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Preface to ”Frontiers on Sustainable Food Packaging”

The implementation of sustainable food-packaging solutions within future circular food supply

chains is essential today to protect customers and to ensure food quality, safety, and optimal shelf-life.

This will be improved by new innovative packaging materials and a reduction in food waste. In this

vein, it is important to employ lifecycle assessments (LCAs) to define the impacts of the food supply

chain, taking into consideration food waste, the global food industry’s environmental impacts, and

shipping distances, with the final target being to achieve consumer satisfaction.

The purpose of this Special Issue was to attract papers in the new era of sustainability and food

packaging that address all major sectors of the food industry from cereals and confectionery to fruits

and vegetables, meat, and dairy products.

It is important to share data on (i) the consequences of specific food product–package

interactions, (ii) the utilization of novel packaging biomaterials, and (iii) overall consumer behavior

and satisfaction as a critical focus.

Theodoros Varzakas and Rui M.S. Cruz

Editors
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Frontiers on Sustainable Food Packaging
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The implementation of sustainable food packaging solutions within future circular
food supply chains is essential to protect customers and ensure food quality, safety, and
optimal shelf-life. This will be improved by new innovative packaging materials and will
contribute to reducing food waste. In this direction, it is important to employ lifecycle
assessment (LCA) to define food supply chain impacts, taking into consideration food
waste, global food industry environmental impacts, and shipping distances, with the aim
of achieving consumer satisfaction. It is important to share data on (i) the consequences of
specific food product–package interactions, (ii) the consideration of the utilization of novel
packaging biomaterials, and (iii) overall consumer behavior and satisfaction as a critical
focus. The aim of this Special Issue was to bring the most updated information in the new
era of sustainability and food packaging.

Dörnyei et al. [1] proposed a literature-based attribute-cue matrix as a tool for ana-
lyzing packaging solutions. Using a 2021 snapshot of the wafer market in nine European
countries, the study demonstrated the tool’s utility by analyzing the cues found that signal
environmentally friendly packaging attributes. Although the literature suggests that en-
vironmentally friendly packaging is increasingly used by manufacturers, the analysis of
164 wafer packages showed that communication is very limited except for information
related to recyclability and disposal.

The work of Wang et al. [2] presented a supply chain traceability system framework
based on blockchain and radio frequency identification (RFID) technology. The system
consisted of a decentralized blockchain-enabled data storage platform for data management
and an RFID system at the packaging level for data collection and storage. The new
traceability system has the potential to simplify the tracking of products and can be scaled
for industrial use.

The study of Shin et al. [3] showed the effects of chitosan and duck fat-based emulsion
coatings on the quality characteristics and microbial stability of chicken meat during
refrigerated storage. The results suggested that chitosan/duck fat-based edible coatings
can be used to maintain the quality of raw chicken meat during refrigeration.

Pleva et al. [4] investigated biofilm formation on selected biodegradable polymer
films involving selected bacterial strains isolated from dairy products. The antibacterial
properties of the films were enhanced with thymol and eugenol. The results showed that
these films can be used to prepare novel active food packaging for the dairy industry to
prevent biofilm formation and enhance food quality and safety in the future.

Chen et al. [5] developed an edible starch-based film for packaging seasonings in
instant noodles. The results showed that the developed starch-based film meets the general
requirements of the flavor bag packaging used in instant noodles. Thus, the developed
edible film can quickly dissolve into hot water so that the seasoning bag can mix into the
soup of instant noodles during preparation.
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López-Gálvez et al. [6] assessed the potential cross-contamination of fresh cauliflowers
with Salmonella enterica via different contact materials (polypropylene from reusable plastic
crates (RPCs), corrugated cardboard, and medium-density fiberboard (MDF) from wooden
boxes). The survival of the pathogenic microorganism was studied in cauliflowers and the
contact materials during storage. The LCA approach was used to evaluate the environ-
mental impact of produce-handling containers fabricated from the different food-contact
materials tested. The results showed a higher risk of cross-contamination via polypropylene
compared with cardboard and MDF. Another outcome of the study was the potential of
Salmonella surviving both in cross-contaminated produce and in contact materials under
supply chain conditions. Regarding environmental sustainability, RPCs showed a lower
environmental impact than single-use containers (cardboard and wooden boxes).

Cruz et al. [7] presented the environmental impact, trends, and regulatory aspects
of bioplastics for food packaging. This review showed that further research is needed to
improve the production of bioplastics and their potential applications according to different
properties, mechanisms of biodegradation, environmental impacts, markets, and how
consumers perceive bioplastics.

In the article of Miller et al. [8] various physical, chemical, and biochemical modifi-
cations of potato constituents were identified, and the resulting structural and property
changes were presented. The review provided an up-to-date and comprehensive overview
of the possibilities and implications of modifying potato components for potential further
valorization, particularly in bio-based food packaging.

The review from Krauter et al. [9] contextualized packaging, sustainability, and related
LCA methods. They displayed and discussed how and to what extent food packaging
is included in existing LCAs in the cereal and confectionary sector, pointed out the envi-
ronmental impact of cereal and confectionary packaging in relation to food products with
a special focus on GHG emissions, and highlighted improvement strategies to optimize
(cereal and confectionary) packaging systems, as well as an LCA of the same. The results
revealed that only a few studies sufficiently include (primary, secondary, and tertiary)
packaging in LCAs, and when they do, the focus is mainly on their direct (e.g., the material
used) rather than indirect environmental impacts (e.g., food losses and waste).

Bauer et al.’s [10] study aimed at building a comprehensive basis for future sustainable
packaging development activities in the area of cereal and confectionary by presenting
relevant information on the functions and properties of packaging materials. They detailed
product group-specific decay mechanisms and frequently used packaging solutions and
highlighted packaging-related shelf-life extension technologies.

In another study, Bauer et al. [11] presented the benefits of multilayer flexible food
packaging and showed its negative recyclability trade-offs, especially for food technologists.
The review showed that the substitution of non-recyclable flexible barrier packaging is
challenging because only a limited number of barriers are available. In the worst case,
the restriction on material choice can result in a higher environmental burden through
shortened food shelf-life and increased packaging weights.

Junior et al. [12] presented the latest trends in sustainable polymeric food packaging
films. This review showed development and advances in bio-based and functional food
packaging produced by conventional methodologies and by 3D printing, as well as ad-
vances in bio-based alternative feedstock for 3D printing with potential applications in the
food packaging area.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Latest Trends in Sustainable Polymeric Food Packaging Films
Edilson G. S. Silva, Sara Cardoso, Ana F. Bettencourt and Isabel A. C. Ribeiro *

Research Institute for Medicines (iMed.ULisboa), Faculty of Pharmacy, Universidade de Lisboa,
Avenida Prof. Gama Pinto, 1649-003 Lisboa, Portugal
* Correspondence: iribeiro@ff.ulisboa.pt; Tel.: +351-217946400; Fax: +351-217946470

Abstract: Food packaging is the best way to protect food while it moves along the entire supply
chain to the consumer. However, conventional food packaging poses some problems related to food
wastage and excessive plastic production. Considering this, the aim of this work was to examine
recent findings related to bio-based alternative food packaging films by means of conventional
methodologies and additive manufacturing technologies, such as 3D printing (3D-P), with potential
to replace conventional petroleum-based food packaging. Based on the findings, progress in the
development of bio-based packaging films, biopolymer-based feedstocks for 3D-P, and innovative
food packaging materials produced by this technology was identified. However, the lack of studies
suggests that 3D-P has not been well-explored in this field. Nonetheless, it is probable that in the
future this technology will be more widely employed in the food packaging field, which could lead
to a reduction in plastic production as well as safer food consumption.

Keywords: food packaging; 3D printing; plastic; biopolymer; films

1. Introduction

Nowadays, food packaging is fundamental to ensuring food distribution and protec-
tion around the world, especially when considering the solid growth of the population.
Without packaging, food would easily spoil and the distribution of enormous quantities of
food, raw and processed, to different areas around the globe would hardly be possible [1,2].
Among its functions, food packaging protects food from contamination and physical dam-
age, maintains its freshness, improves its shelf-life, and gives relevant information about its
contents [1,2]. Despite its effectiveness, conventional food packaging poses some concerns,
such as food spoilage, since plastic itself has no effect on microorganism contamination,
as well as excessive production of fossil-based plastic—this sector being one of those that
employ this type of material most heavily, food packaging representing more than 40%
of total plastic production [3]. Since fossil-based plastic is inherently non-renewable and
non-biodegradable and its production has been massively increasing in the last seven
decades (from 2 million tons in 1950 to 367 million tons in 2020) [3,4], new alternative
materials for the manufacture of food packaging have been sought.

One emerging set of alternatives that have been studied as potential solutions to
the above-mentioned problems are bio-based food packaging films functionalized with
compounds of natural origin, since they are characterized by both biodegradability and
renewability, in addition to active and/or intelligent functions [5–7]. In the production
of these bio-based films, different methodologies may be employed depending on the
purpose in question, the most common methods being solvent casting, layer-by-layer
assembly, and extrusion. Moreover, additive manufacturing technologies, also known as
“3D printing” have been, although scarcely, used in the production of bio-based films and
other types of bio-based packaging. Considering the importance of food packaging, its
current drawbacks, and the potentialities of 3D printing, the objective of this review is
to explore progress in the production of bio-based films by conventional methodologies
and additive manufacturing and to investigate how this technology can contribute for the
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development of bio-based sustainable primary food packaging. For this, the literature
was examined to find recent research on developments and advances in bio-based and
functional food packaging produced by conventional methodologies and by 3D printing,
as well as advances in bio-based alternative feedstocks for 3D printing with potential
application in the food packaging area. Furthermore, perspectives on and limitations of
additive manufacturing applied in the production and development of bio-based primary
food packaging are presented in order to try to understand why this innovative and
powerful technology has been barely explored in this field.

2. Novel Materials for Food Packaging Films: Biopolymers and Additives

As alternatives to conventional plastic-based packaging, bio-based polymer films have
been explored as potential candidates for the development of food packaging. Regarding
the advantages over conventional petroleum-based food packaging, these bio-based films
can decrease carbon dioxide levels, do not release dangerous substances into the environ-
ment, can be degraded by naturally occurring bacteria, can reduce the amount of waste
generated, and are non-toxic [8,9]. Furthermore, the main materials used in the preparation
of these films, that is, the biopolymers, are generally abundant in nature and can be derived
from plenty of sources, namely, microorganisms, plants, animals, and food/agricultural
wastes. Examples of biopolymers used in food packaging applications are summarized in
Figure 1.
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Figure 1. Bio-based polymers used in food packaging applications.

In addition to biopolymers for bio-based films, there is an increasing interest in com-
pounds of natural origin, such as extracts and essential oils, as additives in the production
of food packaging. When these natural compounds are incorporated into polymeric films,
they can provide active properties, such as antioxidant, antimicrobial, and scavenging
properties, that are crucial for food packaging, due to food deterioration and microbial
contamination, which can produce off-flavors, lead to food spoilage, and cause food-borne
diseases [7,10,11]. The active substances present in these compounds differ in composi-
tion and quantity and can be divided according to their structures and modes of action:
phenols and phenolic acids, quinones, flavones and flavonoids, tannins, coumarins, ter-
penoids, alkaloids, and lectins and polypeptides [12]. In terms of antimicrobial activity,
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the modes of action of these substances can vary and include leakage from the bacterial
cell, cell-shape damage, the destruction of cell walls, and alterations to membrane composi-
tion, among other mechanisms [12,13]. In addition to active properties, these compounds
have also been used to provide extra and/or intelligent properties in films, such as sen-
sitivity to pH changes; improved mechanical, thermal, optical, and barrier properties;
and sensing abilities, among others [7]. In sustainable food packaging, the incorporation
of these compounds can lead to the development of active materials that, in addition
to being biodegradable/sustainable, can also increase food shelf life, reduce microbial
contamination, and give information on food freshness [10]. Many natural compounds,
such as natural extracts and essential oils, have been studied for the above-mentioned
properties. Some examples of natural products that have been employed as sources of
antioxidant and/or antibacterial compounds in bio-based food packaging include extracts
of cranberries, cabbage, amaranth leaves, rosemary, cinnamon, broccoli, kale, and others,
as presented [14–19].

3. Main Methods Used in the Production of Bio-Based Films

In the production of bio-based films, the methodology employed depends on the film
application and on the objectives.

In brief, the fundamental step in processing any biopolymer film involves solubiliz-
ing and/or melting a biopolymer mixture, which is followed by the implementation of
the desired technique [20]. Some of the most common methods for the production and
application of bio-based films include the solvent casting method, layer-by-layer assembly,
and coating and extrusion methods, which are briefly described in Table 1 [21,22]. Some of
these methods are limited to lab scale, while others can be scaled up for industrial settings.

Table 1. Main methods for preparation of biopolymer-based films (Kumar et al., 2020; Wang
et al., 2018).

Method Main Characteristics

Solution casting

The film-forming solution is cast on a surface (e.g., a Petri dish), appropriately dried,
and the formed film is peeled off;
It is the simplest method for film preparation;
The conditions used are relatively mild;
It is time-consuming;
It is limited to lab scale;

Coating

The film-forming solution is directly applied onto the food by means of dipping, spraying,
or brushing and dried afterwards in appropriate conditions;
Often applied on fresh food;
Materials must be of food grade if the coating is meant to be eaten;
Some applications in the food industry (mostly wax coatings);

Layer-by-layer
assembly

Based on the deposition of alternating layers;
Deposition can be achieved either by submersion in or spraying the film-forming
solutions on the food;
Potential for industrial applications, though currently it is mostly limited to lab scale;

Extrusion

The mixture containing the biopolymer is poured into an extruder system, which
produces a uniform film at the end of the process;
Faster and less energy-demanding than the solution casting method;
Produces films with superior mechanical and thermal properties;
Conditions may be aggressive for biopolymers;
Can be scaled up for industrial settings;

Solution casting is the simplest and most reported method in the literature on the
production of bio-based films. The method consists of preparing a film-forming solution
with an appropriate polymer–solvent concentration and casting it on a surface (e.g., a Petri
dish, a glass plate) according to the desired thickness and uniformity of the films [22]. The
drying conditions can vary and can merely involve drying the solution at room temperature
or in an oven at a high temperature, with or without an auxiliary air system [23]. When the
solvent evaporates, the film can be peeled off from the surface. Due to its simplicity and
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the mild conditions involved, solution casting is the method of choice in laboratory and
scale-up experiments, but it is not practical at an industrial scale.

As an alternative, a film-forming solution can also be applied directly onto a food
surface. This methodology, known as coating, can vary according to the nature of the food,
the coating objective, and the film-solution viscosity [24,25].

Among the existing methods for coating are dipping, spraying, and brushing. The
dipping method is based on the immersion of food in a film-forming solution and is suitable
for viscous solutions. Spraying is based on the diffusion of film-forming-solution droplets
through a spraying tool and is most suitable for less viscous solutions [24]. In brushing, the
solution is applied on food using a brush or a similar tool. As in the other methods, the
food is properly dried after the coating [25]. As it is a requirement that it be consumable,
the composition of the coating must be of food grade; thus, the food can be eaten along
with the coating.

The layer-by-layer assembly (LBL) approach is based on the deposition of alternating
layers of oppositely charged compounds. This method allows for working with a variety
of molecules, such as polysaccharides, nucleic acids, proteins, carbohydrates, synthetic
polymers, and others. The formation of the multilayers can vary and be achieved by
different methods, such as casting different layers of a solution on a surface, spray-coating
layers directly onto the substrate’s surface, and dipping or immersing the substrate in
different solutions [22,26]. Among the mentioned methods, dipping is advantageous in
that it is not subject to geometrical restrictions, and, for that reason, it is one of the most
frequently employed methods.

In extrusion methods, polymers are mixed and extruded at high pressures and tem-
peratures. In brief, a model of an extruder can be described as being composed of a hopper,
which is where the raw materials enter the system; a barrel containing one or two rotating
screws; and a die, where the polymer mixture leaves the equipment with the desired
shape [27]. The rotating screws mix and transport the raw materials to the barrel, where
the temperature is high and the polymer is melted, allowing for the incorporation of ad-
ditives or other substances. An initial extrusion is conducted to produce pellets with the
desired formulation, and these then pass through a second extrusion process to produce
the films [22,28]. Figure 2 summarizes all four described methods.
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Presently, there are many studies focusing on the use of different biopolymers function-
alized with active compounds that can be obtained by different processes, as exemplified in
Table 2. Nevertheless, there is still room for innovation. For example, an emerging method-
ology in the field of food packaging is additive manufacturing, which will be discussed in
the following section.

Table 2. Advances in the development of bio-based food packaging films.

Methodology Aim Used Biopolymers Other
Components Properties Ref.

