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Abstract: Active food packaging involves the packaging of foods with materials that provide
an enhanced functionality, such as antimicrobial, antioxidant or biocatalytic functions. This
can be achieved through the incorporation of active compounds into the matrix of the commonly
used packaging materials, or by the application of coatings with the corresponding
functionality through surface modification. The latter option offers the advantage of
preserving the packaging materials’ bulk properties nearly intact. Herein, different coating
technologies like embedding for controlled release, immobilization, layer-by-layer
deposition, and photografting are explained and their potential application for active food
packaging is explored and discussed.
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1. Introduction

Active packaging, in which the packaging material performs an additional function beyond containment
and basic protection, remains an area of active research with great potential for commercial applications.
Active packaging has application in packaging of food, pharmaceutical, and consumer goods products,
with a common goal of improving shelf life, safety, or quality of packaged goods. A number of excellent
reviews have been written on targeted applications of active packaging materials with less focus on
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material synthesis techniques [1-5]. Synthesis can be achieved by incorporating an active agent (e.g.,
antioxidant, enzyme, antimicrobial, oxygen scavenger) within or at the product contact surface of a
packaging material. Positioning the active agent at the product contact side (versus bulk incorporation)
has several benefits, including retention of bulk material properties and minimizing the amount
(and therefore cost) of active agent required to impart efficacy. Understanding the technologies and
challenges associated with various coating methods for preparation of active packaging materials will
support effective technology transfer to commercial applications. The goal of this review is to describe key
technologies for preparing active packaging coatings, including embedding, layer-by-layer deposition, and
photografting, with a discussion of the difference between covalent (non-migratory) and non-covalent
(migratory) immobilization chemistries. We then survey the current literature for active packaging
technologies using these coating methods to impart antimicrobial, antioxidant, and biocatalytic activity.
Smart/intelligent packaging [6,7], in which indicating devices are incorporated into the packaging
structure, and sachet-based technologies [8] are well covered in the current literature and are outside
the scope of this review. We conclude with a discussion of the challenges that remain in achieving
commercial translation for active packaging coatings.

2. Overview of Coating Technologies

In the following subsections, the main approaches employed to prepare coatings for active packaging
that have been reported in the literature are explained. These are the most frequent techniques found in
the field of coatings for active packaging. Figure 1 shows a graphic summary of them.
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Figure 1. Summary of coating technologies.
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2.1. Coatings with Embedded Agents for Controlled Release

As illustrated in Figure 1, active agents can be incorporated into coatings for active packaging
by a number of technologies, including those in which the active agent is intended to migrate to
the packaged good (embedding, non-covalent immobilization, some layer-by-layer deposition techniques)
and non-migratory technologies in which the active agent is intended to remain stable in the packaging
matrix (covalent immobilization, some layer-by-layer deposition techniques, photografting). Controlled
release coatings are those in which active agents have been incorporated into the matrices of polymeric
materials, from which they are expected to migrate and exert their specific function within a packaged
good, whether antimicrobial, antioxidant, biocatalytic, or neutraceutical [6]. The main reported mechanisms
through which active compounds have been incorporated into polymeric materials have been
extrusion/blending and solution casting [9,10]. Solution casting consists of dissolving the polymer
intended for packaging in a suitable solvent and simultaneously incorporating the active compound of
interest, followed by pouring the solubilized polymer and active agent onto a surface for the solvent to
evaporate, resulting in formation of plastic film with targeted functionality (antimicrobial, pharmaceutical,
biocatalytic, etc.). In extrusion, the active compound is incorporated with polymeric material melted
by heat transfer forming a blend from which films can be formed. The first method, although extensively
used at a laboratory scale, exhibits some limitations for its practical and commercial application as most of
the polymers intended for food packaging can only be dissolved at high temperatures with organic
solvents [11], which would compromise the stability and effectiveness of many active compounds
of interest. This is probably the main reason why incorporation of active compounds through solution
casting has been studied more frequently with biodegradable polymers that can be dissolved at milder
temperatures, for example poly(lactic acid), poly(butylene adipate-co-terephtalate), and cellulose
derivatives [9]. Extrusion and blending, although industrially scalable, can present serious limitations due
to the intrinsic lack of thermal stability of many active compounds, which can be lost through degradation
and evaporation during the heat transfer these unit operations involve [3,9]. Ensuring uniform distribution
of the active compound and retaining thermomechanical film properties are additional challenges to
preparation of extruded active packaging materials. Controlled release can rely on physical and chemical
phenomena, like the degree of affinity between the active compound and the matrix of the packaging
material, as well as its morphology and porosity, which if low could allow a slower release [3,9,12].
In addition, controlled release can be provided by a multilaminated system in which the layer that harbors
the active compound is covered by an adjacent layer that could serve as a barrier that controls the rate
of release of such compound [9,13]. Temperature also plays a relevant role in the release of active
compounds embedded in polymer packaging materials. It has been observed extensively that diffusion
increases with temperature, which could represent an advantage specifically for the case of antimicrobial
packaging as microorganisms also reproduce faster with an increase in temperature [9,13]. However,
even if after incorporation of the compound of interest its activity and effectiveness is demonstrated at
a laboratory scale, it is well known that the incorporation of a foreign compound into the matrix of a
plastic material (even at small concentrations, at which no activity may be observed) can substantially
affect its properties relevant to processing, production and machinability. These include the tensile and
mechanical properties (tensile strength, elastic modulus, elongation at break, etc.), the thermal properties
(melting point, glass transition temperature, crystallization temperature, heat capacity, efc.), and the gas
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barrier properties (water vapor permeability, Oz and CO2 permeability, efc.) [9,14]. As the goal of active
packaging is to enhance material performance, losing desirable material properties as a result of active
agent incorporation limits commercial applicability. There is therefore an interest in the application of
thin coatings rather than bulk modifications, as thin coatings are not expected to affect relevant physical
and chemical properties [15]. Nevertheless, a major benefit of embedding active agents into a packaging
film by coating or coextrusion is their use of currently available converting equipment.

