobial activity
of these nanoparticles is considered to be caused by the damage of the microbial membranes, oxidative
stress, or the denaturation of the proteins [10]. It is also important to mention that a wide range of
biological active agents, synthetic and natural agents (essential oils and natural extracts) are increasingly
used in order to develop drug delivery systems or antimicrobial surfaces, and this technology is slowly
directed also to create bioactive food packaging materials [3,5,11–15].

The current review is intended to highlight the main advances in the field of smart food packaging.
We will discuss the polymeric supports used in developing food packaging and the obtaining of
nanocomposites loaded with nanoparticles and biological active agents (natural and synthetic agents)
in order to induce specific properties and performances. Moreover, we will identify and discuss further
perspectives in this field. The main presented solutions will take into account the advances provided
by the use of nanotechnology, as well as the drug loading and delivering in assuring a longer shelf
life and safer food (limiting the risk of infections) and sensor development in order to monitor the
freshness of the food. A current trend in the field is related to combining two antimicrobial mechanisms
such as exploiting the synergism of the use of nanoparticles and the use of biological active agents
(such as natural extracts or essential oils) to potentiate the activity. Furthermore, the antimicrobial
activity can be combined with the antioxidant activity, and on top of them a sensorial evaluation
can be added (usually based on colorimetric change) of the freshness of the food. From the point of
view of the antimicrobial activity, four main classes will be discussed according to the mechanism of
inducing bioactivity.

2. Native Bioactive Polymers as Packaging Materials

As the literature data show, polymeric food packaging is divided into two classes: Biodegradable
and non-biodegradable. Although non-biodegradable polymers are the most widely used, they cause
a great deal of environmental pollution, in the long term, and therefore, biodegradable polymers are
more promising as they are green, renewable, and environmentally friendly. It is well known that,
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worldwide, the use of non-biodegradable polymers was drastically reduced and additional limitations
will be imposed in the near future [16,17].

There are several bioactive polymers which can be used in developing food packaging. According
to the literature, these bioactive polymers can act as antimicrobial, antioxidant, water and oxygen
barriers/scavengers, and thus increase the shelf life with limited food degradation. Along with the
native activity, the performances can be improved by loading additional components. These food
packaging materials are developed for contact with food according to the existing regulations [18–20].

Chitosan is a promising biopolymer with increasing applicability in many applications, especially
in medicine but also in food packaging. This high interest for chitosan is given by several characteristics
such as biocompatibility and no toxicity; abundant and natural origin, being a derivative of
chitin, a polysaccharide backbone with a polycationic structure (Figure 1); the ammonium groups
being responsible for the antimicrobial activity of the polymer; high water adsorbing capacity;
biodegradability; etc. Due to these properties, chitosan is used in many medical and non-medical
applications, as presented in Figure 1. In food industries, chitosan is used because of its native
antimicrobial activity which makes it suitable for the developing food packaging materials to be able
to extend the shelf life of both vegetables and fruits, as well as meats and many other food up to tens of
days [19,21–31].
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The antimicrobial activity can be even potentiated by chemical modification because the
polycationic structure of the chitosan is only present if the pH is slightly acidic [32–41] or by blending it
with other polymers [42–44]. By alkylation, the chitosan can be transformed in its derived ammonium
salt which is active (antimicrobial) in most biological conditions (such as pH and ionic strength).
For instance, Belalia et al. [33] reported the chemical modification of chitosan in order to improve
the antimicrobial activity by alkylation with alkyl iodide to the NNN-trialkylchitosan. This support
was tested against Listeria monocytogenes and Salmonella typhimurium and the conclusion was evident,
the antimicrobial activity being well improved. Therefore, starting from this quaternized chitosan,
polymeric blends were also obtained [37,38] and proved to have some important advantages because
of the composite nature of the blends. Usually some mechanical properties, water vapor and oxygen
permeability, water resistance, transparency, and especially the shelf life can be improved. The last
property is, in fact, a consequence of the previous properties.

Recent studies [45–47] revealed that exopolysaccharides (EPS) from lactic acid bacteria are
also suitable for developing active food packaging. These EPS are beneficial in improving food
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texture, increasing health benefits, and especially inhibiting the growth of common pathogens from
food [48]. The most important representatives of this class are dextrans, levans, kefirans, and hyaluronic
acid. For instance, Kefiran and EPS extracted from the Lactococcus lactis F-mou strain exhibit strong
antibacterial activity against several common pathogens and spoilage microorganisms while mannan
EPS produced by Weissella confusa MD1 and Lact. fermentum S1 highlight a strong anti-biofilm
capacity [45,47,49,50].

Starch, citric pectin, and feijoa peel flour (Acca sellowiana waste by-product) were used in order
to develop bioactive food packaging, the antimicrobial and antioxidant behaviors being induced by
the presence of the flavonoids and phenolic compounds. The addition of the feijoa peel flour is also
beneficial up to 1% leading to improved mechanical properties, while starting from this composition
the antimicrobial activity against E. Coli is already evident. By increasing the content of feijoa peel
flour, the antimicrobial activity can be highlighted also against Salmonella typhimurium (above 2%)
and against P. aeruginosa (above 3%) [51].