Casting

Effect of chitosan
molecular weight on

film performance
Chitosan -

Improved preservation abilities;
Improved performance with high

chitosan weights/contents
[29]

Influence of chitosan
molecular weight on
the film properties

Chitosan + bacterial
cellulose Curcumin Improved performance with high

chitosan weights/contents [30]

Develop a
multifunctional food

packaging film
Chitosan Alizarin

pH-responsive film (4–10 range);
Improved thermal stability, hydrophobicity,

and UV-blocking properties
[31]

Effect of a starch source
on the performance of

edible starch-based
films

Starch
(tapioca, rice, potato,

and wheat)
- Tapioca, potato, and rice starch had better

mechanical strength and less color difference [32]

Production of
biodegradable

cellulose/alginate
films

Cellulose, alginate,
and carrageenan -

Films showed weight loss of up to 50% after
60 days buried in soil;

Activity against E. coli, Pseudomonas syringae,
and S. aureus strains

[33]

Develop UV
absorbent films

Polylactic
acid

Grape
syrup High UV absorption property [34]

Develop functional
bio-hydrogel films for

food packaging

Alginate, agar, and
collagen

Grapefruit seed
extract

Silver NPs

Improved mechanical properties;
High UV screening;

Strong antimicrobial activity:
prevents greening of fresh potatoes

[35]

Study the influence of
nano-SiO2

concentration on the
properties of the films

Agar + alginate Silicon oxide
NPs Improved mechanical properties [36]

Evaluated the effect of
fatty acid chain length

on the properties of
edible films

Basil seed
gum-based

Caprylic, lauric,
and palmitic

acids

Improved barrier properties;
Improved mechanical properties (lauric and

caprylic acids)
[37]

Develop intelligent
films for food

packaging

Gellan gum and soy
protein

Clitoria ternatea
extract

pH-responsive (3–11 range);
Bacteriostatic activity [38]

Evaluate the influence
of the concentration of

the extract on the
properties of films

Starch Red cabbage
extract

Antioxidant activity;
Significantly increased food shelf life (meat) [17]

Develop a composite
film and evaluate its
activity as primary
food packaging for

fresh poultry

Chitosan

Rosemary
essential oil and

montmo-
rillonite

Antioxidant and antimicrobial activity;
Improved barrier properties;

Films were able to retard lipid peroxidation
(poultry)

[19]

Develop a film with
mesoporous silica NPs

loaded with clove
essential oil

Polylactic
acid

Clove essential
oil and silica

NPs

Antimicrobial activity;
Controlled the release of the active compound [16]
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Table 2. Cont.

Methodology Aim Used Biopolymers Other
Components Properties Ref.

Coating and
solvent casting

Develop a film-forming
formulation and

compare the effects of
different applications
(coating, wrapping,

and direct application
of active compounds)

on food

Alginate and
cellulose

Ziziphora
essential oil,
apple peel

extract, and zinc
oxide

nanoparticles

Coating showed the lowest bacterial
population and best sensory attributes among

the studied methodologies
[39]

Investigate the
potential of cranberry

extract as an
antibiofilm additive for
a chitosan-based film

Chitosan Cranberry
extract Antioxidant and antimicrobial activities [18]

Coating
Develop a

superhydrophobic
food-grade coating

-
Candelilla

and rice bran
waxes

Highly hydrophobic coating;
Excellent coating resistance to physical

damage
[40]

LBL and
coating

Compare the effects of
coatings by means of

LBL and standard
coating

Chitosan;
Cellulose -

Single-layer and LBL coatings had positive
effects on strawberry conservation;

LBL coating showed better performance at
reducing firmness and volatile compound loss

[41]

LBL

Development of a
bilayered

chitosan/FucoPo film

Chitosan and
FucoPol - Improved gas barrier towards O2 and CO2 in

comparison with monolayer film [42]

Prepare and
characterize an

antibacterial film

Chitosan and
modified

polyethylene
Hyaluronic acid Excellent antibacterial activity;

Improved degradability [43]

LBL and
solution
casting

Evaluate the effects of
preparation methods

on the properties of the
films

Chitosan and
alginate Ferulic acid

Crosslinked LBL films showed better results
with improved mechanical, thermal, optical,

and barrier properties
[44]

Extrusion

Study the effect of
nanofillers on extruded

films
Chitosan and starch Nanoclay and

bamboo fibers
Improved mechanical, thermal,

and barrier properties [45]

Investigate the effects
of nanoclay contents
and pH levels on the

properties of the films

Soy protein Nanoclay

Nanoclay addition improved mechanical and
rheological properties;

pH changes demonstrated to have positive
effects on film properties

[46]

Evaluated the potential
of the extrusion process

and wax source on
edible film properties

Rennet casein

Potassium
sorbate;

bee, candelilla,
and carnauba

waxes;

Beeswax had the best performance in terms of
improving mechanical properties and

hydrophobicity;
Wax incorporation allowed a controlled

release of potassium sorbate

[47]

Develop a composite
film and evaluate its
activity as primary
food packaging for
fresh minced meat

Starch
Sappan and
cinnamon

herbal extracts

Improved barrier properties;
Reduced microbial counts;

Preservation of redness of packaged meat
[15]

4. Three-Dimensional Printing of Food Packaging and Films

Three-dimensional printing or additive manufacturing (AM) is a relatively new tech-
nology that has been revolutionizing a range of industries, research, and the overall manu-
facturing of new products because of its advantages, such as the reduction of manufacturing
times, the possibility of producing complex shapes and parts, and the potential for inno-
vation, and it has also been, although scarcely, used as a means to develop bio-based
packaging materials. With this set of technologies, solid models are fabricated through
the layer-by-layer deposition of raw materials, followed by their solidification, and it is
possible to work with powder-based, liquid-, and solid-state feedstocks, depending on the
chosen technology [48–51].
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In general, the 3D printing process can be described as a sequence of steps, the first
one being the generation of a computer-aided design of the desired object, followed by its
conversion into a 3D object file, which will be read by the slicing software and built on the
platform afterwards [49]. The principle of operation and type of 3D printing can vary de-
pending on the application. In total, there are seven standardized processes (or techniques)
that 3D printing is based on: binder jetting, directed energy deposition, material extrusion,
material jetting, powder bed fusion, sheet lamination, and vat photopolymerization [50,52].
These processes differ in terms of the type and the state of the raw material used, in the
degree of detail of the printed object, and in the fundamentals behind the printing process.
According to Zhou et al., among the cited methods, material jetting, powder bed fusion, vat
photopolymerization, and material extrusion are the most suitable techniques for printing
3D objects made of soft materials, such as polymers, and they will be briefly summarized
below (see also Figure 2) [52].

4.1. Vat Photopolymerization

In vat photopolymerization, the 3D object is created by the solidification of a pho-
topolymer resin when it is hit by light. In this process, a liquid photo-reactive polymer,
which is contained in a vessel, is selectively cured by a UV light coming from a light source,
forming a thin-layer cured polymer as a result [50]. The main 3D printing techniques that
are based on this principle are stereolithography (SLA) and digital light processing (DLP),
mainly differing in the sources of light [52]. The main advantages of vat photopolymer-
ization are the high degree of accuracy and the smooth surface of the produced 3D object.
Drawbacks include the need to use supports during the printing process and the inherent
natures of the photopolymers employed as raw materials, such as their physical fragility
and susceptibility to sunlight, which limit the range of applications of these products and
make them less durable.

4.2. Material Jetting

Similar to vat photopolymerization, in material jetting, the object is formed by the
solidification of a photo-sensible resin, but unlike the previous technique, this method is
based on the deposition of tiny droplets of the photopolymer resin on the build platform,
followed by their solidification by ultraviolet light [50]. This technique is regarded as the
most accurate 3D printing technique and can produce objects with smooth surfaces and
high degrees of detail. Analogous to vat photopolymerization, the main drawbacks of
material jetting are related to the intrinsic properties of the raw materials, including the
poor mechanical properties and the susceptibility to sunlight of the produced objects [49].

4.3. Powder Bed Fusion

The powder bed fusion process is based on the fusion of a powder-based material
by a laser or an electron beam [50]. In this mode of operation, a thin layer of powder
(e.g., a metal, ceramic, polymer, or composite) is distributed on the build platform and a
laser automatically fuses layers of the material. This technology includes three printing
techniques: electron beam melting (EBM), selective laser sintering (SLS), and selective
heat sintering (SHS). The EBM and SHS techniques are mainly employed with metals,
whereas SLS is employed for polymer materials (Redwood et al., 2017). The resolution of
SLS is inversely proportional to the particle size, and it is preferable to use low-thermal-
conductivity polymers as raw materials due to their stability in the fusing step [52]. Among
its advantages, SLS produces objects with isotropic natures, making them stronger and
more resistant than other printing technologies, such as FDM. In addition, SLS has a high
degree of accuracy and, unlike vat photopolymerization, does not require extra supports to
build objects [49].
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4.4. Material Extrusion

Material extrusion is one of the most widely used 3D printing processes. The principles
of this technique can be divided into two main groups based on whether the raw material
is melted or not [53]. The technology based on the melting of a material is known as fused
filament deposition modeling (FDM) and uses thermoplastics in the form of thin filaments
as raw materials [50,52]. Another technology is direct ink writing (DIW), which is based on
the extrusion of viscoelastic materials by means of pneumatic (air or pressure) or mechanical
(screw- and piston-based) action, followed by the curing of the extruded material using
photopolymerization or thermal processes [52,53]. Among the cited techniques, FDM is the
most common method used in 3D printing. In FDM, a solid filament is extruded through a
heated nozzle, melted, and selectively deposited on the build platform where it solidifies,
forming a layer of the object. The advantages of this technique include the low costs of
the materials and machines, the easy mode of operation, and a broad range of workable
materials [48].

The main limitation of extrusion-based 3D printing is related to the anisotropic nature
of the produced objects, that is, the fragility of objects in one of their directions. The
rheological and thermal properties of the material employed are also critical and depend
on the nature of the extrusion process. Additionally, as is often the case with other AM
technologies, it is likely that the final object will require some post-treatment to remove
undesirable layer lines, the formation of which is inherent to the layer-by-layer building
process [48,49]. Representations of the four described additive manufacturing techniques
are presented in Figure 3.
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5. Perspectives on AM in the Production of Bio-Based Films

As previously discussed, there are different additive manufacturing technologies that
are compatible with polymers. However, not all of these technologies seem appropriate
for applications in the food industry, especially for food processing and the production of
primary food packaging. In the following section, research on the development of bio-based
feedstocks for these technologies, as well as applications and/or potentialities in the food
area regarding packaging production, will be addressed. Some of the studies presented
may not be directly concerned with food packaging or related fields; however, most of the
materials employed may be or have already been used in the production of films intended
for food packaging.

5.1. Vat Photopolymerization and Material Jetting

One of the main driving factors of the research on bio-based photopolymers for 3D
printing is the concern with sustainability issues, since most of the resins used in photo-
based 3D printing technologies are derived from fossil resources [54]. Among sustainable
alternatives to fossil-based materials are vegetable oils, lignin, chitosan, starch, and many
others, which, after functionalization with photo-sensitive groups, such as acrylic or epoxy
groups, can form solid shapes when cured by UV light [54].

Among the studies in this area is the work of Ding and coworkers [55], where they pro-
duced a high-biorenewable-content blend composed of natural phenolic acrylates, which
was further evaluated as a photo-curable resin for SLA 3D printing. The acrylate com-
pounds were synthesized from guaiacol, vanillyl alcohol, and eugenol and printed by a
vat-photopolymerization-based 3D printer. The blends were then evaluated by real-time in-
frared and SEM, tensile strength, and thermal analyses. Based on the results, the researchers
found that the produced blend had a high curing rate and a high glass-transition temper-
ature, while the produced prototype showed good thermal and mechanical properties,
although a few defects were observed on the printed surface.

Another interesting work in this area was conducted by Kim et al. [56], in which
they produced a modified silk fibroin as a bioink for digital light processing intended
for bioengineering applications. In their work, silk fibroin, a natural protein produced by
silkworms, was functionalized with methacrylate groups, and its printability was evaluated
by a DLP 3D printer. The mechanical, rheological, and water-uptake properties of the
produced silk fibroin-based (Sil-MA) hydrogel were assessed, and, as a result, the research
group found that the mechanical properties, such as compressive strain and compressive
stress, increased as the concentration of Sil-MA increased, up to a 30% content of Sil-MA, at
which the hydrogel prototype was able to support a 7 kg weight without being deformed
after the weight’s removal.

Despite the advances in developing bio-based feedstocks for these AM technologies, it
is unlikely that they will find application in food packaging fields. Firstly, resin-based AM
technologies are reported to produce brittle and UV-sensitive objects, both characteristics
inappropriate for food packaging films. In addition, many compounds used to prepare
photo-sensitive resins, which are employed in these techniques, are considered toxic to
some degree; therefore, due to safety and legal issues, it is unlikely that the produced
objects will be suitable for contact with food.

5.2. Powder Bed Fusion

Unlike the above-mentioned techniques, powder bed fusion technology produces
objects by means of the fusion of a powder material; therefore, a functionalization step with
photo-sensitive groups is not required. Since this technique can employ less chemically
modified materials as feedstocks, it is likely that this technology will find more applications
with biopolymers in food-related fields than the previous two techniques. By contrast, the
thermal properties and particle sizes of powder materials are of great relevance to this
methodology. With respect to research on bio-based feedstocks for this technique, most of
the published works consulted are concerned with regenerative medicine and similar fields.
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In one of these studies, Dechet et al. [57] reported the production of spherical poly(L-
lactide) particles for powder bed fusion using a sustainable method. The method, known as
liquid–liquid phase separation, involves preparing a polymer solution with a poor solvent
at a high temperature and subsequently cooling the solution so that the polymer precipitates
and forms microspheres. In this work, triacetin, a green solvent derived from glycerol, was
employed to solubilize the polymer. After producing the particles, by SEM analysis, the
researchers found that, with increasing polymer concentration, the efficiency of the process
increased, producing as a result more spherical particles with greater flowability. The
specimens produced by poly(L-lactide) particles via powder bed fusion 3D printing showed
good layer adhesion and good mechanical properties, comparable to those produced by
the FDM process.

In another recent work, Gayer et al. [58] produced a solvent-free biodegradable
PLA/calcium carbonate composite intended for bone-tissue engineering applications. The
powder was prepared by processing a mixture of the two compounds in an impact mill,
followed by a sieving step to obtain a narrow range of particle sizes. At the end of these
processes, four powder mixtures, with calcium carbonate contents ranging from 22% to
27%, were obtained and characterized. The printability of the composite powders was as-
sessed using an SLS 3D printer, and the obtained specimens were evaluated by mechanical
strength, cell viability, and porosity assays. The results showed that the composite powder
with 23% calcium carbonate content had the best processability, good mechanical strength,
low melt viscosity, and small particle size, in addition to good cell compatibility.

In another interesting work using biopolymers and powder bed fusion, Diermann
and coworkers [59] produced and evaluated scaffolds made of poly(3-hydroxybutyrate-co-
3hydroxyvalerate) (PHBV) and Åkermanite, a sorosilicate mineral, as a filler, in vitro. The
scaffold was intended for tissue engineering, taking advantage of PHBV properties, such
as slow degradation and compatibility with the components of human blood [60]. For the
preparation of the composite powder, PHBV powder was sieved to obtain a narrow particle
size distribution and some of the as-received Åkermanite powder was ball-milled to obtain
particles at micro- and nanoscales. Both powders were obtained commercially. After these
steps, the powders were blended in a mixer for 8 h and sintered in an SLS machine to
produce four scaffolds with different PHBV/Åkermanite ratios and different particle sizes.
As demonstrated by the authors, the Åkermanite particles were well dispersed throughout
the PHBV matrix, and the scaffold with microparticles had the best mechanical performance
over the Åkermanite nanoparticles. Additionally, the incorporation of Åkermanite into the
blend improved the water uptake of the scaffold—an important property for the intended
application [59].

Although powder bed fusion seems more promising for working with bio-based
polymers without further chemical modification, in contrast to vat photopolymerization
and material jetting, this technique only works with solid-state materials, limiting its
versatility in the production of films. In fact, no studies on the production of bio-based
films using powder bed fusion were found.

5.3. Material Extrusion

Among the AM technologies studied, material extrusion seems to be the most appro-
priate for developing bio-based films and other materials for food packaging applications
using either filaments or gels. Despite the fact that powder bed fusion technologies use
polymers as feedstocks, no studies on the production of films using these materials were
found. Other technologies discussed herein, such as vat photopolymerization and material
jetting, seem not to be suitable for the production of bio-based food packaging due to the
use of resins as their main materials, which are often non-compatible with food safety.
Additionally, the objects produced with these technologies are known for having character-
istics undesirable in films, such as brittleness and sensitivity to UV light. Extrusion-based
technologies have a broader range of workable materials in comparison with resin-based
AM technologies. Additionally, unlike powder bed fusion, extrusion-based 3D printers

14



Foods 2023, 12, 168

allow for working with biopolymers in solid (FDM) and gel–liquid (DIW) states, making
them more versatile tools for working with bio-based polymers than the other AM tech-
nologies discussed herein. Considering this, some advances in the production of feedstocks
for extrusion-based technologies using biopolymers with potential for application in food
packaging, as well as advances in the production of films and food packaging using these
materials, will be presented below. Among the biopolymers that can be used to produce
packaging films by material extrusion techniques are lactic acid-based polymers, lignin,
alginate, chitosan, starch, gums, cellulose and its derivatives, whey, and many others, some
of which will be discussed below.

In one of these studies, Domínguez-Robles et al. developed a lignin/lactic acid-based
filament with antioxidant properties intended for fused filament deposition modeling
(FDM) [61]. The produced filament was extruded by a 3D printer, showing good mechani-
cal properties and stability, keeping its integrity even after being immersed in phosphate-
buffered saline solution for 30 days. The researchers were also able to successfully incorpo-
rate an antibiotic into the filament using a hot-melt extrusion process, demonstrating the
possibility of incorporating multiple active compounds into the filament’s composition by
the methodology employed.