2.2. Surface Immobilization

In addition to embedding, active packaging materials can be prepared by immobilization of an active
agent on the surface of a bulk packaging material. Although less studied as a material for active
packaging, paperboard can be functionalized to immobilize active compounds by modifying the
chemistry of its main component cellulose, with the formation of reactive groups like aldehydes, epoxy,
carboxylic acids, efc. [16]. More commonly reported is the surface modification of polymer materials
for use in active packaging. Polymer packaging materials are typically inert, and require an initial
functionalization to enable immobilization of an active agent. Surface activation techniques of plastic
polymer substrates can be divided into physical and wet methods. Physical methods include flame,
corona discharge, UV radiation, and plasma [5,15,17]. Wet methods involve the use of corrosive liquids
to which the polymer substrates are directly exposed, like piranha solution (dissolved hydrogen peroxide
and sulfuric acid), combined sodium hydroxide and sulfuric acid, chromic acid, potassium permanganate,
and nitric acid [18-22]. The main effect of these surface activation methods is the formation of reactive
oxygenated species on the polymer surface like carbonyl, hydroxyl and carboxylic acid groups [21,22].
Some methods of industrial relevance to activate the surface of polymeric packaging materials are flame,
corona, and atmospheric or vacuum plasma [23], which remove contaminants from the surface of
polymer films, increase their surface energy and wettability (in order to apply coatings of different types,
like inks for printing or metallic coatings), and increase the level of oxygen on their surface. In contrast
to the wet methods, the physical methods are more widely used due to their industrial scalability, given
the fact that no liquid reagents of any kind are needed in their application, avoiding accumulation and
handling of harmful waste [22]. Once a polymeric surface has been functionalized and the mentioned
oxygen-containing moieties haven been incorporated on it, compounds of different functionality can be
applied through either covalent or non-covalent immobilization. Non-covalent binding relies mainly on
electrostatic interactions and affinity [22]. In the first case, the polymer surface possesses a certain net
charge which can attract molecules with an opposite net charge. The second case refers to specific
ligand—receptor interactions, like in the case of biotin—avidin [24]. Covalent immobilization as its name
implies involves the covalent coupling of the active compound of interest onto the polymer surface. A
potential benefit of covalent immobilization is that the active compound is not expected to migrate to
the packaged product matrix, which could otherwise compromise its commercial application [22]. Active
agents can be covalently linked directly to the polymer surface or by use of a crosslinker, which may
either share a permanent covalent bond with both the polymeric substrate and the bioactive compound,
or may promote covalent bond formation between the activated substrate and the bioactive compound
without forming part of that link (“zero-length” crosslinkers) [22,25]. The covalent attachment between a
polymeric surface and an active compound relies mainly on the formation of amide, ether, ester, and
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thioether bonds, created between the hydroxyl, amine, imine, carboxylic acid, and thiol groups the active
compounds of interest may possess intrinsically (or are incorporated in their structure) and the functional
groups created on the substrate [22,25,26]. A benefit to immobilization technologies is the potential
versatility: once functional groups are introduced to the polymer surface, a range of bioactive agents
(e.g., enzymes, peptides) can be immobilized through standard bioconjugation techniques.