K-carrageenan can be used alone or in association with several biopolymers such as lignin [52],
cellulose [53,54], and egg white protein [55] in order to develop bioactive food packaging.
The K-carrageenan/lignin reveals improved thermal and mechanical properties, almost 100% UV
protection, but a limited water vapor barrier. Due to the presence of lignin, a promising radical
scavenging effect can be highlighted along with important anti-biofilm properties against S. Aureus and
S. Epidermis. Based on these properties, the as obtained food packaging can be efficient in biomedical
applications, but also in food packaging [52]. Egg white protein/k-carrageenan composite film [56] was
proposed for oil packaging having suitable mechanical properties, but limited water vapor permeability
and especially water solubility. Due to the improved oxygen permeability (10.85%) and especially the
light transmission (53.3%) these edible films can delay the rancidity of oils during storage. Reinforcing
K-carrageenan with cellulose nanocrystals (up to 9%) improved the mechanical properties, the water
vapor and UV barrier can be enhanced, and these properties recommend these composite films for
food packaging [54].

Starch—K-carrageenan blends were used in order to develop edible coatings on the grapes.
The performances of the coatings/films are dependent on the composition while based on the analyses
it can be concluded that the use of these systems can lead to an improved quality of the grapes, namely
the vitamin C content is higher while the mass loss is lower (improved barrier properties) but also the
sensory evaluation (color and texture) indicates significant improvements, which recommend the use
of these blends as edible coating [57].

With several exceptions, peptides and proteins are not antimicrobial or antioxidant but can form
suitable films able to prevent the loss of moisture and flavors to control the gas exchange (including
oxygen carbon dioxide and ethylene) and certainly, can be loaded with most bioactive agents (for
instance, antimicrobials, antioxidants, or nutraceutical). Just for comparison, protein films act as an
oxygen barrier, having the oxygen permeability of 260, 500, 540, and 670 times lower than that of
low-density methyl cellulose, polyethylene, starch, and pectin, respectively [58].

Proteins and a special gelatin of different origin can be used in developing food packaging.
Fish gelatin is especially used because it can be a good alternative for the synthetic polymers as well as
for all the consumers, including vegetarians. Gelatin is a bioactive material that is able to maintain food
in proper conditions because of its excellent oxygen and fragrance barrier, but limited water barrier
features, while the mechanical properties are usually lower compared with the mostly used synthetic
polymers [42]. Starting from these characteristics, gelatin is often blended with other polymers (such
as chitosan, poly(lactic acid), cellulose) or loaded with different reinforcing agents (such as nanoclays,
ZnO, TiO2, MgO, Ag NPs) or different biological active agents (especially essential oils and natural
extracts). It is important to mention that gelatin, alone or in association with other polymers, can be
also used in developing coatings on different food such as fish (trout, golden pomfret) fillet [43,44].

Bioactive packaging materials can be also obtained by using fish derived peptides (fraction
with molecular weight of 3–10 kDa) and chitosan-polyvinyl alcohol as a film forming material,
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by electrospinning. The presence of fish-derived peptides induces an antioxidant activity proportional
with the release rate of the antioxidant peptides.

Sodium alginate is a film forming polysaccharide which is extensively used in the food industry.
The alginate films reveal some specific properties that recommend them as food packaging, including
the barrier properties against water vapor and oxygen, no toxicity, tasteless, and odorless, that is being
extensively used in meat packaging preventing mass and color loss as well as gas exchanges. It is
compatible with most of the antimicrobial agents and thus can prevent the contamination with the
most common bacterial strains [59].

Waxes are exploited in the food industry because they are mixtures of compounds strongly
dependent on the origin (usually containing esters, but also alcohols, fatty acids, hydrocarbons)
revealing low water solubility, good barrier properties (both oxygen and water vapor), and thus are
being used in bioactive food coatings. Depending on the composition, some of these waxes can bear
antimicrobial activity and one of the most representative is the beeswax, its antimicrobial activity is
being assigned to propolis. Pinto et al. [60] presented the antimicrobial activity of Abeego food wrap (a
beeswax based product along with tree resin and oils, both as minor components), the coating is being
realized using a propolis-rich fraction of the beeswax. According to their study, Abeego food wrap
exhibited a strong antibacterial activity against some representative Gram-positive and Gram-negative
bacteria (Salmonella entritidis and Staphyloccocus aureus) but not against fungal or viral strains.

Carnauba wax is extracted from the leaves of the carnauba (Copernicia prunifera), a Brazilian palm
being one of the hardest waxes and having the highest melting point of any commercial natural wax,
being approved for food applications by FDA, FAO, and EU. The main components of the wax are the
aliphatic esters and diesters of cinnamic acid that possess both antioxidant and antimicrobial activity
as well as an important UV barrier capacity. According to the CODEX Alimentarius, it is allowed for
use in the food industry, including the surface treatment of fresh vegetables (such as mushrooms and
fungi, roots and tubers, legumes, and aloe vera) but also for seaweeds, nuts, or seeds—up to 400 mg/kg
of food. In EU, carnauba wax is allowed up to 200 mg/kg of food as coating for food supplements,
snacks, nuts, coffee beans as well as for the surface treatment of the fresh citrus, melons, apples and
pears, peaches, and pineapple [61].

Synthetic materials can be also exploited as an active film forming material for food packaging.
For instance, polyesters obtained by homopolymerization of eugenol-bearing L-malic acid-derived
carboxyanhydride or co-polymerizations with lactic acid can reveal biological activity if proper groups
are linked. It is already well known that the ammonium moieties from chitosan are responsible for the
antimicrobial activity, and its activity can be improved by alkylation—the quaternized ammonium
salts are stable over a wide range of pH [33]. The as obtained homopolymer with a molecular weight
of about 3200 g/mol (determined against the polystyrene calibration curve) exhibit antibacterial activity
against S. aureus and B. cereus, and at a minor extent, against P. aeruginosa but no activity against
E. coli. [62].