Another bio-based filament for 3D printing was developed by Umerah and cowork-
ers [62]. The filament was produced using a blend of coconut shell powder, polylactic
acid, and a starch-based bioplastic. To produce the filament, coconut shell powder was
immersed and subsequently precipitated in a solution containing the polymers. After
being filtered, the precipitate was turned into a powder and extruded in the form of a
filament. The produced filament was shown to have improved thermal and mechanical
properties compared to the bioplastic per se, which was attributed to the coconut shell
powder addition. The eco-friendly aspect of the composite, along with its non-toxicity,
makes it a potential raw material suitable for food packaging applications.

In another interesting study with biopolymers, Hafezi et al. produced several chitosan-
based films incorporating genipin—a fruit-derived compound with antibacterial proper-
ties [63]. For the film production, an appropriate gel using low-molecular chitosan and
genipin as a crosslinker was prepared and further extruded by a 3D printer. After being
extruded, the films were thermally cured in an oven and properly characterized. The
researchers were also able to incorporate an organic compound into the films’ composition
as a model drug. The films with the model drug incorporated into them were further evalu-
ated in a drug-release assay, showing appropriate release rates for the intended application
(wound healing) and demonstrating the possibility of incorporating active substances into
the films’ matrices.

In one of the few studies found concerning the use of 3D printing and bio-based
polymers in food packaging applications, Li et al. developed a double-composite intelligent
film intended for monitoring and extending meat shelf life [64]. The film, which was
chitosan-based, consisted of two layers, one prepared with lemongrass essential oils,
the other with mulberry anthocyanin in its composition, both encapsulated by a starch-
based film. For the production of the films, a chitosan solution was prepared with the
active components and extruded by a 3D printer, followed by its curing at a controlled
temperature. Starch films were also prepared and heat-sealed onto the active films. The
final films had antioxidant and antibacterial properties due to the lemongrass essential oil
presence and the ability to change color according to the pH of the medium in which they
were placed due the pH-responsiveness of anthocyanin. The latter was further evaluated in
the monitoring of fresh-meat spoilage, where the film successfully responded to changes in
pH, changing in color from a reddish tone (at pH 2–6) to a blueish one (at pH 7–12). By an
antibacterial assay, the researchers found that the addition of anthocyanin to the films had
a bacteriostatic effect toward E. coli, in addition to the antibacterial effect provided by the
lemongrass essential oil, which was effective in inhibiting both E. coli and S. aureus. By a
release-rate assay, the researchers also found that the release rates of the active compounds
supplied by the essential oil increased with increasing pH, suggesting that the active
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properties could be even more effective in increasing food shelf life. Overall, the produced
films showed great promise as innovative primary food packaging materials.

In the work of Wang et al., a chitosan-based active film was produced by the solvent
casting method and 3D-printed after the appropriate formulation was found [65]. In the film
production, the researchers used chitosan as the film-forming substance, tea polyphenols
as a source of active compounds, and nanotubes of halloysite—a naturally occurring
aluminosilicate—as fillers to improve some properties of the films and control the release
of active compounds. After evaluating the films made by the solution casting method,
the researchers found the best formulation to produce the bio-based ink for an extrusion-
based 3D printer. The ink was successfully extruded, producing thin smooth films with
both good antioxidant and antibacterial activities against a variety of bacteria, including
E. coli and S. aureus. Furthermore, the halloysite addition improved the films’ mechanical
properties, with no further reduction in printability. In a further work, the researchers
employed a similar formulation to produce a bio-based food packaging container by means
of 3D printing [66]. The container was evaluated with respect to the preservation of fresh
blueberries and was able to maintain fruit freshness for a longer period in comparison with
a blank control and a pure chitosan container, showing less loss of weight, firmness, and
ascorbic acid contents [66].

In the work of Biswas and coworkers, another active food packaging film was for-
mulated and 3D-printed. For this, they synthesized and incorporated silica–carbon–silver
nanoparticles into a biodegradable polymer known by its brand name “Ecoflex” [67]. The
objective of using nanoparticles in this work was to add antibacterial properties to the
films as well as to improve the films’ mechanical and thermal properties. The nanoparticles
were synthesized using rice husks, an agro-industrial waste, and silver nitrate by means of
thermal treatment and a ball-milling process. After being synthesized, the nanoparticles
were incorporated into a film-forming solution containing the polymer, and the resultant
solution was printed by an extrusion-based 3D printer. The researchers evaluated the
antibacterial activity of the films against Salmonella enteritidis and found that the films
possessed a bacteriostatic effect which was able to effectively inhibit the studied bacteria by
contact. In order to evaluate the release of the films’ nanocomponents, the team conducted
a silver-release test, in which the films were immersed in water for one week. No trace
of silver was found in the studied period, suggesting that the produced films have the
potential to be used as food packaging materials [67].

Other work worth mentioning in the food packaging field was performed by Ahmed
et al., in which they developed a composite gelatin-based film with zinc oxide and clove
essential oil [68]. In the film’s formulation, zinc oxide (considered a Generally Recognized
as Safe (GRAS) substance by the FDA) was employed to improve the film’s properties and
add inhibitory activity, and clove essential oil was used to add antibacterial and antioxidant
properties. According to the authors, the presence of both active compounds would have a
symbiotic effect on the film’s properties: while the addition of clove essential oil would
negatively affect some mechanical properties, the zinc oxide, which does not possess the
same efficiency in terms of active properties, would act as a filler and improve the film’s
overall properties. After finding an appropriate film formulation by the solvent casting
method, the researchers produced a semi-solid paste by hot-melt extrusion which was
further extruded by a 3D printer to produce the bio-based films. The produced films showed
improved mechanical properties in comparison with the control (pure gelatin), besides
complete antibacterial activity towards both L. monocytogenes and Salmonella typhimuriums.
Additionally, as suggested by the authors, the use of hot-melt extrusion in conjunction
with 3D printing has the potential to optimize film production by means of this technology,
which is beneficial, since 3D printing technologies are generally considered slow methods
of production.

Another interesting work involving 3D printing in the food packaging field was
conducted by Zhou et al., in which a bio-based active food packaging container was
produced [69]. The container was produced by means of coaxial 3D printing, where a
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core–shell structure made of cellulose nanofibers incorporated with blueberry anthocyanin
was loaded with chitosan and 1-methylcyclopropene (1-MCP)—a compound used for
slowing the ripening of fruit. The idea behind the coaxial structure was to effectively
control the release of the active components. For this, a cellulose-based ink was prepared
using anthocyanin and both sodium alginate and K-carrageenan gums in order to improve
the ink viscoelastic properties. This ink was subsequently printed, along with chitosan and
1-MCP in its core, and the resultant object was appropriately cured. By a pH evaluation,
the researchers confirmed the pH sensibility of the container, and the release behavior of
1-MCP was evaluated by gas chromatography. In a further assay, the labels, as the authors
refer to the printed containers, were evaluated for the monitoring and extension of the
freshness of litchis and were found to successfully prolong fruit shelf life for six days, in
addition to visually indicating changes in the litchis’ freshness.

Besides the production of new 3D printing feedstocks using bio-based polymers, in the
literature there are also reports concerning the reuse or recycling of materials with similar
purposes. One interesting work on the recycling of materials for 3D printing was conducted
by Cisneros-López et al., in which they evaluated the production of biocomposites for
material-extrusion-based 3D printers based on recycled polylactic acid [70]. The blends that
the researchers produced were made with 30% recycled polylactic acid in a matrix of virgin
polylactic acid, along with microcrystalline cellulose and an epoxy-based chain extender.
The blend was extruded by a twin-screw extrusion process to produce the filaments, and
the latter were printed using a FDM 3D printer. The researchers compared the performance
of the 3D-printed objects with an injection-molding process utilizing the same blend and
found that the 3D-printed objects had lower viscosities compared to the ones produced by
the injection-molding process. Furthermore, the addition of micro-crystalline cellulose and
the epoxy-based chain had a positive effect on the blend, improving both the mechanical
and thermal properties of the produced filament [70]. A summary of research on 3D
printing with biopolymers relevant to the food industry can be found in Table 3.

Table 3. Studies on 3D printing with biopolymers of relevance to the food industry.

AM
Technology

Polymer/Active
Compounds and

Fillers

Proposed
Application Properties Ref.

Vat photo-
polymeriza

-tion

Guaiacol, vanillyl
alcohol, and eugenol

(acrylates)

Sustainable
3D-printing feedstock

formulation

Good thermal and
mechanical properties [55]

Silk fibroin
(acrylate)

3D bioprinting in
tissue engineering

applications

Improved mechanical
properties [56]

Powder bed
fusion

Polylactide
Sustainable

3D-printing feedstock
formulation

Good layer adhesion and
good mechanical

properties
[57]

Polylactic
acid/calcium

carbonate
Tissue engineering

Good processability,
mechanical properties,
low melt viscosity, and

small particle size

[58]

Hard keratin
Sustainable

3D-printing feedstock
formulation

Weaker mechanical
properties;

Successful keratin
incorporation/proce-

ssing

[71]

Polyhydroxyalkanoate/
akermanite Tissue engineering Improved water-uptake

properties [59]
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Table 3. Cont.

AM
Technology

Polymer/Active
Compounds and

Fillers

Proposed
Application Properties Ref.

Material
extrusion

Lignin and
polylactic acid Wound healing

Good mechanical
properties and stability;
Successful incorporation

of an antibiotic

[61]

Polylactic acid and
starch/coconut

shell

Sustainable
3D-printing feedstock

formulation

Improved thermal and
mechanical properties [62]

Chitosan/genipin Wound healing Good release rate of the
active compound [63]

Chitosan and
starch/lemongrass

essential oil and
mulberry

anthocyanin

Food packaging
Color-changing

properties;
Antibacterial effect

[64]

Chitosan/tea
polyphenols and

halloysite
nanotubes

Food packaging

Good antioxidant and
antibacterial activity;
Improved mechanical

properties

[65]

Bio-based plastic
“Ecoflex”/silica–

carbon–silver
nanoparticles

Food packaging Bacteriostatic effect [67]

Gelatin/zinc oxide
and clove essential

oil
Food packaging

Improved mechanical
properties and

antibacterial activity
[68]

Chitosan and cel-
lulose/blueberry
anthocyanin and

methylcyclopropene

Food packaging Color changing properties
and preservation ability [69]

Polylactic acid
(virgin and
recycled)

Sustainable
3D-printing feedstock

formulation

Improved both
mechanical and thermal

properties
[70]

6. Limitations of 3D Printing in the Production of Films

Undoubtedly, additive manufacturing technology has great potential in the food
packaging field; however, research in this area is still very limited. Most studies on AM
technology and biopolymers are concerned with medical, textile, and pharmaceutical
applications and the “tailor-made” characteristics of 3D printing, along with the biodegrad-
ability, abundance, low cost, and biocompatibility of the biopolymers used which make
them suitable for the fabrication of biodegradable scaffolds, tissue and organ engineering,
drug delivery systems, and innovative textile products [72–75]. With regard to the food
industry, most research on AM and biopolymers aims at the production of customized
food, as discussed in the previous section. In the few studies found on the development of
films or materials for food packaging, AM technology proved to be very useful, allowing
for the production of innovative and functional bio-based packages with controlled release
of active substances.

Considering the lack of research on foodstuff packaging and the fact that additive
manufacturing is a relatively new technology that has been on the market for no more than
a couple of decades, it is obvious that more studies on AM focused on the development
of food packaging are needed. Additionally, in order to explore the potentiality of 3D
printing in the food packaging area, some challenges must be overcome. To begin with,
one must bear in mind that, given the current state of AM technology, its uses are confined
to the development and research of bio-based packaging films rather than their industrial-
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scale production. This is due to the fact that, despite being faster than conventional
methods for producing complex objects, AM is still considered a slow process and can take
from hours to days to produce an object, depending on the object’s complexity [76]. In
addition to the above, depending on the printer specifications and the final purpose, AM
technology can be very costly and can include the costs for 3D printer machines, materials,
and post-processing [51]. Adding these two shortcomings together, it is unlikely that
large-scale production of 3D-printed objects will be possible without further modifications
or improvements.

Another challenge in the AM technology field is presented by the physicochemical
properties of the biopolymers used, such as the minimum requirements for the biopolymers
to be processed by 3D printing technologies, as well as the properties that are desired in the
final products after processing. For instance, in FDM, which is by far the most intensively
explored AM technology, one requirement is that the biopolymer should be thermally stable
and melt-processable, this being a challenge for most biopolymers, since they generally
have lower thermal stability, heat-flowability, and a narrower range of workable tempera-
tures in comparison with their petroleum-based counterparts [77]. In the preparation of
feedstocks for AM, solubility is another key property. Some biopolymers, such as cellulose,
have inherently low solubilities in common solvents, making it difficult for them to be
processed by AM technologies. In the case of cellulose, strategies to properly dissolve and
regenerate it have been employed using ionic liquids and other non-standard solvents,
but it still poses a challenge for AM processing [78,79]. In contrast, the highly hydrophilic
natures of some biopolymers may compromise their final applications, especially if they are
to be used in packaging films, where good barrier properties are essential to the packages’
providing effective protection. These and other drawbacks, such as thermal instability,
brittleness, stiffness, low barrier properties, and vulnerability to degradation, need to be
improved in order for these alternative materials to be successfully used in food packaging
applications [8]. Regarding the production of intelligent and active films, another interest-
ing issue is the evaluation of as-produced films in order to identify possible alterations to
the films’ active properties after processing by AM technologies.

Some strategies to overcome these challenges include the study of appropriate formu-
lations and/or functionalization of the biopolymers aiming at improving their properties
for better AM processability. Adaptations of AM technology may also be necessary to
improve efficiency and performance in the packaging field by means of bio-based polymers,
including greater compatibility with alternative feedstocks, better processing speed, and
general optimizations of the overall technology to reduce costs. Nonetheless, the precision,
automation, and versatility of AM technology can clearly contribute to significant advances
in the production and development of bio-based packaging films.

7. Conclusions and Future Perspectives

The aims of this work were to explore the progress in developing bio-based alternatives
to conventional plastic packaging as well as to examine how additive manufacturing
technologies can contribute to the development of bio-based food packaging films. To
attain these goals, the literature on the production and development of biopolymer-based
films and primary food packaging by conventional methods and by means of AM, as well as
alternative feedstocks for AM relevant to food packaging development, was reviewed and
discussed. Based on the information extracted from the studies, bio-based films and food
packages developed by means of AM technologies, as well as promising feedstocks for these
technologies, were identified. Among the employed biopolymers, we highlight chitosan,
polylactic acid, cellulose and its derivatives, starch, gums, and polyhydroxyalkanoates—
all of which can be used, individually or in blends, in the production of sustainable
films. Additionally, the use of active substances of natural origin was also found in the
development of active bio-based packaging. Along with the biopolymers, these compounds
allow for the development of packaging formulations that are not only biodegradable and
sustainable, but also possess active and intelligent properties, such as antibacterial activity,
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antioxidant activity, sensitivity to pH changes, and resistance to ultraviolet radiation.
From the findings, it was concluded that, despite the promising works directly related
to the development of bio-based food packaging by AM, this technology has not been
well explored in this field. Most of the research concerning the development of bio-based
feedstocks for AM is aimed at biomedical, pharmaceutical, and textile fields, where the
precision, automation, and the ability to build complex shapes and tailor-made objects,
along with the biodegradability, biocompatibility, and the abundance of biopolymers in
AM, promote advances in the development of tissues, organs, scaffolds, drug delivery
systems, and smart and innovative textile products, among other tailor-made objects in
these areas. At present, in the food industry, AM applications are mainly directed at the
production and development of customized food. A brief overall SWOT analysis of the
potential of 3D printing as a tool in the production of biopolymer-based films for food
packaging applications is presented in Figure 4.
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Figure 4. SWOT analysis of 3D printing as a tool for the production of bio-based films for food
packaging applications.

The factors that contribute to the lack of research on food packaging films produced
by AM might include the high costs associated with AM technologies, the incompatibility
of biopolymers with 3D printing, the relatively slow production methods, the scaling-up
difficulties, and the need to develop biopolymer blends/formulations with not only good
printability but also the properties that meet the necessary criteria for food packaging materials.

Despite the lack of studies on the production of bio-based materials for food packaging
applications by AM, this technology still seems very promising in this field. Furthermore,
it is very likely that this area will benefit from the advances related to AM and biopolymers
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in other fields. As the feedstocks and the technology employed are the same, adaptations
in terms of better compatibility/processability in AM regarding biopolymers of relevance
to these various fields would probably benefit the production of bio-based food packaging
by means of this technology as well. In this respect, it is very likely that, as AM is gradually
better adapted for the processing of biopolymers and these materials are increasingly
explored in relation to this technology, the potential for 3D printing as a more effective and
less limited tool in the production and development of biopolymer-based primary food
packaging will increase.
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Abstract: The demand to develop and produce eco-friendly alternatives for food packaging is
increasing. The huge negative impact that the disposal of so-called “single-use plastics” has on
the environment is propelling the market to search for new solutions, and requires initiatives to
drive faster responses from the scientific community, the industry, and governmental bodies for the
adoption and implementation of new materials. Bioplastics are an alternative group of materials
that are partly or entirely produced from renewable sources. Some bioplastics are biodegradable or
even compostable under the right conditions. This review presents the different properties of these
materials, mechanisms of biodegradation, and their environmental impact, but also presents a holistic
overview of the most important bioplastics available in the market and their potential application for
food packaging, consumer perception of the bioplastics, regulatory aspects, and future challenges.