2.3. Layer-by-Layer Assembly

Layer-by-layer assembly is a versatile method of surface modification that relies on the deposition and
mutual attraction of alternating polyelectrolytes with opposite net charges onto a solid support [27,28]. A
polymeric substrate can be made reactive through the previously explained methods of surface
activation, imparting a certain charge on it, or a polyelectrolyte can be covalently attached onto its
surface to further apply the alternate polyelectrolyte layers. The polyelectrolytes can be polymers
of any kind (proteins, polysaccharides, synthetic polymers, efc.) that harbor a net charge, and they can
be modified by the incorporation of functional groups to facilitate their deposition [27-29]. Deposition
can be accomplished either by submersion of the substrate into polyelectrolyte solutions or by spraying
of solutions onto the substrate; both techniques have potential for scalability as high throughput coating
technologies. The deposition of the polyelectrolytes can be optimized by adjusting the pH of their
solutions to a point of full protonation or deprotonation, to maximize the presence of charge [30]. The
deposition can rely exclusively on electrostatic interactions [29,31], or covalent bonds can be built
between the alternating layers through the use of crosslinkers [25,29,32,33]. Although theoretically an
indefinite number of polyelectrolyte layers can be applied on a substrate [15], a state of saturation can
be reached in which no more polyelectrolytes will deposit [32]. There seems to be a positive association
between molecular weight of the polyelectrolytes and the thickness and stability of the system [32,34],
although the type of bonds that hold together the layers (when covalently bound) and their likelihood to
undergo hydrolysis under different environmental conditions also dictates stability [32]. Layer-by-layer
deposition can be used to prepare active packaging coatings by the incorporation of active agents either
between layers or within the structure of an individual polyelectrolyte. Pilot scale layer-by-layer
deposition tools have been developed, suggesting the potential for scalability to high through put
production of active packaging coatings via layer-by-layer deposition [35].

2.4. Photografting

In photografting, polymer chains are grafted from a surface by exposure to UV light in the 315400 nm
range in the presence of photoinitiators and monomers [36]. UV irradiation generates free radicals on
the polymeric surface after which photoinitiators, reactive compounds that generate unpaired electrons
upon UV light exposure, initiate polymerization of monomers [28]. Photografting may take place
through three types of mechanisms: hydrogen abstraction, electron transfer, and cleavage [37].
In hydrogen abstraction, the energy provided by the UV light removes a hydrogen atom from a substrate
(either from a hydrocarbon, an alcohol, or an ether), which leaves unpaired electrons on its surface.
At the same time, the ketone group of a photoinitiator undergoes reduction by coupling with the removed
hydrogen from the substrate and coupling its unpaired electron to the unpaired electrons on the substrate,
which is followed by polymerization of any monomer of interest. In electron transfer, the carbonyl group
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of the photoinitiator is also reduced in an electron acceptor-donor system, in which an aminated
compound (normally a tertiary amine, but secondary and primary amines can also take place in the
reaction) provides the hydrogen from the a carbon of its structure. In the cleavage mechanism, the
photoinitiator undergoes homolytic scission upon UV light exposure, which generates free radical
species able to initiate polymerization between vinyl monomers. Some common photoinitiators are
benzophenone [38], anthraquinone [37], thioxantone [37], and phenyl azide [39]. Polymeric photoinitiators
have also been studied [37], as well as naturally derived photoinitiators like curcumin [40,41].
Photografting can be used to prepare active packaging coatings either by direct incorporation of the
active agent during photografting, or by subsequent immobilization of the active compound after grafting
of a polymer chain with reactive functional groups (e.g., acrylic acid).

3. Applications

There are a number of active agents that can be incorporated into or onto coatings for active packaging
using the technologies described previously, as summarized in Table 1. Major classes of active agents
include antimicrobials, antioxidants, and enzymes, with applications in active packaging coatings
ranging from controlling microbial growth, inhibiting oxidative degradation reactions, and targeted
biocatalysis. The nature of the bulk packaging material onto which the active coating is deposited varies,
including materials such as polyethylene (PE), low density polyethylene (LDPE), polypropylene (PP),
polyethylene terephthalate (PET), ethylene vinyl alcohol (EVOH), poly(lactic acid) (PLA), polyamide (PA),
polystyrene (PS), polyvinyl alcohol (PVOH), efc. Much of the published and commercialized research
on active packaging coatings has targeted food packaging applications, largely for maintaining safety
and quality and controlling spoilage. While the focus of the applications surveyed below is largely on
food applications, these technologies have relevance to packaging of consumer products (e.g., health and
beauty) as well as pharmaceuticals and biomedical devices. Smart packaging intended for monitoring of
temperature, oxygen, pH, moisture, efc. [42,43] of packaged products represents a promising area for
active packaging coatings, but falls outside the scope of this review.