3. Nanostructured Polymers as Packaging Materials

Polymer nanocomposites (PNCs) are of real interest because along with the bioactivity induced
by the components (or by the polymer itself), these materials due to the composite nature can
exhibit some improved physical, chemical, biological, mechanical, electrical, and optical properties
compared to individual components [63]. Due to the innovative properties such as maintaining the
quality and safety of food but also increasing the shelf-life of the food, nanocomposite packaging
has great potential as an innovative food packaging technology. The polymer nanocomposites used
in developing food packaging materials are mainly composed of the polymer matrix, nanofillers,
plasticizers, and compatibilizers.

One of the most practical uses of nanocomposites in food packaging is the addition of nanosized
components to traditional packaging materials, such as metals and metal oxides nanoparticles, zeolites,
glass, but also organic polymers cellulose, various synthetic plastics such as PE, PP, PS, PVC, etc.



Coatings 2020, 10, 806 6 of 22

The use of nanofillers in the preparation of bioactive packaging films has also been the subject of
numerous recent studies [12,64–74]. Several types of nanoparticles are exploited in food packaging
materials because these can induce some advantages, especially, antimicrobial activity, but also can
tailor the mechanical properties, gas and water vapor barrier, etc. [65–72]. These properties are strongly
correlated with the nature and content of the nanoparticles.

Kumar et al. [75] used silver nanoparticles in order to obtain biodegradable hybrid nanocomposites
based on a chitosan/gelatin/PEG blend. It is important to mention that the proposed composition can
be used in protective packaging materials that are able to extend the shelf life of the red grapes by
14 days because of the antimicrobial activity and control of the gas and moisture barrier.

You et al. [73,76] studied the influence of silver addition in cellulose based materials using a
chemical reduction method with NaBH4 and an ultraviolet reduction method. Regardless of the
reduction method and consequently regardless of the characteristics of the nanoparticles (28 nm for
the UV-reduction method and ~11 nm for the chemical reduction method) these films highlight the
antimicrobial activity against E. coli or L. Monocytogenes without affecting the toxicity against Caco-2
and FHC colon cells. It is important to mention that due to the low level of Ag (usually up to 1000 ppm),
there are only marginal changes of the other properties of the films, but the slight color change and the
important antimicrobial activity lead to an improved shelf life.

Nano-TiO2 can be also used in obtaining nanostructured food packaging materials based on
hydroxypropyl methylcellulose with the antimicrobial activity. It is important to mention that the
best results were obtained by adding bovine bone collagen, perhaps due to the compatibilizing effect
between nano-TiO2 and hydroxypropyl methylcellulose. Due to the higher loading of the nano-TiO2

compared to AgNPs, the addition of the oxide induces also a reinforcing role and thus some mechanical
properties, thermal stability, color as well as barrier properties are improved when bovine collagen is
used [65].

Copper oxide is also used to induce bioactivity to the food packaging materials. Starting from
sodium alginate, cellulose nanowhiskers and embedding CuO nanoparticles antimicrobial packaging
materials can be obtained against a wide range of pathogens such as: S. aureus, E. coli, Salmonella sp.,
C. albicans, and Trichoderma spp., the inhibition diameter being significant 27.49 ± 0.91, 12.12 ± 0.58,
25.21 ± 1.05, 23.35 ± 0.45, or 5.31 ± 1.16 mm, respectively [66].

ZnO is extensively used in many applications involving biomaterials and food packaging materials
because ZnO is nontoxic at a level that can confer an antimicrobial effect [77,78], the released Zn2+

being even beneficial as an oligoelement that can act as a cofactor for several enzymes. Different
polymers or polymer blends were associated with ZnO in order to improve the shelf life of vegetables,
fruits, cakes, or other food [67,79]. Again, the higher content of ZnO (1%–5%) usually leads to the
change of the moisture balance, oxygen, and water permeability but also mechanical properties of
the films. ZnO can be also associated with graphene oxide and the final composite food package
membrane exhibits strong antibacterial activity against foodborne pathogenic and spoilage bacteria,
leading to safer food products and improved shelf-life [80].

When considering the food packaging loaded with nanoparticles, it is important to consider the
potential associated risks. This is why increasing attention is paid to the safety issues, and in the last
years regulations were released in order to protect the consumers against these risks. For instance,
the EU regulation 2016/1416 imposes a maximal limit of 5–25 mg Zn/kg food. Moreover, this value
should be correlated with the tolerable upper intake limit of 40 mg/day Zn for the human body [81,82].
Taking into account these values, the amount of ZnO added as a food additive or as an antimicrobial
agent in food packaging should be well below these values. For instance, alginate based nanocomposites
commonly used as food packaging containing up to 0.5 g/L ZnO NPs can be used without a risking
of overpassing this limit [83]. When LDPE-ZnO nanocomposite films are used for food packaging,
the migration of Zn2+ is much lower so, even 3.5 mg Zn/L can be used without inducing any risks
over the human health [84]. Unfortunately, these values are relative because many factors affect
the release rate. Some factors are related to the packaging materials themselves, others are related
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to the food while also the environmental conditions can change the release behavior. For instance,
Heydari-Majd et al. [85] highlighted the influence of the presence of essential oils over the migration
rate of Zn2+ for the polylactic acid/ZnO systems, the release rate being enhanced. Similar conclusions
can be found also for several other nanomaterials usually loaded into the food packaging such as
TiO2, Ag NPs, carbon nanoparticles/nanotubes, etc., which after reaching the blood circulation, can be
accumulated selectively and induce diseases at the brain, testes, and foetuses (in utero) level [86].