Keywords: food packaging; bioplastics; environmentally-friendly; consumer perception; biodegradation;
sustainability

1. Introduction

Packaging is an integral part and enabler of modern food systems. As a result, there
is hardly any food item today that is not packaged at least once on its way from farm to
fork [1,2]. The background to this is the underlying and essential service functions that
it performs. Even the most trivial function, namely containment, is what makes liquid
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foodstuffs, for example, manageable and transportable in the first place—a key function
for our modern economy. Moreover, and most importantly, it provides protection to the
food, thus, enabling high levels of food quality, safety, and security to be achieved. This is
rounded off by the functions of communication (e.g., information about the product) and
convenience (e.g., easy-to-open) [3].

The needs of a food product are strongly dependent on the type of packaging (e.g.,
design, type of construction) and packaging material chosen (e.g., paper, glass, metal,
and corrugated or non-corrugated cardboard, plastic, and composite materials with more
than one material, such as plastic-coated cardboard). Hence, careful consideration of the
material’s properties is a key step in designing packaging that is fit for its purpose and,
thus, effective. Properties include features, such as a barrier against gasses (e.g., oxygen,
carbon dioxide, water vapor), physical and mechanical strength, aroma, fat, lightness, and
migration, as well as hygiene and, as a result, are strongly dependent on the nature of the
material itself [3–5].

Taking a closer look at plastic materials, it quickly becomes clear this material group
comprises a wide range of different materials, including polyolefins, such as polyethylene
(PE), polypropylene (PP), and polyethylene terephthalate (PET), each with very different
properties. Accordingly, they also offer a wide range of advantages and disadvantages. In
terms of suitability for packaging applications, it can be said that plastics are often preferred
because of their lightness, formability, low cost, versatile and controllable properties (e.g.,
mechanical, physical, and chemical properties, barrier, color, temperature stability, and
sealability), convenience (e.g., transportability and resistance to breakage) and usability in
the preparation of multilayer materials [3–5]. Despite the, per se, very good suitability, it is
above all the environmental aspect and the careless handling of raw materials and packag-
ing waste, such as (marine) litter, microplastics, limited recyclability and (bio)degradability,
and the use of fossil resources, that pose a major disadvantage and have been the focus of
public and political debate in recent decades [6–9].

Among different sectors, the packaging sector is the main user of plastics (around
40%). For example, plastic packaging in the European Union (EU) makes up around 60%
of post-consumer plastic waste [10]. Most of the packaging is used only once, and the lack
of reuse associated with failures in the recycling systems contribute to generating huge
amounts of solid wastes that are discarded, contributing to a negative impact on land and
marine environments [11]. On average, the amount of plastic packaging waste generated
per capita increased from 27 kg to 35 kg between 2009 and 2019 [12].

The EU is trying to solve these problems with approaches, such as circular economy
and bioeconomy, to promote innovation and research for guaranteeing resource utilization
efficiency. The circular economy highlights the 4R concept (reduce, reuse, recycle, and
recover), and stresses that sustainable production and consumption of resources should
be developed and used where the evidence clearly shows that they are more sustainable
compared to conventional petrochemical plastic production. The bio-economy is related to
the renewable part of managing agricultural waste [8,13]. Furthermore, the United Nations
2030 Agenda for Sustainable Development aims, among other goals, to substantially reduce
waste generation through prevention, reduction, recycling, and reuse (Goal 12.5) and to
prevent and significantly reduce marine pollution of all kinds, in particular from land-based
activities, including marine debris and nutrient pollution (Goal 14.1) [14].

Thus, one of the challenges to our society is to decrease the amount of durable and
non-biodegradable packaging materials, such as glass, metal, and mainly plastic, and to
find new solutions. The search for viable alternatives with suitable packaging properties
is continuously under study, and the reduction in these wastes can be achieved with the
development of new environmentally friendly packaging systems [11].

New packaging systems with bioplastics have been developed in the last two decades.
This packaging includes materials derived from renewable resources and/or biodegrad-
able polymers, and ranges from flexible films to rigid materials that have a high poten-
tial to produce sustainable packaging. These bio-materials are usually blended to con-
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trol and achieve desirable mechanical, physical, and barrier properties [15]. Although
cultural, economic, and even culinary factors from different geographic areas may con-
tribute in different manners to shaping and selecting these different environmental friendly
materials [16], the main objectives of this work are to present a literature review of the
different properties of these materials, regulations, and mechanisms of biodegradation,
to create a holistic overview of the most important bioplastics available in the market at
an international level and their potential application for food packaging, environmental
impact, a systematic review how consumers perceive bioplastics, and future trends.

2. Definitions and Regulations

According to the European Bioplastics Organization (EBO), the term ‘bioplastics’ refers
to both the bio-based origin of plastic and/or its biodegradable character (Figure 1) [17].
Those derived from plant-based materials (also known as biomass) are bio-based plastics
according to the European Standard EN 16575 from 2014 [18,19]. However, it is not
only bio-based plastics that are biodegradable, and not all types of bio-based plastics are
biodegradable [18], as will be discussed in Section 3.
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Hence, we should appropriately define the vocabulary surrounding bio-plastics. From
a chemical point of view, and in contrast to the most frequently used types of plastics
worldwide (polyolefins are by far the most abundant [20]), the vast majority of substances
among biopolymers are linked via heteroatom bonds. This is due to the fact that selective
linkage of C–C bonds is chemically very challenging, and regioselective cleavage of non-
polarized bonds even more so [21,22]. In nature, reversibility and energetically favorable
activatability are essential in the enzymatically catalyzed biosynthesis of structural and
storage polymers (in fact the utilization of artificial enzymes for chemical synthesis is an
increasingly studied field, with the potential to shift synthetic chemistry toward more
environmentally friendly and less energy-intense methods) [23]. This is usually based on
nucleophilic substitution of carbon centers (mostly carbonyl or acetals/ketals) positively
polarized by doubly- or singly-bound oxygen, with the linkage of C–O or C–N hetero
bonds. In addition, the monomer building blocks must be capable of aqueous solvation to
enable polymerization and are activated with suitable leaving groups to provide the energy
needed for biosynthesis (typically nucleotide activation of building blocks, such as carbo-
hydrates or amino acids). The substitution reactions are catalyzed by selective enzymes,
such as peptidyl transferases [24], glycosyl transferases [25], or polyester synthases [26],
while enzymatic polymerization, as well as artificial enzymes, are also important objects of
research [27,28]. Less polar monomers, such as lignin precursor molecules, are typically
conjugated with polar compounds, such as carbohydrates, to enable transport in the cytosol,
which is mandatory for the further biosynthesis of wood [29]. This results in the classes
of substances available as biopolymers, most of which are derived from functionalized
carbonyl groups. These include carboxylic acid derivatives, such as proteins or polyesters,
and acetals/ketals, such as carbohydrates. Due to the aforementioned requirements for
monomers and enzymatic reactions, namely water solubility and the possibility of forming
hetero-bonds, an increased functionalization with polar groups, such as alcohols, amines,
or carboxylic acids, is found and, thus, a tendency towards the polar character is identified.
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This results in significant physicochemical properties of the material due to the increased
intra- and intermolecular interactions, which influence processability, barrier properties,
and several other factors. These properties include higher crystallinity and melting or glass
transition temperatures, whereby the intermolecular interactions outweigh the intramolec-
ular interactions due to strong hydrogen bonds (strong interactions lead to higher heat
resistance but also a higher tendency of water absorption) in the extreme case of carbo-
hydrates. This results in decomposition instead of melting, and the number of hydrogen
bonds must, therefore, be reduced either by additives, e.g., when obtaining thermoplastic
starch (TPS), or by chemical modifications to enable thermoplastic processability [30]. An
important exception to this is lignin, which contains a mixture of phenolic ethers and
radically linked carbons, i.e., it is comparable to phenolic resins, such as Bakelite, can be
used as a basis for similar materials, and, thus, has a much more apolar character, as well
as poor water solubility [31–33]. The typical thermoset networks are, therefore, particularly
stable and also require organisms capable of degrading lignin to expend more energy than
other biopolymers. This, and the inhomogeneity of the material, also depending on the
starting material, have led to the fact that lignin has hardly been used for packaging so far,
despite its abundance and inexpensive availability. Nevertheless, it has a lot of potentials
to be utilized for water vapor barrier functionality [34].

In relation to the bio-based origin, there is no general agreement on a specific reference
limit; however, threshold values of renewable content that mark the bio-based nature of a
material can be found in national regulations [35]. For example, the United States Depart-
ment of Agriculture (USDA) BioPreferred Program depended on product category factors
to determine a wide range of minimum acceptable bio-based content of between 7–95% [36].
However, certifiers, such as the certification organization of TÜV Rheinland, the German
Technical Inspection Association, and DIN, the German Institute for Standardization (DIN
CERTCO), and the Technical Inspection Association (TÜV) AUSTRIA Belgium, provide
standardized labels that indicate the biomass content of bio-based materials [35,37].

According to the European Commission (EC) policy recommendation, waste-to-energy
(WtE) processes respect the waste hierarchy, making co-combustion processes energy-
efficient techniques. This leads to the maximization of the circular economy’s contribution
to decarbonization [38].

The EU has addressed the problem of plastic food packaging in its plastic strategy and
Circular Economy Action Plan [39]. The transition towards a circular economy is offered as
a comprehensive solution for the plastic crisis. This requires various collaborations and
the engagement of different societal actors, such as citizens and consumers, authorities,
policymakers, and non-governmental organizations (NGOs), whose aim is the creation
of novel producing methodologies for packaging materials and the manufacturing of
sustainable foods.

The negative environmental impacts have raised increasing concerns, both in public
media forums and in the cabinets of policymakers [8]. Several policies and regulation
measures include the reduction or ban of single-use plastics [40]. Voluntary measures, such
as collaborative commitments [41] and pacts [42] to foster the circular economy of plastics,
have been proposed by public and private bodies to address the problems caused by plastic
food packaging.

Since the establishment of the United Nations’ 17 sustainable development goals
(SDGs) [43], many companies have advocated sustainable practices. These goals aim
to make use of renewable sources without causing impacts on human health (SDG3),
climate change (SDG13), to preserve life below water in oceans, seas, and marine resources
for sustainable development (SDG14), and to protect life on land (SDG15). Circularity
is one of these goals which aims to tackle SDG11 (sustainable cities and communities)
and SDG12 (responsible production and consumption). However, the transition toward
environmentally-friendly plastics following the adoption of the SDGs is still slow and
requires country-specific policies.
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This is due to the many choices and approaches followed by producers, consumers,
and policy-makers. A shift towards the circularity and sustainability of plastics is required.

Policy measures are essential for the management of plastic waste and mitigation of
its generation. They should be enforced at all stages of collection, storage, transportation,
and final disposal or recycling. Of course, these policies should be financially sustain-
able, and technically sustainable, and should incorporate social, legal, and environmental
aspects [44].

These measures will include prevention strategies for the reduction in waste and
control of types of waste and materials through bans, restrictions, and control strategies by
the adoption of standards and protocols, and practices on the ground. Allocation of different
roles and responsibilities for each party among stakeholders is also essential [45–47].

The Chinese waste import ban of 2017 showed the highest impact on the reduction in
plastic waste. This pushed several countries to find other solutions for their plastic waste.

Table 1 shows the percentage of imports and exports of plastic waste referring to some
European and non-European countries, while Table 2 shows the countries with regulations
about types of banned plastic materials.

Table 1. Percentage of imports and exports of plastic waste (adapted from Plastic Atlas [48]; Filiciotto
and Rothenberg [49]).

Malaysia Thailand Vietnam USA Japan Germany

Imports 11% 6% 5%

Exports 16% 15% 13%

The EU-28 represents the largest exporter of plastic waste, accounting for around
one-third of all exports of plastic waste from 1988 to 2016 [50]. Most of this waste has now
been halved and re-routed to Vietnam, Thailand, and Malaysia [51].

Table 2. Countries with regulations about types of banned plastic materials.

Countries Level Types of Banned Plastic Materials References

Canada, Costa Rica, Taiwan,
Belize, India, and the USA

(California and Florida)
National bans Single-use plastics (SUPs), including

plastic bags, straws, and cutlery

[52]The Netherlands, Tanzania,
Australia, Italy, South Korea,

New Zealand, the UK, the USA,
and Canada

National bans Microbead plastics

25 African countries National bans Plastic bags

[53]Australia National bans Lightweight plastic bags

Papua New Guinea National bans Nonbiodegradable
plastic bags

Retailers have taken voluntary actions to reduce plastic bag consumption within the
European Union. For instance, many supermarkets have voluntarily abolished the provi-
sion of (free) plastic bags (such as in Austria and Lithuania) and others have introduced
a value of around EUR 0.05–0.10 per single-use plastic bag (Belgium, Estonia, France,
Germany, Hungary, Latvia, the Netherlands, Portugal, Sweden, Slovakia, and the UK) or
have substituted them with biodegradable plastic bags (Austria, France, and Sweden) or
used alternative bags made of cotton, hessian, or linen. Plastic pollution of the environ-
ment can be reduced by interventions, such as ‘Operation Clean Sweep’, organized by
non-governmental organizations (NGOs) to clean beaches and drains [54]. Reusable bags
are produced by NGOs who sell them to finance their activities in part. Raising awareness
through media campaigns or billboards to remind customers to reuse their bags is another
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strategy adopted by the UK. Finally, paying customers a small amount of money (around
EUR 0.10) if they do not take any plastic bags is supported in the UK [44].

Extended producer responsibility (EPR) is another policy mechanism that aims to
mitigate the risks associated with waste management. With EPR, the mitigation of the
environmental impacts of products throughout their lifecycle stages is accomplished by
producers who are legally and financially responsible. Indeed, EPR can help in plastic
pollution prevention and mitigation by limiting the health, safety, environmental, and
social impacts of plastic products [55]. However, difficulties with enforcement have
been reported.

Hence, the implementation of recycling processes and the development of biodegrad-
able plastics are some of these strategies. Europe halved its monthly plastic waste export
with these restrictions (from 300 to 150 kton) [49] and, in 2019, the Basel Convention called
for more domestic solutions in dealing with (hazardous) waste [56]. This is signed by
187 countries worldwide (excluding the US, among others).

At the European level, the new EU Green Deal 2020 is targeting (illegal) waste exports
to third countries. At the same time, a regulatory framework for biodegradable and
bio-based plastics is set to be implemented aiming at the local improvement of waste
management techniques and leading to the push of recycling processes forward, hence,
reducing the need for biodegradable plastics. The development of both circular and bio-
economies will be implemented by the amelioration of rural areas with a new financial plan [57].

Financially speaking, setting clear criteria for the assessment of green investment
funds is one of the goals of the 2018 EU regulation facilitating sustainable investment in
this direction [58,59]. Europe imposes fees to discourage plastic production under the
extended producer responsibility (EPR) concept [60]. Moreover, the European Chemical
Agency (ECHA) has recently discussed intentionally-added microplastics (e.g., microbeads
in cosmetics) by the provision of a socio-economic assessment [61].

Substances of very high concern (SVHCs, i.e., carcinogenic, mutagenic, or toxic for re-
production, or CMR, and persistent and/or bio-accumulative substances) are being banned
by the REACH regulation at the EU level [62,63] due to the cumulative and detrimental
effects of (micro) plastics. In the future, the EU Green Deal [6], as well as the REACH
registration of polymers, might aid in the classification and management of hazardous
substances in (new) waste streams.

Currently, California law wants to phase out plastics that cannot be compostable or
recyclable, but even this legislation faces bureaucratic resistance [64]. Other countries, such
as China, support research on biodegradable plastics via funding, but also have limited
policies [65].

California developed policy concepts in 2013 to make the producers of selected prod-
ucts responsible not only for recycling but also for litter prevention and mitigation. This
new policy required a reduction in their products’ total volume in the environment by 95%
in 11 years [55]. Bureaucracy might be a major obstacle in achieving these goals. Moreover,
it might work well for some products but not for others. Difficulties with enforcement might
also occur, and the problem of data scarcity has been reported in developing countries [66].

Finally, political will might be lacking due to countries having other priorities. Some
ways to promote the political will are to make this the priority of the country analyzing
the impact of environmental changes on health and society. Governments should employ
tools that allow all consumers to enhance their awareness of the management of plastic and
plastic waste. Consumers should change habits and lifestyles that require plastic usage, e.g.,
by means of a reduction in the reliance on single-use plastics or through source preparation
and social awareness, and public education programs should also be included [44].