3.1. Antimicrobial

Probably the most studied application of active packaging technologies has been antimicrobial
packaging to control growth of pathogenic and/or spoilage microorganisms in packaged products.
Antimicrobial agents such as essential oils, organic acids, peptides, enzymes, and biopolymers have been
introduced into antimicrobial active packaging by a range of coating technologies. Regarding controlled
release, a European patent describes a liquid formulation composed of essential oils, adhesion promotors
(e.g., acrylic or vinyl resins or nitrocellulose), and fixatives to modulate the release of the essential oils
for application on common packaging materials [44]. A recent study by Manso et al. demonstrated the
anti-fungal character of the patented coating [45], in which a 30 pm thick coating containing cinnamon
essential oil (coating grammage of 2.5 g-m 2, with essential oil concentrations of 2%, 4% and 6%) was
applied to PP and evaluated against different species of Aspergillus and Penicillium. Seeded agar was
exposed to coated films at a distance normally given between the agar surfaces and Petri dish lids, and
it was observed that total inhibition was obtained at 4% and 6% concentrations for all the fungi evaluated
regardless of temperature and pH. In another work also involving controlled release of thyme and
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oregano essential oils [46], Valderrama Solano et al. reported coating onto corona treated LDPE films
at concentrations of 1% and 4% (based on the weight of LDPE). Antimicrobial activity was demonstrated
by zone of inhibition assays against Escherichia coli 0157:H7, Salmonella Typhimurium and Listeria
monocytogenes, showing substantial inhibition at a concentration of 4% for all the pathogens, and no
inhibition at 1% concentration. The authors further demonstrated that the reported coating method had
not significant changes in the film mechanical properties (tensile strength and elongation at break) and
although the changes in barrier properties (oxygen and water vapor transmission rates) were significant,
they were probably not relevant enough to compromise their usage since a reduction in both parameters
was observed. Another approach for controlled release involves the application of the sol-gel technique,
which consists of the condensation of hydroxylated monomers and polymers into a network that can
harbor active substances [47]. Lantano et al. recently reported on the preparation of a sol-gel coating in
which the antifungal agent natamycin was embedded in a tetraethyl orthosilicate/EVOH gel and applied
to plasma treated PLA films [48]. The natamycin loaded PLA films demonstrated release rates that were
in accordance to European standards and were able to inhibit mold growth on cheese stored for 30 days
at 4 °C. In another study, Zhu et al. showed the potential to apply antimicrobial photocatalysts (e.g., TiOz2)
using the sol-gel technique [49].

Table 1. Summary of technologies and applications in active packaging coatings.

Application
Coating Technology
Antimicrobial Antioxidant Biocatalytic
Essential oils [45,46] Citrus oil [50-52] Lactase [53]
Natamycin [48] Rosemary extract [54] Laccase [55]
TiO2 [49] a-tocopherol [56] Oxalate oxidase [57]
Controlled release Cinnamaldehyde [58] - -
Sorbic acid and lauric arginate ester [59] - -
Lauric arginate ester [60] - -
Nisin [61] — -
3-aminopropyltrimethoxysilane [62] Gallic acid [63] Lactase [64,65]
o Lysozyme [66] Aluminum oxide [67] Catalase [68]
Immobilization ] ) o
(3-bromopropyl)triphenylphosphonium [69] - Naringinase [70-72]
SO: [73] — —
Layer-by-layer Chitosan [74,75] Tannic acid [76] Lactase [77]
assembly Lysozyme [78] - -
- Caffeic acid [79] Trypsin [80-82]
Photografting - Acrylic acid [83—85] Urease [86]

— Hydroxamic acid [87,88] -

There have been several reports in which controlled release coating technologies have been combined
with surface immobilization to prepare antimicrobial coatings. In a recent study [58], Makwana et al.,
covalently attached polydiacetylene liposomes containing cinnamaldehyde onto an amine-functionalized
silane monolayer on piranha treated glass. The authors also explored immobilizing the liposomes on
amine-functionalized PLA films. Approximately three logarithmic reductions were obtained against
Escherichia coli after 50 min of exposure to the liposome-encapsulated cinnamaldehyde (for both glass
and poly(lactic acid)). For the case of Bacillus cereus, PLA was more effective (~4 logarithmic
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reductions) than glass (~3 logarithmic reductions). What may be remarkable about this study is that it
suggests the possibility of applying an approach for controlled release of antimicrobial substances on
both organic and inorganic substrates. In another study, Guo et al. reported the direct coating of PLA
with a mixture of chitosan (a widely studied polycation with known antimicrobial activity), sorbic acid,
sodium lactate, and lauric arginate ester [59]. Antimicrobial effectiveness was confirmed both in
bacterial suspensions (to an undetectable level for all microorganisms) and on ready to eat meat against
Listeria innocua (2-3 logarithmic reductions), Listeria monocytogenes (2—-3 logarithmic reductions) and
Salmonella Tiphymurium (1-1.5 logarithmic reductions) under storage at 10 °C. In other work [60],
Theinsathid et al. spray coated corona treated PLA with solutions having varying concentrations of lauric
arginate ester (0%—10%). Between two and three logarithmic reductions were reached against Listeria
monocytogenes and Salmonella Tiphymurium in wrapped ham samples after seven days of storage at
4 °C under the lowest antimicrobial concentration tested (0.07% based on the weight of PLA). The
authors demonstrated that the coating treatment did not affect the mechanical properties of poly(lactic
acid); however, the gas barrier properties measured as CO2 permeation were adversely affected. In
another work, the antimicrobial peptide nisin was entrapped in polyethylene oxide brushes grown on
silane modified silicon wafers [61]. It was hypothesized that the polyethylene oxide brushes would
protect nisin from being eluted by foreign proteins and subsequently losing its activity. Antimicrobial
activity of the modified silicon wafers was confirmed through zone of inhibition assay against the Gram
positive bacterium Pediococcus pentosaceous over a period of seven days. Retention of antimicrobial
activity even after introduction of bovine serum albumin to the agar media supported their hypothesis
that the polyethylene oxide brushes protected nisin. Although this coating was tested on an inorganic
substrate, the authors proposed its potential for application on polymer packaging films.