4. Drug Delivery Systems as Packaging Materials

The antimicrobial abilities of food packaging depend on many factors including the nature of the
material as well as the use of antimicrobial agents. A wide range of natural and synthetic antimicrobial
agents are known, some of them being used in developing food packaging. Along over 50 years
of use a wide range of antimicrobial agents have been extracted from natural sources (polyphenols,
glycopeptides, aminglycosides, macrolides, quinolones and flouroquinolones, natural antibiotics,
etc.) because they are relatively safe and easy to obtain [87,88]. Several extraction methods can be
employed such as solvent extraction, distillation, pressing and sublimation, solvent extraction being
one of the most used. In certain cases, the conventional solvent extraction methods such as maceration,
percolation, or reflux extraction are not efficient, and more complex and eco-friendly methods should be
used, such as super critical fluid extraction, pressurized liquid extraction, subcritical water extraction,
and microwave assisted extraction or ultrasound assisted extraction [89–97]. It is important to mention
that along with the increasing use of the antimicrobial agents, the amount of the natural agents tend
to be insufficient. Thus, synthetic organic or inorganic alternates have been developed. Synthetic
organic materials including EDTA but also fungicides, parabens, and other chemicals, some of them
being not well received by the consumers, have been developed [18,88]. Antimicrobial agents can act
according to more mechanisms, depending on the nature of the pathogenic microorganisms, inducing
death or only a severe limitation of the growth and multiplication and thus, exhibiting a microbicide
or microbiostatic effect [98,99]. These agents can be integrated either directly into food or into the
packaging material. For instance, propolis is extensively used due to its inhibitory activity against a
broad spectrum of bacterial and fungal pathogens being added in meat products [99,100] but also in the
food packaging, for instance, a chitosan based coating containing ethanolic propolis extract [101–103].
The efficiency is assured by the protective activity of these packaging materials against microbial/fungal
infection by limiting the penetration of these microorganisms into the food, or these agents can be
released over a period of time to maintain the quality of the products, as well as its safety, leading to an
extended shelf life [101,102]. The nature of the microorganisms, and especially the nature of the cell
wall composition (Gram-negative and Gram-positive), oxygen requirements (aerobes and anaerobes),
growth stage (spores and vegetative cells), acid/osmosis resistance, optimal growth temperatures
(mesophilic, thermophilic, psychotropic) are essential in choosing the proper antimicrobial agent [104].
The concentration of the active agents should be above the minimal inhibitory level but not exceeding
the toxic level—especially if these agents are in contact with the food. The most common agents used
in bioactive food packaging are antioxidants, antimicrobials, essential oils, and nanoparticles [18].
Starting from these considerations, a wide range of antimicrobial agents were used and due to their
release, bioactivity is conferred to these packaging materials. Several aspects are considered as being
very important. The most important characteristics induced by the use of these drug delivery systems
are antioxidant, antifungal, and antibacterial as presented in Table 1. It is also important to mention
that most of the natural extracts or essential oils have specific organoleptic characteristics and this is
why the selection should be based on these characteristics. There are incompatible flavors and tastes
with certain food as presented in Table 2.
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Table 1. Compatibilities between different sorts of food and biological active agents designed to be
loaded into food packaging materials for improving food safety and extending shelf-life.

Food Natural Active Agents References

Meat

Antioxidant agents: Ascorbic Acid, Phenols and Polyphenols, Ferulic Acid,
a-Tocopherol, Phycocyanin
Antimicrobial agents: Thymol, Cinnamaldehyde, Gallic Acid, Curcumin,
Carvacrol, Essential Oils
Antifungal agents: Curcumin, essential oils

[105–107]

Fruits and vegetables Curcumin, rosemary extract, oregano essential oil, Asian spice essential oil [106–109]

Bread Carvacrol [106–108]

Cheese Antimicrobial agents: Ginger Essential Oil, Moringa Essential Oil, Lisin [106,110,111]

Gelatin based electrospun films are exploited in the development of food packaging materials,
their loading with essential oils, such as angelica essential oil are very useful because they induce
antimicrobial activity, reduce the wettability, and enhance the water vapor barrier, which, overall
means a safer food packaging film and extended shelf-life [112].

Chitosan/gelatin based food packaging materials are also exploited as drug delivery support for
improving the shelf-life of several food. Zhang et al. [105], for instance, developed some chitosan/gelatin
drug delivery packaging materials designed for the preservation of pork slices. The incorporation
of nano-encapsulated tarragon essential oils (TEO) assured improved antioxidant, antibacterial, and
sensory properties leading to a safe storage period for 16 days at 4 ◦C.

The antioxidant and antimicrobial activity can be also achieved by loading with curcumin [113]. The
curcumin loaded microspheres and nanoparticles formed in situ in bacterial cellulose nanofiber/chitin
nanofiber films can be also exploited in order to highlight the acidification of the food, which is
correlated with food degradation.