3. The Common Misconception in the Definition of Biodegradable and
Compostable Polymers

Degradable polymers are polymers that disintegrate by different mechanisms, in-
cluding physical, chemical, and/or biological processes, resulting in a loss of some prop-
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erties that may vary as measured by standard test methods appropriate to the plastic.
A biodegradable polymer is defined as a polymer that undergoes degradation due to
the action of various microorganisms within a specific period and environment. A com-
postable polymer is a polymer that is degraded by biological actions during composting to
yield carbon dioxide (CO2), water (H2O), and inorganic compounds. However, the terms
“biodegradable” and “compostable” may lead to confusion among consumers and other
stakeholders. The simplified distinction between the two terms is accepted that all com-
postable plastics are biodegradable but not all biodegradable plastics are compostable, so
the two terms are not to be used interchangeably. In addition to these two main terms, there
are some other complex definitions, such as home compostable, industrial compostable,
and marine-degradable, regarding biodegradable polymers. Industrial compostable polymers
are composted under a controlled process (very strictly controlled oxygen, water, and heat
input) in industrial composting plants to be used in agricultural applications, while home
compostable polymers are defined as polymers that can fully decompose in the soil [67]. On
the other hand, marine-degradable plastics are plastics that can be degraded into CO2 and
H2O2 in marine environments, including coastal and ocean waters, lakes, lake-connecting
waters, subsoils, submerged lands, and sea and coastal habitats, under light, heat, or
microbial effect. However, a harmonized EN standard for only industrially compostable
packaging exists, whereas no general standard for marine biodegradation is implemented.
Currently, no detailed EU law is present for bio-based, biodegradable, and compostable
plastics. The EU Commission announced a policy framework where resources of bio-based
feedstock and the environmental benefits of using biodegradable and compostable plastics
will be evaluated, as well as the conditions for these uses [68].

Brief Overview of Degradation Pathways for Polymers

At present, the complexity of biodegradation is accepted, as it includes several steps,
such as biodeterioration, depolymerization, assimilation, and mineralization [69]. The
biodegradation steps and mechanisms behind this process have been exclusively addressed
elsewhere [69–73]. In this part, a very brief overview of degradation pathways is provided,
which is then to be associated with the environmental impact of bioplastics.

Biodegradation is a process that degrades materials into CO2, H2O, biomass, and CH4
with the help of living microorganisms under various environmental conditions, such as
compost, soil, marine conditions, or other mediums [74]. Abiotic degradation, such as ox-
idative or hydrolytic degradation, may initiate or enhance biodegradation by increasing the
surface area of the organism–polymer interface [69,75,76]. In general, enzyme-catalyzed or
biotic reactions are efficient methods for the biodegradation of polymers. Furthermore, after
the abiotic and/or biotic degradation of polymers, the final products are bio-assimilated by
microorganisms to be used as growth factors or in cellular respiration (Figure 2) [70].

Polymer biodegradation results in various products depending on whether it occurs
under aerobic or anaerobic conditions. As mentioned earlier, in aerobic degradation, oxy-
gen is utilized as the final electron acceptor while, in anaerobic degradation, CO2, nitrates,
or sulfates are used as the electron acceptors by microorganisms to produce the energy
needed to maintain cell functions [77,78]. However, most of the biodegradable polymers
biodegrade under both aerobic and anaerobic conditions [79] and, in enzymatically degrad-
able polymers, such as PLA (polylactic acid), temperature plays an important role in how
polymer scission occurs [71].

Aerobic biodegradation is the conversion of organic carbon into CO2 and water as
a result of microbial metabolism in the presence of oxygen. In anaerobic biodegradation,
methane is produced, while some CO2 can be obtained depending on the residual oxygen
or the type of degraded material. Soil biodegradation, composting, and marine biodegra-
dation are the main areas of aerobic biodegradation standards, whereas sewage sludge
biodegradation, anaerobic digestion biodegradation, and (accelerated) landfill biodegrada-
tion are the main areas of anaerobic biodegradation standards [70]. Landfills may result
in the uncontrolled biodegradation of plastic materials with methane release to the envi-
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ronment, while biogas facilities are a part of anaerobic digestion systems, capturing the
released methane for energy conversion [80]. Inappropriate applications in the biodegrada-
tion of polymers may result in methane release in the environment due to the switching
from anaerobic to aerobic conditions [70].
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4. Research on Bioplastics

The lifespan of plastics produced from petrochemicals has been proven to be several
decades, and the need to replace them with bioplastics is more urgent than ever. For
example, packaging materials made of PET (such as beverage bottles) have a proven
lifespan of more than 90 years [81].

The production of biopolymers is based on living organisms and takes advantage of
various properties, such as strength, stability, and flexibility. Plants, crops, animals, and
microorganisms are the basic raw materials that can be used to produce biopolymers [82].
Producing innovative bioplastics using biological raw materials is expected to lead to
significant benefits in certain areas, such as the environment and the economy [83]. The
classification of biopolymers into different categories can be carried out in different ways,
since the number of resources from which they arise is extremely large [84]. A classification
system concerns the division into categories based on how biodegradable they are and
according to their biomass content. Based on these criteria, there are (i) bio-based and
non-biodegradable, (ii) biodegradable and bio-based, and (iii) biodegradable and fossil-
based alternatives [85]. Another classification can be made according to the origin of the
resources, which means that it is possible to have biopolymers derived exclusively from
renewable resources and polymers which are mixtures of biopolymers and commercial
polyesters [84]. Bio-based and biodegradable biopolymers can also be categorized into
synthetic biopolymers (synthesized from bio-derived monomers), microbial biopolymers
(produced by microorganisms), and natural biopolymers (extracted from biomass) [86].
Polysaccharide-based films, protein-based films, or a combination of both are the biopoly-
mers with the greatest potential in film making. In food packaging, important pathogens,
such as Listeria monocytogenes, Salmonella, Campylobacter, Bacillus cereus, Saccharomyces cere-
visiae, Staphylococcus aureus, Aspergillus niger, and Clostridium perfringens, may survive and
develop depending both on the conditions inside the packaging but also on the conditions
of the external environment of the packaging. Much biodegradable green packaging has
significant antimicrobial functions due to the bioactive compounds contained in plant
by-products [87].
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4.1. Protein-Based Bioplastics

Protein-based bioplastics can be derived from raw materials of both plant and animal
origin. Common sources of plant origin are wheat gluten, soy, pea, corn zein, and cotton-
seed proteins. On the other hand, whey, casein, collagen, gelatin, and keratin are some
proteins of animal origin [88]. Because proteins consist of different types of amino acids, the
strong intermolecular binding of proteins affects the functional properties of protein-based
bioplastics, giving them superior characteristics in comparison with carbohydrates and
lipids [89]. Protein-based films are extremely popular, as they are abundant, inexpensive,
non-ecotoxic, biodegradable, and have very good film-forming properties [90].

4.2. Polysaccharide-Based Bioplastics

Polysaccharides have also been proposed as a biopolymer source for bioplastics [91].
Alginate, cellulose, pectin, and starch are derived from plants, while glycogen and chitin
are of animal origin [92].

4.2.1. Cellulose-Based Bioplastics

Cellulose is the most abundant biopolymer available on the planet, gaining an im-
portant role in the production of new materials. Cellulose is renewable, widely available,
non-toxic, low-cost, environmentally friendly, biocompatible, biodegradable, thermally
and chemically stable, and derivable [93,94]. Fruit and vegetable waste is very rich in this
valuable biopolymer. Cellulose esters and cellulose ethers are the main cellulose deriva-
tives that are used in industrial applications, as the production of pure cellulose bioplastics
still remains quite difficult, due to the structural complexity and difficulty in melting and
dissolving it through standard processes [95]. Mechanical properties, thermal stability,
and water absorption are some properties of bioplastics that could be improved with the
addition of cellulose [96].

4.2.2. Starch-Based Bioplastics

Potato is the main source of starch for the production of bioplastics. Cereals and
legumes, such as wheat, rice, barley, oat, corn, beans, and soy, are also significant sources [97].
Starch must be incorporated with many plasticizers, as the main problem with starch in the
food packaging industry is its low plasticity [98].

4.3. Synthetic Bioplastics

The main synthetic bioplastics are PBS (polybutylene succinate), PLA (polylactic acid),
PVOH (polyvinyl alcohol), PGA (polyglycolic acid), and PCL (polycaprolactone), [97].

Indeed, PLA is one of the most commonly used bioplastics and, in the year 2021,
had the largest market share for the production capacity of biodegradable bioplastics
worldwide [99].

On the other hand, PCL is easily processable, belongs to semi-crystalline polymers,
and is fully biodegradable. As a result, 11% of the total market of biodegradable polyesters
is held by PCL. It is a bioplastic with excellent compatibility with other polymers and
additives, which makes it very promising in food packaging in the future. The PGA
bioplastic has a similar chemical structure to PLA, but it is characterized by improved
degradability, mechanical properties, and gas barrier properties that make this a beneficial
supplement to PLA. Indeed, PBS is extremely flexible, elastic, and biodegradable, with a low
glass transition temperature. Another bioplastic, PVOH, is widely used for food packaging
due to its good film-forming ability, biodegradability, non-toxicity, water processability,
and low cost [100].

The following tables (Tables 3 and 4) present studies on bioplastic materials for food
packaging and their properties developed using fruit and vegetable by-products during
2017–2021. European countries, the USA, China, and India are among the countries that
contributed to the development of these bioplastic materials.
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The presented research studies from the last five years show the great potential of these
types of materials. The following section will present the existing main types of utilizations
for bioplastics in packaging materials, their main properties, and their applications at an
industrial level.

5. Applications

In general, there are four main types of utilization of bioplastics in packaging materials,
as follows:

1. Structural material—bioplastic is used as a mono-material, for polymer blends, or in
composite materials [123–125];

2. Coating—bioplastic is used as a coating on the substrate material, forming a multi-
layer material to increase barrier functions, enhance processability (printability and
sealability), functionalize the surface, or serve another duty. Typically, a coating
is accomplished by extrusion, film casting, or common lacquer application tech-
niques [126];

3. Additive—biopolymers can be utilized as functional additives in plastics to con-
trol physico-mechanical properties, such as strength, stiffness, hardness, or barrier
functions (e.g., nanocellulose diffusion barriers) [127,128];

4. Filler—bio-based materials serve as fillers that can reduce material costs and/or
increase the ratio of renewable resources in bioplastic packaging materials [129].

Holistic approach for material selection
In general, there are a number of different, at least partially, plastic-based packaging

systems. In this context, plastic can be represented either structurally or as a functional
coating. The applicability of different plastics is primarily limited by mechanical material
properties, which in turn can be derived from the molecular basis. These include, for
example, rigid trays (T), bottles (B), pouches (P), coated cardboard (C), films, and wraps
and bags (F) [97,128].

5.1. Processing

There are a number of different processes for manufacturing the various types of
plastic-based packaging products mentioned above, each of which has specific require-
ments for different physical material properties with special emphasis on rheology [130].
Plastic melts are non-Newtonian shear-thinning (viscoelastic) fluids [131]. Due to the
disentanglement and realignment of the molecules under high pressure, a drop-in viscosity
and pseudo-plastic behavior are observed [132]. Typically, methods, such as melt flow
index (MFI) measurement, are used to provide fast conclusions about chain length and
melt viscosity (where lower values of the same polymer typically correspond to higher
viscosity and higher chain length) [133].

For example, for injection molding, sufficient fluidity of the melt must be ensured
to fully penetrate the mold [134,135], whereas for extrusion, due to the absence of such
a mold, a higher viscosity is advantageous for stability. It is noteworthy that thermal
and mechanical processing parameters, as well as throughput rate, may affect material
degradation during processing [136]. Therefore, the desired type of packaging and the
associated manufacturing method(s) play an essential role in material selection.

Limitations in applicability due to the molecular basis (caused by properties, such as
brittleness) are addressed via variations in molecular weight or side-chain length, fillers,
additives, plasticizers, blending with other types of polymers, and/or co-polymerization,
resulting in different polymer grades and types of plastic tailor-made for various processing
methods. It is important to point out that higher amounts of additional components may
affect the recyclability of the material and that additives should be chosen carefully to
minimize environmental harm after being littered [137].

In the following, the different processing approaches are described:
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Extrusion coating and film production (casting and blown film)

In the extrusion process, previously compounded materials are fed into a screw bar-
rel equipped with a screw conveyor, melted, compacted, and pressed via a die through
a 2D shaping profile die to produce a continuous polymer strand whose cross-section
corresponds to the applied die and which can optionally also contain cavities [138]. For
packaging, cast film and tube extrusion are particularly relevant. In extrusion, the flow
behavior is decisive for the quality of the product. The use of longer-chain and, therefore,
higher-viscosity grades tends to reduce the risk of deformation in the obtained extru-
date [139]. In addition, the molecular structure is decisive for the crystallization behavior
and, thus, besides processing parameters, influences the sharpness of the melting range.
Having control over crystallization behavior is an important aspect of polymer engineer-
ing [140]. Cast films typically have lower crystallinity due to rapid cooling and, thus,
usually have better transparency and gloss [141]. The method is well-suited for thicker
films that are subsequently further processed via thermoforming [142].

Injection molding (I)

Similar to extrusion, pre-compounded plastic is melted and compacted by a screw
and conveyed to the injection nozzle. Instead of a profile mold, the material is pressed into
an injection mold, allowing 3D structures to be made from plastic. For the process, with
higher complexity of the injection mold, good flowability of the material is essential so that
the mold is completely and uniformly filled. Furthermore, process parameters, such as
mold temperature, significantly affect mechanical properties [143].

Thermoforming (T)

Here, 2D plastic films (semi-finished products) are continuously processed into a stable
3D shape by thermal softening in the elastic range above the glass transition temperature
and with the aid of a cooling tool, whereby the process is usually supported by vacuum
or compressed air. The films or sheets are clamped to ensure forming with wall thickness
reduction [142]. After filling with a sealing film, thermoformed cups and trays are usu-
ally sealed by using pressure and spot heating above the melting temperature, whereby
chemical compatibility and a similar melting range must be ensured for the material’s
combination as a basis for homogeneous bonding [144].

Blow molding (B)

In blow molding processes, preforms produced by injection molding are blown into a
mold (e.g., PET bottle production) [145] or tubes are extruded and blown into films using
ring dies coupled inline to an extruder (e.g., PE bag production) [146].

5.2. Properties

A huge variety of material properties need to be analyzed before a rational decision
for a certain material can be made. This decision depends on specific barrier requirements
of the packed food and other factors, such as ecological and economic criteria. Often,
despite a favorable low price, no clear general pro or con can be formulated for different
packaging types. Since mechanical properties affect the processability, materials that are
applicable for injection molding may be unsuitable for extrusion and vice versa. Physical
and mechanical properties are interconnected and a result of underlying chemical structures
of the biopolymers, additives, and fillers, and their inter-and intramolecular interactions.
Crystallinity correlates directly with properties, such as brittleness, tensile strength, and
gas and aroma permeability. Furthermore, permeability is dependent on solubility that is a
function of polarity [147].

5.2.1. Biodegradability

As previously presented in Section 3, the term biodegradable implies that microorgan-
isms can completely degrade a material into elementary components or small molecules
within a specific period and environment. Depending on environmental conditions (such
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as pH, temperature, and/or oxygen availability) resulting in differences in the microbial
colonization of diverse habitats, different categories can be used to describe biodegradabil-
ity. Additionally, standardized test methods are available and can be used to characterize it.
However, some of these methods, such as solely analyzing weight loss over time, do not
give a sufficient direct proof of biodegradation [148].

Four common categories are proposed that are typically used to describe the behavior
of different materials in the context of biodegradability. Here, classification in a lower
category automatically corresponds to “upward compatibility” for higher categories (except
category 4). These categories are as follows:

Category 1—marine biodegradable (claimed to be biodegradable in the marine environment);
Category 2—home compostable (claimed to be biodegradable in soil without optimized
composting conditions);
Category 3—industrially compostable (according to EN 13432);
Category 4—non-biodegradable (within the time frame specified by definition).

It is important to note that especially Categories 1 and 2 currently cannot be sufficiently
backed up with standardized methods that allow reliable forecasts for estimating the
degradation time in the natural environment. Determining the transferability of defined
laboratory conditions is, in many cases, not possible or possible only to a limited extent due
to the complexity and abundance of influencing parameters, as stated by Choe et al. [149]
in their review which compared results from laboratory and environmental experiments.

Currently, little is known about the ecotoxicological impact of biodegradable micro-
and nano-plastics. Increased degradation rates increase the amount of micro-bioplastics
coming from biodegradable polymers that pose certain risks, such as shifts in microbial
communities (that could destabilize delicate ecological balances). Microplastics from
degradable polyesters, such as PLA and PHB (poly-3-hydroxybutyrate), were found to
have negative effects on marine benthic communities [150]. A comprehensive recent
review by Fan et al. shows that biodegradable microplastics can show more severe effects
compared to conventional microplastics [151]. The release of micro- and nano-plastics into
the environment during biodegradation will be discussed in more detail in Section 6.2.