Preparation of antimicrobial active coatings via covalent immobilization of antimicrobial agents
is probably the least studied approach explored for antimicrobial packaging applications, likely
because the most commonly studied antimicrobial agents (e.g., nisin, essential oils) must migrate from
the packaging material to be effective. Cationic polymers and some antimicrobial enzymes, however,
may retain efficacy after covalent immobilization onto a solid support. The cationic property of
amines was tested in a study by Fernandes et al., in which pullalan powder was rendered cationic by
reaction with an amine terminated silane, after which films were formed by solution casting [62]. The
cationic pullalan films demonstrated more than three logarithmic reductions Staphylococcus aureus and
Escherichia coli. In addition, the cationic pullulan films showed improved mechanical and thermal
properties as compared to unmodified pullulan. In recent work by Muriel-Galet et a/, the antimicrobial
enzyme lysozyme was covalently attached onto UV-ozone treated EVOH films via carbodiimide
chemistry and reported more than one logarithmic reduction of Listeria monocytogenes in bacterial
suspension [66]. In another work, Anthierens et al. tested the possibility of functionalizing the
flexible polymer poly(butylene adipate-co-terephtalate) with a quaternary phosphonium compound,
(3-bromopropyl)triphenylphosphonium [69]. For that purpose, the biodegradable polymer was modified
to introduce alkyne bonds to enable an azide-alkyne “click” reaction with the quaternary compound. The
modified polyester was challenged against Escherichia coli both in bacterial suspension and under direct
contact, reaching ~4 logarithmic reductions after 1 h in bacterial suspension and after 24 h under direct
contact. In another recent study by Mackiw et al. [73], a multilayered film made of PA and PE was
subjected to atmospheric plasma treatment (Ar, Na2O and SO2) on the PA side of the films. Na2O
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was applied either alone with Ar or combined with Ar and SO:. The temperature for Na2O sublimation
in the reactor was varied from 300-640 °C. It was observed that the highest inhibitions were obtained
from films possessing the highest concentrations of SO (the antimicrobial agent) against Escherichia
coli (82%), Staphylococcus aureus (86%), Listeria monocytogenes (63%), Bacillus subtilis (79%), and
Candida albicans (75%). Even though less than one logarithmic reduction was reached for every
microorganism, this type of approach seems promising due to its potential industrial scalability, as plasma
treatment is a widely used method of surface activation for food packaging films [23].

The possibility of using the layer-by-layer approach has been explored through several studies.
In one recent work published by Pinheiro et al., k-carrageenan (polyanion) and chitosan (polycation)
were applied onto aminated PET resulting in improved gas barrier properties (reduced oxygen
and water vapor transmission rates) [74]. In other work presented by Carneiro-da-Cunha et al. [75],
alginate was employed as the polyanion, suggesting it as an attractive alternative as there was not
significant difference in water vapor permeability between the aminated PET film used and its coated
counterpart. Finally, Medeiros et al., have reported on layer-by-layer deposition of three layers of
K-carrageenan alternated with two layers of the antimicrobial enzyme lysozyme on amine-functionalized
PET films [78]. The modified PET exhibited improved values of oxygen and water vapor permeability
as compared to aminated PET. To date, layer-by-layer deposition technologies have largely focused on
improving barrier properties, but those described above incorporate components with antimicrobial
character, suggesting their potential application in antimicrobial active packaging coatings. While
antimicrobial active packaging technologies have focused largely on inhibiting microbial growth or
inactivating viable organisms, there may be opportunity in adapting food processing equipment coatings
technologies which seek to inhibit microbial adhesion.