More complex systems formed by biodegradable whey protein isolate based films incorporating
chitosan nanofibers and further loaded with cinnamon essential oils were developed and the
antimicrobial activity was proved against Escherichia coli, Staphylococcus aureus, and Pseudomonas
aeruginosa [114,115]. It is important to mention that the reinforcing effect of chitosan nanofibers is
significant, while the overall permeability of these films against water, light, and UV also improve the
performances of these nanocomposite systems in food packaging applications.

Starch is a cheap, biodegradable material, extensively used as food packaging. Due to the
limited performances, especially for some applications, these materials are reinforced with natural or
synthetic compounds, including octaphenyl-polyhedral oligomeric silsesquioxane, as presented by
Baysal and Dogan [116]. By loading these food packaging materials with turmeric and garlic extracts,
the antimicrobial activity is induced but also important mechanical improvements can be observed
especially when garlic extract is added. According to the migration studies, these food packaging
materials can be used for milk products, fatty foods, liquids, acidic and dry foods. Another biological
active agent which can be exploited in tuning the performances of the food packaging materials is
orange-peel oil which induces important antioxidant properties, but also improved mechanical and
moisture barrier compared with the reference film, without orange-peel oil [117].

Alginate based edible coatings loaded with thyme and oregano essential oils was proved to be
efficient in maintaining the freshness of the fruits for a longer period of time. The evaluation was done
over a period of 12 days, using freshly cut papaya cubes taking into account the following aspects: Gas
exchange, microbial stability, and sensory quality. It was concluded that by increasing the content of
essential oils, the shelf-life is increased but the sensorial performance decreased to an unacceptable
level because of the strong and penetrating odor when 2% (v/v) of thyme essential oils are used in
the 2% (w/v) alginate solution but an acceptable score is obtained when 1% (v/v) of thyme or oregano
essential oils are used [118].
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Lipid based delivery systems loaded with antimicrobial agents can be suitable for a wide range
of food packaging materials such as vegetables, fruits, milk, meat, etc. A broad range of biological
active agents were exploited in inducing the antimicrobial activity of the food packaging materials.
Usually the antimicrobial agent is encapsulated to assure a longer efficiency as well as a limited food
contamination. Allium sativum L. essential oil, gentamicin, piperine, epigallocatechin gallate, eugenol,
bacteriocin, and nisin are just some of these biological active agents. Solid lipid nanoparticles can
be also used as a carrier for a large number of antibiotics such as Rifampin, Amikacin, Ofloxacin,
ciprofloxacin hydrochloride, clotrimazole silver complex, gentamicin, levofloxacin, cefuroxime axetil,
or colistin sulfate [119].

Table 2. Classification of the food packaging materials according to activity and composition. [112–128].

Polymer Support Bioactive Agent/activity References

Native Bioactive Polymers as Packaging Materials

Chitosan Chitosan/Antimicrobial activity [19,128]

Chitosan, ammonium salt Chitosan, ammonium salt/Antimicrobial activity [33]

Chitosan or quaternized
chitosan/other polymers Chitosan or chitosan, ammonium salt/Antimicrobial activity [33,37,38]

Nanostructured Polymers as Packaging Materials

Chitosan/gelatine AgNPs/antimicrobial activity [75]

Cellulose nanofibril AgNPs/antimicrobial [73]

Hydroxypropyl methylcellulose
(HPMC)/Bovine collagen TiO2/antibacterial activity [65]

cellulose, sodium alginate CuO/antioxidant and antimicrobial activity [66]

Bovine Gelatine ZnO/antifungal activity [67]

Bionanocomposite films of agar ZnO/antifungal activity [79]

Polyvinyl alcohol (PVA)
Graphene oxide (GO), and zinc oxide nanoparticles (ZnO
NPs)/antibacterial activity against foodborne pathogenic and
spoilage bacteria

[80]

Drug delivery systems as packaging materials

Gelatin Angelica Essential Oil/antioxidant activity and inhibitory
effect against both Gram-negative and Gram-positive bacteria [112]

Chitosan/gelatin Tarragon essential oil/Antioxidant, Antibacterial activity [105]

Bacterial cellulose nanofiber
(BCNF)/chitin nanofiber (CNF) Curcumin/Antibacterial and Antioxidant activity [113]

Chitosan-whey protein/zein Cinnamon oil/antibacterial activity [114,115]

Lipid nanostructures/? Antibiotic loaded lipid-based nanostructures/antimicrobial [119]

Biodegradable starch-based
nanofilms

Garlic extracts/antibacterial activity against salmonella and S.
aureus bacteria [116]

Corn Starch Bio-Active Edible
Packaging Films based on Zein Orange-Peel Oil/antioxidant activity [117]

Chitosan/PEO Natural extracts and essential oils with antioxidant,
antibacterial, and antifungal activity [106]

Bioactive packaging materials with multiple mechanisms of activity

Nano-cellulose composite films Grape seed extracts and immobilized silver
nanoparticles/antimicrobial activity against E. coli and S. aureus [126]

Cellulose acetate based
nano-biocomposite films

AgNPs-organoclay and/or thymol/combined
antimicrobial/antioxidant properties [127]

Sago starch films Cinnamon essential oil and nano-TiO2 on antimicrobial and
functional properties [72]
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5. Probiotic Loaded Food Packaging

Probiotics can be also loaded inside the films assuring several functionalities to the developed
food packaging. An extensive review in the field was published by Pavli et al. in 2018 and it concluded
that most of the biopolymers can host probiotics while the derived food packaging could be used
in several applications such as yogurt, cheese, juice, and chocolate protection [120]. For instance,
Namratha et al. [121] developed some composite films based on pectin, alginate, and casein and
loaded them with a probiotic, namely Enterococcus faecium Rp1. Glycerol was used as a plasticizer
and the quaternary systems exhibited significant improvements in the antimicrobial and antioxidant
performances along with enhanced structural, optical, and thermal properties while the viability of the
probiotics was maintained up to 30 days at 4 ◦C.