5.2.2. Barrier Functions

Barrier functions against gases play a very important role in the selection of materials
for food packaging. If a packaging material does not offer an adequate barrier, this can
lead to untimely spoilage of the contents (for example, oxidation of sensitive fatty foods
caused by an inadequate oxygen barrier [152] or premature wilting of lettuce due to an
inadequate water vapor barrier [153]). As already mentioned in Section 4, the permeability
is determined by the molecular basis of the material. In this context, permeability is
dependent on sorption and diffusion, and there is an important entanglement between
sorption and the polarity of a material. Moreover, crystallinity, for example, plays a role in
the diffusion process within the phase. A wide palette of measuring methods is available as
reviewed in detail by Baschetti et al. [154]. The permeability of a material is a key limitation
in the substitution of typical petro-based plastics, such as polyolefins [155] and, where
appropriate, it is shifted by combining the plastic with orthogonally effective materials (in
the form of multilayer structures, compounds, or additives). In this case, an improvement in
barrier properties comes at the potential price of reduced recyclability and/or degradability
and is, therefore, a tightrope walk that should be made, taking into account additional
considerations, such as life cycle assessment or local recycling infrastructure [156]. It should
be noted that, in some cases, biopolymers may also have superior barrier properties, such
as oxygen transmission rate (OTR), and that current packaging solutions may have higher
barriers than necessary for certain products to secure their typical storage time and shelf
life. To avoid potential over-packaging and to save resources in this area, re-evaluations
based on storage trials are, therefore, useful in addition to material decisions based on
the literature. A detailed permeability comparison between the most common bioplastics
and conventional plastics was recently published by Wu et al. [157]. In addition to OTR
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and water vapor transmission rate (WVTR), other gas transmission rates, such as carbon
dioxide transmission rate (CO2TR), are also relevant for certain products, but these were
not addressed in detail in the review. We propose a categorization on a scale basis (powers
of ten) for our overview of existing materials, as follows:

OTR—A (<1), B (1–10), C (10–100), D (100–1000), E (>1000) [cm3/m2d]
WVTR—A (<1), B (1–10), C (10–100), D (100–1000), E (>1000) [g/m2/d] at 25 ◦C

5.2.3. Feedstock

In the context of bioplastics, the question of the underlying resources is crucial, es-
pecially in terms of sustainability. Inherently, bioplastics are obtained from renewable
raw materials and are the focus of research as an approach to the transition to a circular
economic model. In this context, a comprehensive accompanying life cycle assessment [158]
is essential to act as sustainably as possible in the choice of materials. The gap in knowledge
on detailed life cycle assessment (LCA) data needed for properly assessing bioplastics has
been discussed and has become the focus of research activities [159]. Tools, such as the
“Product Environmental Footprints (PEF)” system developed by the EU Commission, serve
to consider a large catalog of criteria, instead of one-dimensionally looking only at CO2
footprints to avoid distorting the picture of the actual most sustainable solution [160]. The
production of bioplastics requires resources, such as land and water, and can, therefore,
compete with food or fodder production and lead to environmental pollution, for example
through eutrophication [161]. Directly linked to this are food security and other SDGs
that need to be considered. Therefore, it seems reasonable to present different possible
feedstocks for the production of bioplastics [162,163], and the following categories were
defined for the overview table:

Petrol-based (P);
Natural biomass (N);
Monomers from starch/food or feed competition (first-generation) (S);
Agricultural waste/nonfood competition land use (second-generation) (W);
CO2 or other feedstocks decoupled from land use (third-generation) (C).

5.2.4. Price

One of the greatest current obstacles to the wider use of biopolymers as a substitute
for conventional materials lies in their unattractiveness in terms of price, especially in
the scenario where more expensive substitute materials do not meet the necessary barrier
requirements to the same extent due to molecular differences. Especially in the case
of food packaging, which belongs to the fast-moving consumer goods (FMCG) sector,
profit margins are often low and, thus, the scope for increased packaging costs due to
more expensive materials is correspondingly limited [164]. Nevertheless, there is strong
customer demand for bio-based food packaging [165]. Four categories were defined and, as
the category increases, the economic applicability shifts from potential substitute material
in the FMCG sector to high-priced niche applications. The classification corresponds to
the state of knowledge at the time of writing, i.e., a snapshot, and there may be transitions
between different categories in either direction in the future. These categories are as follows:

Category A (0.5–2 €/kg);
Category B (2.1–5 €/kg);
Category C (6–10 €/kg);
Category D (>11 €/kg).

5.2.5. Production

Bioplastics account for a small but growing share of total plastics production (2019:
around 1%; 2.11 million tons [166]). In addition to price aspects, the level of production
capacities is also a main factor for the security of supply and, thus, affects the choice
options for the materials in question, particularly for larger production volumes, since
demand exceeds the current supply on the market [164]. For this reason, annual production
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capacities in this review are divided into the following four orders of magnitude (as with
price, these are snapshots at the time the review was written):

Category A (>100 kt/a);
Category B (51–100 kt/a);
Category C (10–50 kt/a);
Category D (<10 kt/a).

5.2.6. Food-Contact Material

According to Regulation No. 1935/2004 [167], food contact materials must not transfer
chemicals that are hazardous to health into food products. The approval of bioplastics for
direct food contact is regulated in EU Commission Regulation No.10/2011 [168]. According
to the classification, materials without direct contact can, for example, be used externally
in a multilayer composite, provided that an intervening functional barrier ensures that
a defined migration limit is not exceeded. Some novel materials require more detailed
investigation and classification. In any case, supplementary migration measurements,
mostly with simulants, on packaging prototypes are also necessary. These include, on the
one hand, total migration, in which the total mass of migrated substances is quantified
without detailed characterization, and, on the other hand, specific migration, in which
specific contaminants, such as endocrine disruptors or carcinogens are tested for.

However, toxicological knowledge is still very limited. As an example, some recent
studies suggest alterations in steroid hormone metabolism caused by acetyl tributyl citrate,
a common replacement for phthalate plasticizers [169,170]. On a side note, non-intentionally
added substances (NIAS) that can be a result of processing conditions or chemical reactions
during food storage (e.g., under acidic conditions) should be of special concern when deal-
ing with complex bio-based and novel materials [171,172]. Moreover, potential allergenic
effects are worth investigating [173]. The following cases can be identified:

Not tested (~);
Declined (o);
Approved (+).

5.3. Examples

Bioplastics are rarely used as mono-materials but are typically applied as blends (in
many cases compatibilizers are added to improve the miscibility) or multilayers to optimize
the mechanical properties as well as barrier functions. For polar compounds, such as protic
polyols (carbohydrates), modifiers, such as glycerol, are added to break hydrogen bonds
and allow for thermoplastic behavior. Furthermore, additives are normally used to change
the physical properties of materials. Therefore, Table 5 is based on application examples
that contain the previously discussed polymers as the main structural component and do
not always refer to pure material.
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5.4. Commercial Applications and Supply Chain

As outlined in the section above, a multitude of different materials has been developed
through academic and industrial research. Most of the packaging include hot and cold
cups, capsules, bowls, bags, overwrap and lamination films, pouches, and containers for
different types of products, such as coffee and tea, beverages, salads, potato chips, bread,
yogurt, fruits, vegetables, sweets, and pasta [86,97]. Specifically, starch-based materials
are used as an alternative to polystyrene (PS) in disposable tableware and cutlery, coffee
machine capsules, and bottles. Cellulose is used in bio-based trays wrapped with cellulose
film, and cellulose-based packaging is used for bread, fruits, meat, and dried products.
Additionally, PLA can be used as an alternative to low density polyethylene (LDPE), high
density polyethylene (HDPE), PS, and PET in transparent, rigid containers, bags, jars, and
films for yogurts, organic pretzels, potato chips, carbonated water, fresh juices, and dairy
drinks. However, PEF has a better barrier function than PET and may be used in bottles,
fibers, and films, while PBAT can be used in food disposable packaging and plastic films for
fresh food. Moreover, as previously referenced, several producers also use other additives,
such as plasticizers, to enhance the materials’ final properties, e.g., mechanical stress and
moisture [123,226,227]. However, the current bioplastic market makes up less than 1% of
the entire plastic packaging market, although it is continuously growing and diversifying
due to demand, R&D activities, increased environmental awareness with concerns about
plastics (production and consumption), and implementation of strict environmental regula-
tions [228]. More and more companies are looking for fully, rather than partially, bio-based
alternatives, yet few performant options are available.

The main examples available are PLA (NatureWorks), PEF (Avantium), bio-PE (Braskem),
bio-PET (currently only ethylene glycol, but soon expanding to terephthalic acid), PHAs,
cellulose acetate, starch-based plastics (Novamont); other more niche examples are based
on the latest generation lignocellulosic biomass from Stora Enso, Bloom Biorenewables,
Lignopure, and Lignin Industries (e.g., lignin and hemicellulose), or are based on food
wastes from traceless or UBQ.

The cost of bio-based plastics has been a major barrier to the development and growth
of the market [228,229], but the prices are also decreasing since major food companies and
well-known brands are launching or integrating bioplastic packaging products into their
portfolios, contributing to the expansion of the production capacities, and the efficiency of
the supply chains and all processing steps [230]. In addition, regulation and company-set
goals of net-zero CO2 emission in the near future also drive bio-based alternatives which
were not plausible in the past. Nonetheless, the commercialization of novel (bio)polymers
is an arduous task with many challenges to overcome. Notable ones were already discussed
above, e.g., price, type, and processability. As for all materials, the properties of bioplastics
present several advantages and disadvantages. Some bioplastics present a much higher
water vapor permeability compared with normal plastics that, in some cases, can be useful
for packed food to release excess vapor or steam [124]. Other disadvantages for food
packaging applications include thermal instability, brittleness, poor mechanical properties,
and difficulties with heat sealing [231]. On the other hand, these materials are sustainable
alternatives with properties, such as biodegradability, and biocompatibility, and they
are non-toxic and have a lower carbon footprint compared with oil-based plastics [231].
Furthermore, less obvious factors are the compatibility of the polymer’s recyclability
with existing polymers, the volumes at which such a polymer can be produced, and the
seasonal and regional differences and availabilities of the starting material. Currently, only
materials which can demonstrate their success in all of these aspects will be driven towards
a commercial scale and, thus, become a real alternative to current petrol-based packaging.

The availability and seasonality of specific renewable resources needed for the above-
mentioned polymers is a key bottleneck in the commercialization process. Successfully
scaled bio-polymers have guaranteed this by typically relying on a fermentation stage of
sugars from biomass, e.g., sugar cane, bagasse, and hemicellulose streams, as these are
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easily available all year round in different climates. Novel approaches on different types of
renewable resources need to ensure similar resilience against seasonal and regional differences.

Several American and European companies are the top players in what concerns
the commercialization of these types of packaging materials. The European Bioplastics
Association, in cooperation with the nova-Institute, predicts that the global bioplastics
production capacities will increase from around 2.11 million tons in 2020 to approximately
2.87 million tons in 2025 [230]. In addition to the above-mentioned regulations and company
goals, supply chain, and resource availability crises, as are currently occurring, provide
further pressures and incentives to facilitate increased bio-polymer production in the
upcoming years.

6. Environmental Impact

In recent years, there is a dichotomy between “biodegradable products are all good”
and “petrochemical-based products are all bad”. The use of renewable sources (particularly
from agricultural origin) and consumption of less energy are now requirements for the
production of industrial products. Therefore, there is an increasing interest in bioplastics
due to their renewable nature (raw materials from agriculture instead of crude oil) or
biodegradable nature providing less landfilling. Plastics impact the environment and
ecosystem during their production, during their service life, and after their disposal,
producing contaminants and physical hazards. Bioplastics as potential replacements
for petroleum-based polymers require less energy in their production steps and have
significantly lower carbon emissions [232–235]. Therefore, replacing fossil-based polymers
with renewable and lower carbon footprint bioplastics is seen to promote the transition to a
green bioeconomy with less environmental impact.

For instance, PLA, as a biodegradable polymer, consumes two-thirds less energy in
the production step when compared to conventional ones [236], provides no net increase in
CO2 gas during the biodegradation step [237,238], emits fewer greenhouse gasses when
degrading in landfills [239], and reduces greenhouse gas emissions by 25% [240]. Thus,
PLA can be considered one of the most suitable candidates for substituting conventional
plastics. On the other hand, after composting a biodegradable polymer, the compost can be
used as fertilizer or soil conditioner; however, the produced compost can also be a pollution
source for soil, water, and groundwater [234]. At the end of their service life, used or wasted
polymers are recycled with some losses due to degradation, are incinerated to produce
energy with potential environmental pollution, are littered, resulting in environmental
hazards, or are landfilled, resulting in carbon or methane emissions over time due to
their uncontrolled degradation [70]. Even though, at this disposal cycle, biodegradable
polymers are less harmful to the environment compared to petroleum-based polymers,
biodegradable polymers are not generally suitable to be landfilled or digested anaerobically
due to the potential methane production under anaerobic conditions [200]. The integration
of bioplastics with disposal infrastructures includes various facilities, such as composting,
anaerobic digestion, recycling, and waste to energy production, as well as their landfilling
and debris to the environment. Bioplastics may be alternative materials to petroleum-based
polymers; however, clear assessments of the environmental impacts of both petroleum-
based polymers and their bio-based counterparts should be explained in greater detail.

In this paper, the environmental effects of bioplastics are examined at two different
stages, i.e., “during the production” and “at the end of life”, and the main reasons and key
findings are highlighted.

6.1. “During the Production”
6.1.1. Land Use—Soil Erosion

Even though biomass is renewable, it requires responsible and optimal use for longer-
term sustainability to avoid the overuse of water/fertilizers, soil erosion, reduced land
availability, and changing biodiversity [234]. Because of the high competition for the
use of biomass by several industries, such as energy (electricity, heat), food/feed (sugar-,
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starch-based), biofuel, and materials/carbon (wood and paper industry) [241], its use for
bioplastic production may create a challenge to strike the balance among the industries.
The impact of such use of plants for bioplastic production has gained attention because of
direct and indirect land-use changes in agricultural areas or rainforests [234]. Further, the
possible loss of soil, which is a non-renewable resource with its complex ecosystem, will
result in considerable environmental and economic consequences. For example, the use
of forests for agricultural purposes and intensive cultivation, and inappropriate land-use
change for more bioplastic production, can result in more soil decomposition [242]. Includ-
ing unavoidable agricultural or forestry wastes as biomass resources will minimize the
competition with land-use for food production [161], which means that agricultural areas
or plants remain available and accessible for food production and will be invaluable to the
intended bioplastic production [243]. Several researchers have compared the energy use,
greenhouse gas emissions, and direct/indirect land-use change for bio-PET [244], bio-LDPE,
bio-PVC [245–247], and bio-HDPE [248] with their related petroleum-based counterparts.
Eerhart et al. [244] studied the energy and greenhouse gas balance for polyethylene 2,5-
furandicarboxylate (PEF) bioplastic and compared it to its petrochemical counterpart PET.
The non-renewable energy use and greenhouse gas emissions for PEF production were
reduced by 40–50% (440 and 520 PJ of non-renewable energy savings) and 45–55% (20 to
35 Mt of CO2 equivalents), respectively. Similarly, Alvarenga et al. [246,247] concluded that
bio-PVC showed better results than fossil-based PVC based on greenhouse gas emissions
and energy savings. Liptow and Tillman [245] showed that bio-LDPE production requires
more total energy compared to fossil-based LDPE, although the major share is renewable.
For their potential impacts on acidification, eutrophication, and photochemical ozone cre-
ation, no significant difference between the two materials has been reported. However, with
regard to global warming potential and the contribution of land-use change was reported
as decisive. Accordingly, Piemonte et al. [248] studied the land-use carbon emission of corn-
based bioplastics with their environmental impact while comparing the results with PE. It
was found that the replacement of petroleum-based plastics with bioplastics from waste
biomass might sustain the advantages of lowering greenhouse gas emissions. Likewise,
Tsiropoulos et al. [249] found 140% lower greenhouse gas emissions for bio-PE than PE and
approximately 65% energy savings for bio-PE production. The authors concluded that the
combination of some of these measures and the use of biomass for the supply of process
steam can further contribute to reducing greenhouse gas emissions.

6.1.2. Loss of Biodiversity

The reduction in global wild species populations, the decrease in crop yields and fish
catches, and rising risk of extinction of species, especially farmland birds and insects, are
some results of biodiversity loss. The growing interest in using bioplastics will increase
land and water use due to bioplastic production [161], and the inappropriate use of pes-
ticides/herbicides/fertilizers will increase deforestation. This trend will result in rising
biodiversity loss [242]. Although there have been increasing studies comparing the energy
consumption and global warming effects of bioplastics with petroleum-based plastics, more
efforts are needed to assess the impacts of bioplastics on biodiversity [161].

6.2. “At the End of life”
6.2.1. Recycling of Bioplastics

Reusing the bioplastics, such as polyglycolide, PLA, PHA, bio-PE, and bio-PET, is rec-
ommended as a pre-step towards the recycling route, and mechanical recycling should be
the following step for as long as possible, until they become low-grade [250]. For instance,
bio-PET and bio-PE maintain their good mechanical properties for a decent number of
recycles. Chemical recycling should be the route chosen once the polymers become low
grade, where each bioplastic has an optimum route with the lowest activation energy [251].
For instance, PLA is recycled via alcoholysis, and bio-PET is recycled via glycolysis, as
they produce value-added products [251,252], whereas bio-PE requires pyrolysis to be
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recycled due to its strong solvent resistance [253,254]. However, the environmental benefits
of chemical recycling are deeply debated. Current processes for chemical recycling usually
encounter the problems of high cost and high energy consumption and require additional
steps for isolation and purification from excessive solvents and catalysts, creating environ-
mental consequences [255]. On the other hand, the presence of biodegradable polymers
in municipal waste streams and existing plastic recycling systems may cause problems.
For instance, it was stated that the presence of natural fibers or starch might complicate
recycling [256]. Even though mechanical recycling can be used a few times without losing
the original properties of the biodegradable polymers, such as PLA, when recycled, the
possible problems in supplying larger quantities of biodegradable polymer waste make it
economically unattractive when compared to petroleum-based polymers [257,258]. The en-
vironmental impact of bioplastics can also include an economical angle; however, research
has so far focused on the cost of bioplastic production instead of overall cost, including
the impact of waste management. As a relatively accepted statement in the recycling
systems of bio-based, yet non-biodegradable drop-in plastics, such as bio-PP, bio-PE, and
bio-PET, such bioplastics are chemically identical to their fossil counterparts, and can be
collected, sorted out, and introduced into the existing recycling streams same as their fossil
counterparts. No additional processes or investment costs are expected to recycle these
drop-in bio-based plastics [259].