3.2. Antioxidant

Oxidative degradation is a key limiting factor in overall shelf life of many food and consumer
products, as well as nutritional supplements. Many packaged products undergo quality deterioration
during transport and storage due to oxidative reactions that cause lipid rancidity (e.g., mono and
polyunsaturated fatty acids), color loss (e.g., carotenoids, chlorophyll, anthocyanins), and vitamin
degradation (e.g., Vitamin A and its precursors, Vitamin C, Vitamin D, Vitamin E). There are several
preservation strategies for packaged goods that contain oxidation-sensitive ingredients based on direct
addition of antioxidants (e.g., free radical scavengers, metal chelators, singlet oxygen quenchers, oxygen
scavengers) and design of appropriate packaging systems. One such preservation strategy is antioxidant
active packaging, wherein an antioxidant has been incorporated into a packaging material to enhance
food preservation [14]. The most widely used commercially available antioxidant active packaging
technologies include oxygen scavengers, manufactured as sachets or labels [89]. However, there is
emerging research in the development of migratory and non-migratory antioxidant coatings
for active packaging, as surveyed in this section.

Migratory antioxidant active coatings are designed for controlled release of an antioxidant over the
course of product shelf life. The majority of research for antioxidant active packaging that is designed
for controlled release has been focused on blending of antioxidants with polymers followed by
extrusion [4,90]. However, inclusion of antioxidants in packaging may have a negative impact on bulk
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material properties that may limit applications. Research in the design of active coatings for controlled
release of antioxidant is promising for overcoming this challenge. Corlini et al. prepared antioxidant
packaging materials by spray deposition of citrus oil in methanol onto the surface of PET trays and
observed that plasma pretreatment enhanced the adhesion of citrus oil to the surface of PET trays, which
demonstrated higher overall antioxidant activity [50]. This coating exhibited antioxidant activity with
cooked turkey meat and retained activity after six months of storage [51,52]. Bolumar et al. coated
rosemary extract directly onto LDPE plastic wrap (0.45 mg rosemary cm 2) and demonstrated significant
delay in the onset of surface lipid oxidation of wrapped chicken patties. Controlled released of migratory
antioxidant coatings may be enhanced by using a polymeric carrier for antioxidants rather than direct
surface application [54]. For example, Lee ef al. applied a-tocopherol to paperboard using a vinyl
acetate-ethylene copolymer as a carrier for controlled release (D =2.91 x 10"'! m?-s™!) and demonstrated
its ability to retard oxidation in an oil-in-water emulsion [56].

Non-migratory antioxidant coatings are designed to scavenge prooxidants, such as free radicals,
oxygen and transition metals, to extend the shelf life of oxidation-sensitive foods. Garces ef al. patented
an antioxidant coating composed of a polymer blend that contains plant extracts that scavenge free
radicals [91]. Tovar et al. demonstrated that this antioxidant coating may be classified as non-migratory
as it demonstrated migration that was 20 times less than the legal limits for the European Union [92].
Furthermore, this antioxidant active packaging coating derives activity from free radical scavenging
in the packaging headspace, thus not requiring direct contact with the food [93-95]. Shutava et al.
imparted free radical scavenging properties on glass slides via layer-by-layer deposition of tannic acid
and poly(allylamine hydrochloride) and found that 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) radical scavenging activity per mole immobilized tannic acid decreased with increasing
number of bilayers, most likely due to inability of ABTS to diffuse through bilayers [76].
However, increasing the number of bilayers did result in a linear increase in overall scavenging activity
(mol ABTS cm?). There has also been significant research on metal oxide coatings that have been
applied to packaging materials to reduce oxygen diffusion into packaging to extend shelf life [67,96].

Non-migratory antioxidant coatings may also be applied by covalent immobilization of functional
groups to the surface of packaging materials. Gallic acid was immobilized to chitosan by carbodiimide
assisted reaction that resulted in an active packaging material that demonstrated significant reduction in
oxidation of ground peanuts [63]. In other work, Arrua et al. utilized photoinitiated graft polymerization of a
polymer functionalized with caffeic acid to coat polypropylene packaging materials and demonstrated its
ability to prevent oxidative degradation of ascorbic acid in orange juice [79]. Photoinitiated graft
polymerization has also been used to fabricate metal chelating active packaging coatings that extended
the lag phase of lipid oxidation in oil-in-water emulsions by chelating transition metals, which are
the most influential prooxidants in food emulsions [83,87]. Further research in this area demonstrated
that active packaging coatings composed of photografted polyhydroxamate chelators retain activity
in a wide range of pH values (3-5), viscosity (~1-10* CP) and competing ion (Na, Mg, Ca) conditions
typically found in food and consumer products [97]. In addition to potential “clean label” regulatory
benefits of non-migratory antioxidant coatings, such technologies have product quality advantages over
migratory antioxidant packaging coatings, as migratory antioxidant coating technologies typically use
active agents which must be used at a concentration which alters sensory perception (flavor, color,
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viscosity) of the packaged product. Nevertheless, technical hurdles remain in adapting non-migratory
active coatings for commercial application.