Another composite system was also used in hosting living Lactococcus lactis subsp. Lactis that
is able to assure antimicrobial activity. The antimicrobial activity is assured by Lactococcus lactis
subsp. Lactis through releasing nisin which is a potent anti-listerial agent. The film forming material
has to assure the characteristics required by a food packaging but also the conditions required by
the bacterial strain to survive. This is the reason why along with the polyvinyl alcohol, a series of
substances should be included, namely yeast extract, gelatin, sodium caseinate, or casein hydrolysates.
These films were tested from the point of view of the viability of Lactococcus lactis subsp. Lactis, and it
was found that at both conditions (37 ◦C for 1 day and 4 ◦C for 21 days) the viability was good but
the antimicrobial activity decreased with the increased temperature. The as obtained food packaging,
in the presence of nutrients (protein hydrolysate or sodium caseinate) can host the desired Lactococcus
lactis subsp. Lactis, and thus can be used for safer storage of the refrigerated dairy beverages and
sauces, for instance [122,123].

6. Bioactive Packaging Materials with Multiple Mechanisms of Activity

Innovative food packaging materials are developed by combining the activity of two or more
biological active agents and in this way the biological activity is induced by two or even more
mechanisms. In fact, the same can be mentioned to many other characteristics such as the mechanical
or barrier capacity which can be improved by the addition of nanostructured reinforcing agents.
Sometimes, these nanostructures such as TiO2 and ZnO can have an intrinsic antimicrobial activity,
as well. In this way, a synergic effect is obtained, without inducing toxicity due to a very high
content of antimicrobial agent, where each component is below the level when the induced toxicity
is concerned. Moreover, there are situations presented in the literature when due to the synergy the
overall antimicrobial activity is much higher than the sum of the individual antimicrobial activity of
the components, because of the potentiating effect of one component over the other [124,125].

Advanced packaging films based on nano-cellulose, silver nanoparticles, and grape seed extracts
were reported by Wu et al. [126]. They used nano-cellulose as a support material that is able to
form films but, in order to obtain the desired performances, the nano-cellulose support was oxidized
by using 2,2,6,6-tetramethylpiperidine-1-oxyl. As a consequence, the mechanical water vapor and
oxygen permeability, thermal stability, as well as the antimicrobial and antioxidant activity were
significantly improved.

Dairi et al. [127] developed some active food packaging materials with both antimicrobial/antioxidant
properties by using a hybrid formulation based on plasticized cellulose acetate/triethyl citrate reinforced
with silver nanoparticles/gelatine-modified montmorillonite nanofiller and loaded with thymol.
The complex, composite formulation is very important because most of the properties are improved as
follows: Gelatin-modified montmorillonite nanofiller induces a mechanical and thermal improvement
and an oxygen UV-barrier but also the porous nature can assist in the delivery rate of the thymol;
silver nanoparticles are responsible for inducing antimicrobial activity (potentiated by the presence of
some active components of the Curcuma longa tuber extract which was used for the green synthesis),
while thymol is mainly responsible for the antioxidant activity.



Coatings 2020, 10, 806 11 of 22

Titanium dioxide, in nanometric form, was used in order to reinforce the sago starch-based film
at different compositions (1%, 3%, and 5%) and further loaded with 0–3% of cinnamon essential
oils. At these concentrations, the oxygen and water vapor permeability increased while the moisture
decreased significantly from 12.96% to 8.04% and at the same time the solubility in water decreased
from 25% to 13.7% [72]. The as obtained films showed excellent antimicrobial activity against Escherichia
coli, Salmonella typhimurium, and Staphylococcus aureus being potential candidates for fresh pistachio
packaging. The advantage of the use of titanium dioxide compared with other antimicrobial agents is
related to the long term stability (higher physico-chemical stability), lower leakage because of the low
solubility while due to the higher content added to reach the desired antimicrobial activity, it is able to
induce improved mechanical properties.

7. Active Food Packaging Materials and Their Sensorial Activity

Food safety is an important issue of our daily life and more and more researches are devoted to
this issue (Table 3). It is worth mentioning that along with safer packaging technology, including active
packaging materials, an important concern related to highlighting the freshness of the food, is usually
based on a visual determination—color change. As we already mentioned before, some active food
packaging materials can be also exploited as sensors for the evaluation of the freshness of the food [113].
Usually, the color change takes place as a consequence of the chemical changes which occur in the
food. The slow degradation in time of the food leads to a pH change or a specific compound release,
but also these changes can occur as a consequence of thermal changes in a short interval. In both
cases, the color change can be easily observed by the consumers. Such smart, sensitive food packaging
materials can be extremely attractive for the consumers, if the price is reasonable.

Ding et al. [129], for instance, developed a polyvinyl alcohol/cellulose packaging material able to
monitor the pH change due to the incorporation of acidochromic dye (170.4 µmol/g) able to change its
color from yellow (pH = 7) to brick red (pH = 10) or purple (pH = 12). It is worth mentioning that the
dye is well adsorbed onto the cellulose support and assures a visual, real-time monitoring element for
shrimp, for instance.