6.2.2. Biodegradation of Bioplastics

The biodegradability and/or compostability of some polymers make a positive effect
on the environment by generating carbon- and nutrient-rich compost. Methane gas can
be produced via the biological waste treatment of biodegradable polymers at anaerobic
conditions [260,261], contributing to global warming as a greenhouse gas [262–265] that
is many times more potent than carbon dioxide [266]. In the aerobic biodegradation of
bioplastics in soil systems, degradation products come into contact with soil, and affect the
soil microbial environment, where the nutrient uptake by plants and soil physicochemical
properties undergo a variety of changes [267]. On the other hand, in marine ecosystem,
plastic debris may cause physical hazards for wildlife due to ingestion or becoming entan-
gled in this debris or chemical hazards due to the formation of toxic compounds during
oxidation [268].

Release of micro- and nano-plastics into the environment during biodegradation

Macro-, micro-, and/or nano-counterparts of polymers are released into the environ-
ment after the degradation or incomplete degradation of polymers. In recent years, the
ecotoxicity and the possibility for those particles to enter the living organisms in the food
chain are being treated with increasing concern [269]. The environmental persistence of
biodegradable microplastics should be shorter than that of conventional plastics; however,
they may have similar negative impacts on the environment [270] and their harm is more
pronounced when their size decreases. The harmful effects of these particles are found on
the biodiversity, growth, reproduction, and wellness of marine organisms. Green et al. [271]
studied the effect of PLA microplastics on marine habitats/biodiversity and observed that
such microplastics changed the bacteria population and their behavior in marine environ-
ments. The effects of biodegradable plastics and their micro counterparts after degradation
in aquatic ecosystems has been very recently reviewed elsewhere [272]. On the contrary,
Chu et al. [273] recently revealed that PLA-based bio-microplastics may not pose a serious
risk for the agroecosystems in the short timeframe spanning from days to months. It was
also reported that soil could hold more microplastics (>40,000 microplastic particles/kg
of soil) compared to marine environment [274]. The potential environmental impact of
microplastics coming from biodegradable polymers were assessed by Shruti et al. [275], and
the authors concluded that microplastic formation was inevitable in biodegradable poly-
mers and that their degradation to microplastics needs more research. Straub et al. [276]
compared the uptake and effects of microplastic particles from petroleum-based counter-
parts and from a biodegradable polymer (PHB) in the freshwater amphipod and reported
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that there were no significant differences in their ingestion and excretion, but that they
differed in biological effects. It is inevitable to note that microplastics from bioplastics can
be formed faster than in the case of petroleum-based plastics in non-completed degradation
systems [277]. Emadian et al. [268] showed that multiple biodegradation environments
were not successful for complete biodegradation and, thus, most of the non-biodegraded
material is fragmented into micro- or nano-plastics.

No standardized and accurate methodology is available to quantify the environmental
impact of nano- or micro-plastics due to complications caused by a multitude of soil biotic
and abiotic processes, the interaction of particles with various components of soil, strong
matrix effects, and challenging extraction methods [278]. Even though there is a lack of an-
alytical methods to determine biodegradable microplastics in water, soil, or compost [279],
the presence of PHB bio-microplastics was observed by using microscopy [275]. On the
other hand, Fojt et al. [280] studied a simple method for the quantification of PHB and PLA
microplastics in soils and concluded that biodegradation of plastics might be incomplete
and favor microplastic formation.

6.2.3. Incineration with Energy Recovery

Incineration with energy recovery from bioplastics is widely accepted and considered
safe with no danger of releasing dioxins or heavy metals [200]. However, as biodegradabil-
ity is the inherent property of bioplastics, energy recovery should be the least preferred
end-of-life option after recycling and biodegradation. It is known that most renewable
materials have low calorific values and consume significantly less energy in the production
steps, which are positive for the environment [281,282]. However, the value of bioplastics
for energy recovery by incineration has not been properly known due to the lack of calorific
value determination of biodegradable polymers and the unknown impact of their moisture
content on the process. Renewable resources are used for polymer production, which all
have a defined circular end-of-life scenario. It is accepted that CO2 produced from the
incineration of fully bio-based plastics, aerobic composting, or incineration of CH4 from
anaerobic composting is a net-zero addition to the carbon cycle since, it is used in the
photosynthesis to produce new biomass [164,283].

6.2.4. Disposal in Landfill

Even though it is accepted that the bioplastic disposal in landfill sites does not require
preprocesses such as separation, cleaning, or pre-treatment [284], landfill disposal is consid-
ered as the least desirable approach due to the uncontrolled production of the highly potent
greenhouse gas methane in landfilled areas. However, in the waste management systems,
it has been proposed that such a ‘landfill gas’ can be captured as an energy source, and
can then be used as a carbon source input (along with CO2 produced during biodegrada-
tion) to biodegradation into CO2 after its production during biodegradation [70,200]. The
degradation of bioplastics in landfill areas consists of different stages [285] and different
compounds are produced depending on the type of bioplastics. For example, sugars are
produced during landfilling of TPS, and volatile fatty acids are produced during landfilling
of PLA and PHB [286]. However, due to the continuous addition of bioplastics into landfills,
the phases of degradation overlap and make the determination of the quantity and rate
of biogas production in landfills quite complex [287]. During landfilling of bioplastics
similar to petroleum-based plastics, the produced biogas will be the critical point that
includes the potential uses of biogas for bioplastic production or as a substitute for natural
gas [287]. Even though the use of biogas captured from landfills is still not cost-effective,
the implementation of biogas capture and utilization is expected to increase by 50% by
2040 [288].

7. Consumer Research

The increased consumer demand for sustainable products is fundamental to reaching
the proposed goals of minimizing the environmental impact of plastics.
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Compared to the plethora of studies on the technical and scientific aspects of bio-based
food packaging, contributions from social science consumer research are scarce. This might
be due to the fact that, for consumers, the product itself and its price is in most cases more
important than the packaging [289,290]. The packaging is rather seen as an information
tool [291].

Among studies on how consumers respond to bio-based materials, food packaging-
related research with 15 contributions comes first, while contributions on bio-based apparel,
toys, furniture, and dinnerware, as well as other packaging (non-food) are not as frequent.

In this section, a systematic review on consumer research related to bio-based prod-
ucts based on the PRISMA protocol using Web of Science as our primary database was
performed. Our literature search included forward and backward searches, and we added
additional articles. Finally, this process yielded 36 studies in total, of which 15 covered
food packaging.

Six studies (40%) looked at water bottles, three looked at Coca Cola or other cola
products, and two looked at fruit, while other types of food were only represented by one
study each (Table 6).

Table 6. Overview of packaged food products in the studies under review.

Packaged Products Number of Studies Studies

Water 6 [292–298]

Coca Cola/other colas 3 [296,299,300]

Fruit 2 [301,302]

Juice 1 [303]

Beer 1 [296]

Soup 1 [304]

Takeout food 1 [305]

Food in general (unspecified) 1 [306]

To start on a descriptive level, many authors did not explicitly state on which the-
ory they based their study. Theories that were mentioned were the attitude network
approach [293] and the cue utilization theory [304]. Except for two studies that used a
mixed methods design [296,297], all other studies were quantitative studies and most of
them relied on online surveys.

In line with a large part of consumer research in other areas, the studies under review in
this paper often used a quantitative design aimed at explaining stated behavioral intentions,
such as willingness-to-pay or intention to purchase by looking at factors that explain these
intentions. The factors that were tested can be divided into two broad categories. First,
factors pertaining to packaging and its attributes, such as material, recyclability, or labels
were considered. Second, factors pertaining to consumers, such as attitudes, norms, and
other psychographic or socio-demographic variables were considered.

The dependent variable that studies in our sample sought to explain was primarily
willingness to pay (WTP) [292,293,295,298,301,305]. Furthermore, utility [301,302] and
preferences [292,294] were closely related to WTP, as well as purchase intention [307].
Other dependent variables were perceived environmental friendliness or, more generally
speaking, perceived sustainability [296,297]. One study also examined factors determining
correct disposal of biodegradable packaging [297].

The WTP resulting in a surcharge for products packaged in bio-based materials is
important information for companies seeking to use these materials in their packaging
solutions. Likewise, it was a frequent object of research in our sample. Table 7 summarizes
the price premium consumers were willing to pay for bio-based packaging compared to
fossil-based packaging. Overall, the range of premiums is very wide, ranging from 8% to
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30%. Most of the WTP studies were carried out for water bottles. Overall, it seems that 20%
seems to be a premium that is at least a rough approximation for this product category.

Table 7. Overview of price premia in the studies under review.

Studies Price premium Method Remarks

[305] N/A Choice-based
conjoint

The study only tested
bio-based alternatives,
no fossil alternatives

[292] 0.07 Euro / bottle (PLA)
0.05 Euro / bottle (bio-PET)

Choice-based
conjoint

Percentages were not
shown and could not

be calculated

[295]

25% PLA over PET (mean)
22–35% depending on treatment

13% PLA over PEF
6–17% depending on the treatment

Direct

Treatments: different
messages on the

environmental effects
of different plastics

[301]
Control group: 23%

Other groups: 19–51% (depending
on the treatment)

Choice-based
conjoint

Treatments: e.g.,
pictures, normative

messages

[293] study 2 21% Direct

[293] study 3 18% Direct

[298] Study 2 30% Direct

[298] Study 3 20% Direct

[298] Study 4 8% Direct

One study also asked consumers how they thought about a local ban on expanded
polystyrene (EPS) food containers, i.e., not a consumer choice but a regulatory mea-
sure [305].

Influencing Factors

All studies found that consumers harbor more positive attitudes towards bio-based
plastic packaging than towards conventional plastics.

The most frequently tested attributes of bio-based food packaging were biodegradability,
within six studies [292,293,297,301–303], and recyclability within four studies [297,301–303],
both being seen positively by consumers. Biodegradability also scored positively in other
studies not looking at WTP [306]. Furthermore, end-of-life related criteria were more
important for consumers than production or transport [277]. Testa et al. [303] tested if
third-party certification has an influence but found it to have no significant effect.

The influence of the material for producing bio-based packaging was tested as an influ-
encing factor for WTP in several studies which will be discussed below. Barnes et al. [305], in
their study of containers for takeout food, found different preferences in their latent classes,
as some preferred sugar-cane, others paper, while corn was not popular among any of
the latent classes. Moreover, the material was only the most important attribute for one
group. De Marchi et al. [292] tested bio-PET and PLA, with PLA being clearly favored by
consumers. Reinders et al. [300] showed that a 100% bio-based product scores much better
with consumers than a product with a lower bio-based content.

Local production was tested in one study and, not surprisingly, found to have a
positive influence on WTP. Other, less often tested attributes include microwaveability and
water resistance [305].

Turning towards consumer attributes as influencing factors, two studies looked at
socio-demographics [295,302]. Most other studies that considered consumer attributes
examined the influence of various psychographic variables, such as attitudes about bio-
based plastics [293,298], environmental attitudes [295], norms [300], trust [295], or knowl-
edge [293,299].
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Within their paper, Zwicker et al. [298] did not find attitudes towards bio-based
plastics to predict WTP in studies 2 and 4 of their research. However, the attitude towards
conventional plastic did, which hints at feelings of guilt. In study 3, both were found to
influence WTP but with a very low explanatory power. Guilt was also found to be a driver
of WTP [298].

Several studies tested the influence of interventions on choice behaviour, such as
nudging and pro-environmental guidance [294], giving information on the environmental
effects of different plastics [292,293,295], stimulating feelings of guilt [298], as well as
stimulating norms or providing nature pictures or reflective questions [301]. All of these
interventions positively influenced the participants’ choice of bio-based packaging.

Finally, the differences between countries revealed in the few cross-country
studies [300] make the importance of a differentiated internationalization strategy clear.

The studies under review identified the following barriers to an environmentally
beneficial expansion of bio-based food packaging:

A lack of knowledge was frequently discussed to be a barrier. Even with labels
clearly indicating a bio-based packaging’s characteristics, consumers seem to have great
difficulties in identifying these. In a study by Taufik et al. [297], participants were not able
to tell apart bio-based recyclable water bottles and recyclable fossil-based bottles. The
participants in the study by Zwicker et al. [298] believed that bio-based plastics are always
biodegradable. This false belief can drive acceptance but can also backfire once consumers
learn that they have been mistaken. Lynch et al. [299] and Testa et al. [303] pointed out
the low level of familiarity with bio-based products in the Netherlands and Italy, while
Dilkes-Hoffman et al. [306] and Boesen et al. [296], as well as Zwicker et al. [298] confirm
the low level of Australian consumers’ knowledge.

Consumers’ perceptions of the origin of the biomass used to produce bio-based plas-
tics is another potential barrier to further expansion. Zwicker et al. [298] showed that
the majority of participants were neutral about whether bio-based plastics contribute to
deforestation and food competition. However, nearly 20% (6 and 7 on a 7-point-scale)
believed that these materials compete with those used in food production.

Environmental benefits include the correct disposal of the packaging. However, in a
study by Taufik et al. [297], 63% of the participants disposed of the compostable bio-based
bottle incorrectly. Participants with a higher bio-based product familiarity were more
likely to dispose of the compostable bottle correctly. Apparently, the main reason was that
participants could not think of plastic and compostable material together. Bio-based plastic
was still plastic for them, with all the characteristics they attribute to this kind of material.
Similarly, in the study by Dilkes-Hoffman et al. [306], 62% of the participants would
dispose of biodegradable food packaging in a recycling bin rather than by composting it.
Zwicker et al. [298] (studies 2 and 3 within the paper) showed that consumers find it more
important to recycle fossil-based plastic bottles than bio-based bottles. They also showed
that consumers in study 3 frequently believed bio-based plastics to be biodegradable, quite
the opposite of the findings in the paper of Taufik et al. [297]. Further, in the study by
Lynch et al. [299], focus group participants raised the issue of consumers possibly not
knowing how to correctly dispose of a bio-based plastic bottle.

What can companies take away from extant consumer research? First, the studies
under review have shown that biodegradability and recyclability are important product
attributes for consumers. This can be directly applied in companies’ choice of materials
and product design, i.e., product strategy. Biodegradability is especially high on the con-
sumer agenda, confirming findings from studies on bio-based packaging in general which
have shown that consumers focus strongly on the end of packaging life, i.e., the disposal
stage [291]. Furthermore, 100% bio-based products seem to be preferable compared with
partially bio-based products. Second, analyses of influencing factors for WTP and differen-
tiated treatments in experiments suggest promising approaches to communication strategy,
namely that guilt (when using conventional plastics) seems to be a strong driver of WTP for
bio-based products, and that companies can appeal to this emotion in their communication.
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Along the same lines, norms were shown to be effective; therefore, evoking norms may
be a promising element of communication strategy. Moreover, giving pro-environmental
guidance in the buying process and pointing out the environmental effects of different
types of plastics also have clear effects. However, companies and governments clearly need
to educate consumers on how to dispose of bio-based plastics correctly, especially with
regard to their biodegradability. Third-party certification did not prove effective; however,
since this was tested only in one study, companies should probably consult more studies or
include this question into their market research. These hints on communication strategy
can not only be applied by companies but also by governments and NGOs in their efforts
to persuade consumers to reduce plastics consumption.

Additionally, the pricing strategy can be informed by extant research. The results in
Table 7 suggest that a price premium of around 20% could be a good starting point for
deliberations on pricing strategies. However, for a final decision, other factors, such as
competition and cost, have to be considered.

Looking at the above analysis of consumer research on bio-based food packaging,
there are several avenues for further research that seem promising. From a methodological
perspective, there is clearly a dearth of qualitative research. Understanding in more detail
why consumers prefer certain materials over others and the influences of various attributes,
i.e., consumers’ subjective logic, would certainly help to inform both policymakers and
marketeers. The study on attitude networks by Zwicker et al. [293] demonstrated how
useful this can be. Second, if WTP is to be examined using a quantitative design, it is
surprising that direct WTP elicitation methods are still used despite their well-known
shortcomings [307]. Choice-based conjoint, which is well-established, and neuroscience-
based methods offer interesting alternatives.

However, the consumer–citizen gap must also be considered. While, as citizens,
consumers support sustainable packaging, in real shopping situations, the WTP is often
much lower, as the citizens then act as consumers, and they have to pay a surplus for more
sustainable packaging. This phenomenon has already been studied in depth in the field of
animal welfare (cf. e.g., [308,309]).