3.3. Biocatalytic

The partnership of enzymes and solid support materials provides many opportunities for biocatalytic
coatings for active packaging. Enzymes are proteins with enhanced specificity to a substrate, which
catalyze reactions by lowering their activation energy to create products. Enzymes are employed
in numerous processes used in the food, pharmaceutical, and diagnostic industries. In food processing,
biocatalysts are used in production of ingredients, enhancement of product quality, and breakdown
of undesirable components that may be harmful or may decrease product quality [98]. As the working
conditions for biocatalytic materials can be very specific and variable with the immobilization method
and material, there is much research on the immobilization of enzymes onto and into solid supports
in order extend their thermostability, pH optima, and solvent stability. Integrating biocatalysts into
packaging materials facilitates their use as active packaging coatings [99] which may enable so-called
“in-package processing” where food constituents undergo changes to improve quality or shelf-life while
in transport and storage.

The goal of many biocatalytic active packaging technologies is to control the growth of spoilage
and/or pathogenic microorganisms. Lysozyme is a commonly utilized enzyme for such antimicrobial
active packaging. Such antimicrobial enzymes have been incorporated into active packaging coatings
via blending, non-covalent binding for controlled release, and covalent immobilization [100—102]. For
additional information, refer to the comprehensive section on antimicrobial coatings of this review.
Herein outlines methods for the incorporation of enzymes into biocatalytic coatings for active packaging,
and a few works which have the potential for application in active packaging coatings.

Incorporation of enzymes into active packaging coatings by embedding and blending requires
compatibility between the enzyme and the coating matrix. Compatibility can be achieved by surface
functionalization, altering bulk material composition, and enzyme modification. Embedding and blending
may simplify commercialization and scale-up as one-pot preparation methods become more available [16];
however, these techniques typically result in the enzyme becoming a part of the packaged product,
reducing catalytic activity of the coating over time [103]. A targeted application for several biocatalytic
active packaging coatings technologies involves the removal of oxygen for increased food shelf stability.
Efforts towards incorporation of glucose oxidase in a low-density polyethylene and paper board
multilaminate have included details for scaled-up production. Various compositions of LDPE, glucose
oxidase, and catalase were produced in Tetra Pak’s pilot plant, and showed up to 97% activity
could initially be achieved even after exposure to 325 °C during production. Control of production
parameters was key to maintaining the package’s oxygen scavenging capability [104]. Johansson et al.
worked to improve embedding the glucose oxidase and catalase oxygen scavenging pair by varying
combinations of LDPE, polypropylene, and polylactic acid [55]. Variations of these embedding methods
for oxygen scavenging by laccase and oxalate oxidase have shown similar results [55,57]. Recent work
by Talbert et al. demonstrates that enzymes may be modified by hydrophobic ion pairing to be soluble
and retain activity in solvents used in ink formulations, enabling the preparation of biocatalytic active

packaging coatings using existing printing technology [105].
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Much of the work on biocatalytic coatings for food packaging involves covalent immobilization.
Covalent immobilization allows for biocatalytic coatings to interact with packaged products without
being incorporated into the food matrix, enabling their regulation as contact materials rather than direct
additives. Non-migratory biocatalytic coatings therefore offer a potential regulatory benefit, as there is
growing demand for “clean label” products. For example, Soares and Hotchkiss developed non-migratory
packaging films to de-bitter fruit juices by covalently immobilizing fungal naringinase [70,71].
Naringinase activity was maintained for 15 days storage after preparation of the biocatalytic active
packaging coating, and kv values were lower when compared to free enzyme. Nunes et al., achieved
similar success by cross-linking naringinase to polyvinyl alcohol and alginate using boric acid for
de-bittering [72]. In other work, B-galactosidase was bound to amine-functionalized polyethylene films
by a dialdehyde tether to reduce milk lactose in package [64]. Further research demonstrated that tether
length and chemistry can influence retained activity of immobilized lactase [65], but more significant
enhancements in retained activity can be achieved by immobilization onto nanostructures [106].

Layer-by-layer deposition allows for more enzyme to be incorporated in a biocatalytic coating compared
to traditional immobilization techniques. Indeed, increasing the number of functional layers increases
total protein content. Biocatalytic coatings prepared by layer-by-layer deposition of polyethylenamine,
glutaraldehyde, and lactase exhibited increased protein loading with each layer [77]. However, overall
activity did not increase with layers, likely a result of reduced substrate accessibility by enzyme
entrapped in sub-interfacial layers. In other work, Shutava et al. layered hemoglobin, PS, and catalase in
order to create a physical and chemical protective barrier [68]. Although the layer-by-layer technique has
been shown to increase protein loading, diffusion of substrate to enzyme can become difficult. Increasing
substrate diffusion through formed layers would improve activity retention, and therefore commercial
potential, of biocatalytic coatings prepared by layer-by-layer deposition.