The incorporation of alizarin into the starch-cellulose packaging material can be exploited as a
pH-indicator of the freshness of food, such as rainbow trout fillet [130]. The ternary alizarin-starch-cellulose
as well as the binary alizarin-cellulose systems are able to indicate the freshness of the rainbow trout
fillet over a wide range of pH, while if the pH is in the range of 7–9, a direct visual evaluation is suitable,
with the ternary system being stable enough for use for over two months between 4 and 2 ◦C. Based
on the color change, the freshness can be assessed from fresh to spoiled. Certainly, an intermediate
stage can be defined, warning about the necessity of consuming before spoilage. Similar results can be
obtained by using alginate—the red cabbage extract when a color change occurs from red to green and
brown over 12 days at refrigeration temperature.

A 4 × 4 array based on 7 pH sensitive dyes, namely dimethyl yellow, methyl red, chlorophenol
red, methyl orange, phenol red, thymol blue, and m-cresol purple was obtained. For a more specific
result, these dyes were used as they are or as a salt with acidic (hydrochloric acid) or alkaline agent
(tetrabutylammonium hydroxide) [131]. The release of CO2 or NH3 or even a mixture of both gases can
lead to a pH change and consequently the 16 spots change accordingly and the multivariate analysis
can be exploited to discriminate the content of CO2 and NH3 from air samples. Improvements are also
expected by using ink-jet printing on variable substrates—even multiplexing several dyes into the
same element to reduce the size followed by a smart-phone based real-time evaluation of the freshness
of the food. Kerry et al. [132] have demonstrated that the carbon dioxide produced during microbial
growth can also be used as an indicator of food altering.

A chromatic visualization of food freshness is possible to be monitored by incorporating
polydiacetylene into the cellulose acetate membrane in the presence of triethyl citrate as a plasticizer.
Based on the results reported by Ardilla-Diaz et al. [133], the optimal processing involves the use
of 3 wt.% and 2.5 g cellulose acetate, 10% plasticizer, as well as 50.48 mg polydiacetylene while
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polymerization was achieved by UV curing for 18 min at 100 ± 2 ◦C. These materials can be exploited
as smart food packaging materials that are able to highlight extreme processing/storage conditions (the
color change from blue to red being proof of such events) which can cause food degradation and food
quality loss.

Ethylene-vinyl alcohol copolymer loaded with methylene blue can be used for monitoring the
oxygen presence, as described by Lopez-Carballo et al. [134]. In this regard, the chromatic sensor
can be manufactured by conventional printing and lamination technology. Along with the above
mentioned components, glycerol (as a sacrificial electron donor) and TiO2 (as a photocatalyst) were
used. The active layer is incorporated between an external, transparent layer and an internal opaque
layer just for an easy reading being permeable for oxygen. If the inner area does not contain oxygen,
after 1 min of irradiation with a UV-halogen lamp (60 s), it became white, otherwise being blue,
the sensor was able to detect even 0.5% of oxygen. All the components are allowed to be in contact
with food, except methylene blue but, no trace of migration was identified for methylene blue.

There are also many other ways of visualizing such as that proposed by Kim et al. [134] who used
the Cannizzaro reaction in order to induce color change from yellow to orange and then to red due to
the specific reactions of the evolved aldehydes.

Chitosan and gold nanoparticles can be used as food packaging materials able to highlight the
“memory effect” which is very important especially for fresh food such as seafood, fish, and other
meats. The synthesis of the chitosan/AuNPs can be used as a frozen detector, even for one day the
color change being sharp (pink => dark grey). By optimization, even the thermal history can be
assessed based on the color intensity [50,135]. The integration of these “sensors” into actually used
packaging can help in tracking and ensure the quality of the perishable foods, but also can be extended
to pharmaceuticals and other biomaterials.

Temperature is one of the most important environmental factors that impacts the food preservation.
The fluctuation of temperature during shelf-life can have a major impact on the safety and preservation
of perishable food such as meat-based products. Time temperature indicators (TTIs) are efficient
instruments specially designed for continuous monitoring of time-temperature history for refrigerated
and frozen products during processing and commercial flux [136]. TTIs provide a visual indication
which changes as time passes since the product was packed, the process being accelerated if the
temperature is rising [137]. Such indicators allow continuous monitoring of the storage conditions.
Therefore, they can provide information regarding a possible temperature change in the storage
conditions and can be used as indirect indicators for food freshness. The basic working principle
of TTIs is the visualization of the irreversible response of an enzymatic, chemical, electronic system,
changes that are triggered by biological modifications that appear when food is subjected to higher
temperatures [138].

Controlling the storage temperature history provides vital information to customers on the quality
and food safety during the economic chain. Although TTIs are indirect indicators they are currently
employed in the food industry because they are small, cheap, and easy to use comparatively with other
temperature monitoring devices [139].

TTIs are usually attached to the package or containers and can be classified in three types:

a. Critical indicators for temperature which indicate only if a product has been exposed to a higher
temperature (or sometimes a lower one) than the reference value;

b. Critical TTIs which indicate the cumulative effect of the temperature change and time passed
with such higher temperature;

c. Indicators with complete history which can accomplish a continuous monitoring of the
temperature change in time [137].

The chemical based TTIs (nanoparticles, enzymes, biochemical systems) usually indicate by color
change the thermal history of a product and they are applied or incorporated in the package by printing
or sticking. The main advantage is the low cost and the fact that they are easy to read.