Photografting is often used in combination with other surface modification methods for preparation
of biocatalytic coatings. Garnett et al. published an early report on immobilization of the protease trypsin
to PP, PVOH, and PS by enhancing photografting with the use of metal salts [80]. Carboiimide chemistry
can be used to covalently couple enzymes (via amine groups) to carboxylic acid groups introduced to a
material surface via photografted polymerization [81]. Krenkova ef al., functionalized poly(ethylene)
glycol methacrylate to immobilize trypsin and endoproteinases for antibody analysis in enzyme reactors.
In that work, 4-vinyl-2,2-dimethylazolactone was photografted to introduce a porous surface morphology
with the goal of optimizing enzyme orientation to improve performance. As a result, non-specific protein
binding was reduced and the protein substrate was successfully digested [82]. In other work, the
hydrolase urease was immobilized to photgrafted polytetrafluoroethylene to remove urea from beverages
and foods by Yamada et al., After immobilization, urease exhibited lowered activity at higher protein
contents due to high protein densities as a result of grafted layers [86]. Indeed, a common challenge in
enzyme immobilization is tailoring immobilization density and material chemistry to reduce adverse
protein—protein and protein—surface interactions [107].

Emerging technologies in biocatalytic materials such as electrospun nanofibers and biopatterning
offer new opportunities in preparing biocatalytic active packaging coatings. Electrospinning is a method
by which enzymes or other active agents can be incorporated into polymer nanofibers. In one report,
lactase blended into polyethylene oxide nanofibers retained up to 93% of free enzyme activity with
significant retention of activity after dry storage [53]. In other work by Ge et al., glucose oxidase was
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immobilized onto electrospun polyvinyl acetate/chitosan/tea extract fibers to reduce oxygen in packaged
foods to extend shelf life [108]. The immobilized glucose oxidase in this system retained over 68% of
free enzyme activity. Drug delivery with controlled release has sparked new interest in various fiber
morphologies, as well as micro and nanoparticles and hydrogels. Embedding and blending is often paired
with cross-linking techniques to improve retention of the support material’s physical properties [109].
Biopatterning, in which specific patterns of immobilized biomolecules are defined with micron or
submicron resolution, also has potential application in active packaging coatings. For example,
patterning cells to the interior of microfluidic channels by photografting poly(ethylene glycol) reduced
non-specific protein binding [110,111]. Creating specific patterns for enzyme immobilization can focus
activity on targeted regions in a packaging matrix, thereby reducing material waste during
functionalization and controlling coating costs. Because of the interdependence of the enzyme structure
on biocatalytic activity, preparation of biocatalytic coatings demands a whole systems approach, with
consideration given to the enzyme and the coating matrix as well as the packaged product. Consideration
must be given to reducing diffusional limitations of substrate and product, as well as activity retention
for increased thermostability and pH stability. The overall stability of the bound enzyme determines the
success of the coating method.

4. Challenges and Perspectives

Exciting opportunities exist in the development of active packaging coatings for improving the safety,
quality, and shelf life of packaged goods, which is brought about by an increasing preference and demand
from consumers for additive-free foods and a continuously expanding transport chain and standards of
quality driven by global commerce [112]. The global trade of active food packaging was estimated to be
close to US $9,000,000,000.00 in 2011 and it is expected to be around US $12,000,000,000.00 in 2017 [113].
Nevertheless, the active food packaging market is currently widely dominated by oxygen scavenging and
moisture absorption applications [112,114]. A number of challenges remain prior to the commercial
adoption of the types of applications studied in this review. A key consideration in developing coatings
for active packaging applications is considering toxicity and potential for regulatory approval of not just
the active agent but any tether molecules or cross-linkers that may be employed [115]. Consideration
must also be given to requirements of different regulatory agencies, whether under the jurisdiction of
the Food and Drug Administration (in the United States), the European Food Safety Authority (in the
European Union), or elsewhere. Non-migratory technologies produced by either covalent immobilization,
cross-linked layer-by-layer deposition, or some photografted coatings offer a potential regulatory benefit
in US regulated food packaging applications, as they would require approval as food contact materials
rather than direct additives [116]. Migration testing using standardized simulants (water, 3% acetic acid,
15% ethanol, olive oil, iso-octane, and 95% ethanol) must be performed to quantify levels of migrants in
packaged product systems [117]. It is also critical to consider the influence of the active coating on other
performance characteristics of the packaging material. A benefit to coatings over bulk material
modification is that bulk material properties should remain intact. However, the influence of the coating
on processability, thermomechanical properties, barrier properties, and seal strength must be
characterized [118]. Rigorous application tests must also be performed to ensure that neither material
conversion steps nor end use result in delamination of active coatings. Many of the coatings technologies
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surveyed in this report have potential for scalability to roll-to-roll, high throughput coating operations.
Finally, while incorporation of active agents and specialized packaging processes will indeed
increase material cost, the opportunities for new products, enhanced safety, and reduced waste of
packaged goods highlight the potential for increasing product value through smart integration of active
packaging coatings.
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