Coatings 2020, 10, 806 13 of 22

One example is the TTI VITSAB produced in Sweden (Figure 2) which are based on an enzymatic
reaction that will induce pH changes inside the active label [140]. The VITSAB indicator is activated
by removing the seal which is separating a lipolytic enzyme solution from the lipidic substrate.
The reaction can be visualized with the help of an included solution which has its color changed by
pH from green to red. When the product is packed the seal is removed and the solutions are mixed.
If the temperature is near or higher than the enzyme activation temperature, then the reaction between
the substrate and enzyme takes place, generating fatty acids. Therefore, the pH will change and the
indicator will change the color from green to orange then to red [141].
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Another example of TTI based on activation with UV light comes from BASF in the form of the
OnVuTM label (Figure 3). The indicator is a colorless organic molecule which by irradiation for a few
seconds with UV light changes its structure into an excited state, becoming dark blue. As long as the
temperature is kept under −18 ◦C the excited form of the molecule is stable. Increasing the temperature
will promote its return to the colorless ground state [142]. A small increase in temperature over a
short period of time will only induce a slight fade of color while increasing the time or a big change in
temperature will speed up the discoloration process.
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The number of commercial freshness indicators is still limited but a series of TTIs are presented
in the literature. These are capable of monitoring the chemical changes during the shelf-life of food.
Yoshida et al. developed a colorimetric indicator base that monitors the pH change, made from a
chitosan film with anthocyanins [143]. This type of indicator can detect the metabolites obtained
during microbial proliferation such as lactic acid, butyrate, and acetic acid.

There are also studies on biosensors capable of detecting xanthine production, which appears
when adenine from animal tissues is metabolized [144,145]. Even the glucose level can be used as an
indicator of meat alteration [146].

The TTIs can be used also as indicators of freshness for fruits (Figure 4). In this case, they monitor
the level of natural volatile compounds released during the ripening process [147].
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Table 3. Real-time monitoring by using smart food packaging.

Support Active Agent Mechanism and Use Ref.

Polyvinyl
Alcohol/Cellulose acidochromic dye pH-induced color change for shrimp

freshness monitoring [129]

Starch-Cellulose alizarin pH sensitive indicator for monitoring
the freshness of rainbow trout fillet [130]

Ethylcellulose

pH sensitive dyes (dimethyl
yellow, methyl red, chlorophenol
red, methyl orange, phenol red,
thymol blue, m-cresol purple) at

acidic (hydrochloric acid) and
alkaline (tetrabutylammonium

hydroxide) pH

A colorimetric array based on the before
presented pH sensitive dyes was

developed and according to the color
change of the 16 spots, assessments

related to the freshness of the foods can
be achieved

[131]

Cellulose Acetate polydiacetylene

Color change from blue to red can be
achieved as a consequence of extreme
processing/storage conditions (pH and

temperature)

[133]

Ethylene-Vinyl Alcohol
copolymer methylene blue Oxygen sensor based on methylene

blue⇔ its leuco form [134]

Chitosan gold nanoparticles

Color change occurs as a consequence
of the growth and aggregation or

agglomeration of AuNPs due to their
localized surface plasmon resonance

[135]

VITSAB indicator * lipolytic enzyme solution /lipids

Temperature induced activation of the
enzyme which catalyses the color

change from green to red because a pH
change occurred with the generation of

fatty acids

[140,141]

OnVuTM label * Photochromic

UV activation of the photochromic
indicator which is discolored similarly

with the degradation of the chilled
boneless chicken breast

[142]

Paper Methyl red

The color change (from yellow to
orange and red) is a consequence of the

Cannizzaro reaction of the evolved
aldehydes in both liquid or gaseous

form, in alkaline pH.

[148]

* Commercial available indicators which can be applied on different food.
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8. Conclusions

In conclusion, the increasing standards of the humanity along with the important technical
advances are making possible the development of more complex materials at a reasonable price and
this trend can be easily observed also in the food packaging field. It is important to mention that
from a historical point of view, the food packaging materials evolved very much, from a non-active,
pure barrier to active (loaded with nanostructures or biological active agents including cells such as
probiotics) and even hybrid food packaging materials with multiple functions and multiple mechanisms
of action.

The use of these new technologies will not come without raising some questions, at which the
producers must find the answers. The prolonging of the shelf-life by using antimicrobial packages
raises the concern about safety as well as about how the consumer can judge the freshness of a product
as usual when only the expiring information is marked. The additional substances from the packaging
may lead to unwanted and unpleasant changes of organoleptic properties of food.

Nowadays, important advances are obtained by co-loading nanomaterials and biological active
agents to especially enhance shelf-life and food safety. The use of various natural or synthetic substances
or nanoparticles, that come in close and prolonged contact with the food can lead to some migration
into the food, and from there into the human body. While the actual level from one meal can be
extremely low, during the years the accumulation can lead to dangerous levels and this is why there
are regulations with the maximal admitted level of these agents.

The use of smart packaging materials is also beneficial and can be exploited in monitoring the
freshness of the food, including fruits and vegetables, but also perishable food such as seafood and
fish, but, along with the technological advance these smart packaging materials will be accessible for a
larger range of food. These sensor-based packaging materials become more and more attractive as
being easy to use and can confer confidence to the consumer at a reasonable price. As a perspective,
it is expected to develop new, smarter, packaging materials that are able to assure safer foods, improved
shelf-life, and real time monitoring of the food. Most probably, these functionalities will be optimized
by combining the use of nanomaterials and the delivery capacity of these nanocomposites.
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