Concerning potential communication strategies, it would be helpful for companies
and governments alike if researchers tested more communication measures, varying both
messages and ways of communication, such as text, labeling, or pictures.

8. Conclusions

The interest of researchers has turned in the last two decades to the research of bioplas-
tics, as they are quite promising materials with good properties, such as biodegradability
and biocompatibility [310]. The use of biological resources is going to contribute sig-
nificantly to the production of innovative materials. The advantages of these materials
regarding the environmentally friendly solutions are expected to be significant and, to some
extent, address the future bioeconomy [83], although mechanical and barrier properties,
thermal stability, and water resistance are major problems for many materials, preventing
their use in many cases [96]. The application of bioplastics in food packaging compared to
conventional materials remains small for reasons related to specific regulations, require-
ments, price, safety, and their post-use management [86]. This review shows that further
research is needed to improve the production of bioplastics and their potential applications,
according to different properties, mechanisms of biodegradation, environmental impact,
their market and how consumers perceive bioplastics. Governmental economic incentives
for these materials and specific rules to limit the use of non-bioplastic materials are manda-
tory in the future to contribute to the development and commercialization of bioplastics for
food packaging and to reduce our dependency on limited petroleum resources. Together
with motivated consumers, industry, and also governments, environmental awareness
and a willingness to focus on sustainability will definitely contribute to an ecological and
circular economy.
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Abstract: Potatoes are grown in large quantities and are mainly used as food or animal feed. Potato
processing generates a large amount of side streams, which are currently low value by-products
of the potato processing industry. The utilization of the potato peel side stream and other potato
residues is also becoming increasingly important from a sustainability point of view. Individual
constituents of potato peel or complete potato tubers can for instance be used for application in other
products such as bio-based food packaging. Prior using constituents for specific applications, their
properties and characteristics need to be known and understood. This article extensively reviews the
scientific literature about physical, chemical, and biochemical modification of potato constituents.
Besides short explanations about the modification techniques, extensive summaries of the results from
scientific articles are outlined focusing on the main constituents of potatoes, namely potato starch
and potato protein. The effects of the different modification techniques are qualitatively interpreted
in tables to obtain a condensed overview about the influence of different modification techniques on
the potato constituents. Overall, this article provides an up-to-date and comprehensive overview of
the possibilities and implications of modifying potato components for potential further valorization
in, e.g., bio-based food packaging.

Keywords: potato starch; potato protein; potato peel-based films; biopolymer modification

1. Introduction

Potatoes are one of the four major food crops worldwide (first rice, second wheat,
third corn, fourth potato) [1]. In the European Union (EU-28), the total potato harvest was
56.4 million tons in 2019. Especially in Europe, potato cultivation and the potato industry
are very important in the domestic food culture and diet, and the increasing consumption
of processed potatoes in the form of potato chips, French fries, mashed potatoes, etc.,
represents a worldwide trend [2]. In comparison, the annual potato harvest in China in
2019 was 91.8 million tons. China is thus the largest potato-producing country in the
world [3].

Within the potato industry, approximately half of the harvested potatoes become side
streams or residual material. Thus, the entire supply chain (including farmers, wholesalers,
the processing industry, retailers and consumers) produces tubers, peels and pulp that are
discarded [4], as illustrated in Figure 1 for non-organic processing potatoes.

65



Foods 2022, 11, 2927

Figure 1. Mean food loss rates of non-organic processing potatoes in Switzerland at each stage of the
total agricultural potato production, total supply chain losses and cause of losses. All percentages
are related to an initial crop yield of 100%. ↓ Thickness of arrows represent percentage of total
product flow. Cause of loss “quality” refers to potatoes, which did not suffice according to the
standard quality specifications of the “Swiss trade customs for potatoes”. Cause of driver “Food
safety & consumer health” refers to green and rotten potatoes, and “Consumer preference” refers to
“Consumer preferences for certain aesthetic standards or typologies of food” (own illustration based
on data published by Willersinn et al. [4]).
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To summarize the findings, the product losses along the supply chain of non-organic
processing potatoes in Switzerland accounts for about 44%, which means that from an
initial input of approximately 1.8 kg potatoes one receives an output of 1 kg processed
potato product such as French fries [5]. Along the supply chain of processing potatoes,
main losses can be attributed to quality standards (21.9%), followed by the potato peel
side stream (10.1%) [4]. Similar data on the amount of side streams and losses along the
potato supply chain can be found in Germany [6] and Europe in general [7]. Quality
standards lead to a high amount of potato-based side streams or residuals, which in part
are determined by the potato processing industry. For instance, PepsiCo has specific
processing quality parameters in their potato crisp processing manufacturing in India
to control, amongst others, tuber size, dry matter content, sugar content, starch content,
damage and discoloration [8]. Besides the amount of potatoes that are lost based on quality
aspects, there is also a high amount of potato peel. In Figure 1, the loss attributed to peeling
is 10.1% based on the initial crop yield. If attributed to the input quantity at the processing
stage (69.8% of initial crop yield) losses attributed to peeling would amount to 15.5%. In
the literature, potato peel side stream losses of up to 40% have been reported which varied
depending on the peeling method used [9]. The large amount of potato side streams led to
the establishment of different strategies to valorize them [10].

Microbial spoilage of potato side stream products and widespread production loca-
tions result in low utilization of these byproducts. In Switzerland, most of the potato side
streams (90%) are used as animal feed due to the high protein content [4] corroborating with
data from other countries [1]. In accordance with the principles of a circular bio-economy,
the use of potato side streams is of great interest for the production of high quality prod-
ucts with zero-waste generation [11,12]. As these large amounts of side streams currently
possess low or even negative economic value potential, valorization approaches of potato
side streams are becoming important [13].

One valorization approach for potato side streams is the production of bioplastics [14].
Due to environmental challenges caused by large amounts of petrochemical-based and
not biodegradable packaging, the utilization of bio-based alternatives is demanded. For
instance, potato side streams such as potato peel or potato pulp can be used for potato starch
or potato protein extraction which can be further processed to bio-based plastics [15–21].
However, extraction processes are energy and time consuming and result in additional
side stream productions. A material efficient approach represents the use of the whole
side stream without extracting single constituents. Several studies demonstrated that
mechanical and barrier properties of potato flour- or potato peel-based films are not inferior
to the properties of films composed of potato starch or potato protein suggesting that
extensive industrial purification may not be necessary for film production [15,17,18,22–24].

To successfully implement a circular bio-economy concept, the quality and characteris-
tics of alternative materials (in this case biopolymers made from potato side streams) must
be at least as good as their commercial equivalent (in this case petrochemical plastics) [11].
At the moment, potato side stream-based biopolymers are characterized by an overall
low technology readiness level and in part insufficient processing- and packaging related
properties including processability and mechanical properties [23,25]. One approach to
increase the technology readiness level and optimize processing- and packaging related
properties of potato side stream-based films and coatings can be physical, chemical or
biochemical modification which are outlined and discussed in this review article.

Based on previously conducted studies, some modification methods have been used
to influence physicochemical properties of potato peel-based films including high-pressure
homogenization, ultrasonication, gamma irradiation and acid hydrolysis. This review aims
to summarize and discuss the influence of different physical, chemical and biochemical
modification methods on the structure and physicochemical properties of potato con-
stituents (mainly potato starch and potato protein) and their films. In this review, different
modification methods of potato constituents are evaluated upon their suitability to change a
certain property especially in terms of the modification effect on the film-forming and pack-
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aging related properties such as rheological, thermal, and barrier characteristics. Besides a
comprehensive review, we highlight recent research gaps and future research potentials of
potato constituents for packaging applications.

2. Potato Tubers

Potato tubers are the stems of the potato plant that develop under the soil from
the propagation of previously planted mother tubers by sprouting. Sprouting occurs
under suitable conditions from the dormant/lateral buds of the potato tubers (also known
as “potato eyes”). Although shape, color and size vary between different cultivars, the
morphology of potato tubers is generally characterized by an oval to round shape, white
flesh and light brown skin. The potato flesh consists of the pith, perimedullary zone,
vascular ring and cortex (Figure 2), which are usually consumed by humans. The periderm
(skin) contains the apical bud, stem end, lenticels and lateral buds, as shown in Figure 2.
In addition to the type of potato cultivars, composition of potato tubers also depends
on several other factors including soil type and temperature, location, cultural practices,
maturity and postharvest storage conditions. On average, potato tubers mostly consist
of water (approximately 80%) and 20% dry matter. Related to the dry matter content,
carbohydrates, especially starch (see Section 2.1), are the main fraction, followed by proteins
(see Section 2.2), which can be both extracted from potato tubers or their side streams [26–28].

Figure 2. Structure of a potato tuber of the bernina variety (own illustration, terminology based
on [28]).

Based on its high dry-matter starch content (Section 2.1), potato tubers are favorably
used by the industry for starch extraction. In laboratory scale experiments, starch extraction
is often conducted via sedimentation or centrifugation method [15,29,30]. Therefore, potato
tubers are usually peeled and washed to remove defective parts and contaminations, and
then grounded to destroy cell structures and release starch granules. The obtained slurry is
filtered and washed to further remove contaminants. Based on the higher density and low
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cold-water solubility most of the starch can be removed as a sediment using decantation
of the supernatant prior drying to obtain starch powder. Alternatively, the separation
between starch and supernatant can be performed by centrifugation. Potato starch can also
be extracted from potato side streams including potato peels [15,29,30].

Accordingly, potato protein (Section 2.2) can be extracted either from potato tubers
or potato side streams. For instance, after potato starch and tuber cell (pulp) removal,
the supernatant (potato juice) of the centrifuged sample, can be further used for protein
recovery [31]. To increase the concentration of potato protein, purification by ultrafiltra-
tion, reverse osmosis or fractional precipitation can be conducted. Precipitation methods
generally include salting out, heat denaturation and isoelectric precipitation [32–34]. In
laboratory scale experiments, potato protein is recovered at pH 3.0 or 5.5 under thermal
treatment [35]. However, dependent on the extraction and purification methods, the recov-
ered yield of potato protein and its composition (e.g., amount of patatin, protease inhibitors
and high molecular weight proteins) vary [36].

2.1. Potato Starch

With 70 to 80% w/w of dry matter content, starch is the major component of potato
tubers. The structure of starch on molecular to macromolecular level is schematically
illustrated in its main levels in Figure 3. The structure of potato starch typically consists of 20
to 30% (w/w) amylose, which is a linear to slightly branched (degree of polymerization > 60)
polymer chain consisting of α-d-(1,4)-linked glucose units (Figure 3a), and 70 to 80% (w/w)
of amylopectin, which is a highly branched polymer based on relatively short chains of α-d-
(1,4)-linked glucose units with 4 to 6% (w/w) additional α-d-(1,6)-linkages (Figure 3b). Low
molecular weight amylose (0.13–0.5 MDa) is assumed to form a helical structure (Figure 3c).
Amylopectin is characterized by its high molecular weight (10–1000 MDa) and its branched
structure, with branched chains being classified by their substitution into A chains (not
substituted with other chains), and B chains (substituted with other chains) (Figure 3d).
These branched chains derive from the main chain, which is called C chain (Figure 3d).
The reducing end of the amylopectin polymer can be found at the end of the C chain
(Figure 3d). Due to the tight packing of A and B chains, they can form double helices with six
glucose units building one turn (Figure 3e). The arrangement of interlinked clusters results
in lamellar structures, where alternating amorphous (branching points/interconnecting
chains) and (semi-) crystalline (A and B chain clusters) parts are present (Figure 3f). On
a macromolecular level, several of the alternating lamellar structures are organized in so
called growth rings forming the starch granules (Figure 3g). The amorphous center of the
granule (hilum) is formed mainly by amylose chains (Figure 3h) [37–39].

Potato starch granules have a spherical to oval shape with a diameter of 10 to 100 µm
and a smooth surface. Furthermore, potato starch is usually characterized by its B type
arrangement of double helices, which can be observed in X-ray diffraction analysis based
on peaks at 5.6◦, 17◦, 22◦ and 24◦ (2θ) and a relative crystallinity of approx. 30%. In
contrast to A type starch (peaks at 15◦, 17◦, 18◦ and 23◦ (2θ)), B type polymorphs basically
have a more open structure and contain more water molecules [40]. In addition to A and
B type polymorphs, there are C type polymorphs, which represent a mixture of the A
and B type. V-type structures are composed of complexes between amylose single, left-
handed helices and complexing compounds, which fill the helical cavities of the amylose
in the presence of water [41,42]. One example are amylose–lipid complexes, which can be
found in native starch. In those, lipid chains fill in the central cavity of amylose helices by
interacting with the hydrophobic moiety of the amylose chain. These complexes can affect
different properties of the starch and their films [43]. V-type crystallinity can also occur
during starch retrogradation [44]. Another characteristic of starches is their phosphorous
content, which was found to correlate in reverse with the amylose content and influences
pasting and retrogradation properties. In comparison to other starches, potato starch
contains high amounts of phosphorous referring to a high amylopectin content and long
amylopectin chains. Mostly, the phosphorous is covalently bound to the amylopectin
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fraction (ester of phosphoric acid and hydroxyl group) of potato starch [45,46]. Regarding
functional properties, the onset gelatinization temperature of potato starch is around
58–63 ◦C, dependent on its cultivar and crystalline order [47,48]. Amongst various starch
sources, potato starches are known for its high swelling power and pasting viscosity,
enabling the formation of thick viscoelastic gels [49].

Figure 3. Schematic illustration of some key elements of the macro- and microstructure of potato
starch (a) molecular structure of amylose, (b) molecular structure of amylopectin, (c) helical arrange-
ment of amylose, (d) arrangement of amylopectin, (e) double helix structure of neighboring A and
B chains, (f) cluster model of amylopectin with alternating amorphous and semi-crystalline parts,
(g) potato starch granule, (h) starch hilum containing mainly amylose. (Own illustration, based on
references [37–39]).

2.2. Potato Protein

Although potato proteins account for only 1 to 3% of the fresh weight of potato tubers,
they are the second largest fraction of the dry matter of potato tubers. Potato proteins
consist of water insoluble and water-soluble proteins, which account for 25 and 75% of
potato tuber proteins, respectively. Based on their function, soluble potato proteins are
classified into three groups, namely patatins (30–40%), protease inhibitors (40–50%) and
other high molecular weight proteins (10–15%) [39,50].

Patatins (Figure 4a) are storage proteins, consisting of homologous glycoprotein iso-
forms. They are characterized by molecular weights of 40–45 kDa and vary in their isoelec-
tric points between 4.5–5.2. The secondary structure of patatin consists of approximately
33% α-helices, 45% β-sheets and 15% random turns [51]. Stability of patatin decreases
with temperatures above 45 ◦C and the denaturation temperature was measured to be
between 59–60 ◦C. The best gelatinization of patatin was reported to be at pH values
between 4.8–5.5 [52]. At a pH of 4, the solubility of patatin is minimal, and at a pH below 4,
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irreversible unfolding of the tertiary and secondary structure of patatin can occur. Patatins
are known for their emulsifying, foaming, gel forming or antioxidant properties, making
them attractive for food and non-food applications [53–55].

Protease inhibitors (Figure 4b) are a heterogeneous group with varying reactive groups.
Protease inhibitors are classified into four major sub-groups, namely serine-, cysteine-,
metalloid- and aspartic protease inhibitors. Protease inhibitors have molecular weights
of approximately 5–25 kDa and differ in their isoelectric points between 5.1–9.0 [56]. The
gelatinization optimum for protease inhibitors was reported to be at pH 3.2–4.3 [52]. With
approximately 24%, serine protease inhibitors are the biggest fraction within the group
of protease inhibitors in potato proteins. The denaturation temperature of serine pro-
tease inhibitors is about 69 ◦C, and their secondary structure is composed of about 2%
α-helices, 38% β-sheets, 23% β-turns and 37% random coils [57]. Compared to patatin,
protease inhibitors are more hydrophilic and were reported to have superior antifungal
and antimicrobial properties [36,39,50,56].

Figure 4. Images from the RCSB PDB (rcsb.org) of the tertiary structures of (a) native patatin, PDB
ID 4PK9 [58] and (b) serine protease inhibitor, PBD ID 3TC2 [59], reprinted with permission from
Ref. [59]. 2012, International Union of Crystallography.

Other high molecular weight proteins (>40 kDa) are the third group of proteins present
in potato tubers. Based on their relative low percentage as mentioned above, the group
of other high molecular weight potato proteins is not as well described as patatin and
protease inhibitors. However, it has been reported that this group contains among others
polyphenol oxidases, lipoxygenases and starch synthesis associated enzymes [39,50,55].

In addition to the mentioned potato protein fractions, potatoes also contain free amino
acids, which account for up to 40% of the total nitrogen content. Amino acid composition of
potato protein does not only play a crucial role in dietary/nutrition [39] but also determines
modification potentials, as the composition impacts available functional groups of the
amino acid side chains [60]. Table 1 shows the amino acid composition of potato proteins
with their associated functional groups, ordered from the smallest to the biggest fraction.
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Table 1. Amino acid composition of potato protein with the reactive groups of their side chains,
ordered from the smallest to biggest fraction (adopted and extended from [39,61]).

Amino Acid Abbreviation Range (%) Reactive Groups

Cysteine Cys 0.2–1.3 Sulfhydryl
Tryptophan Try 0.3–1.9 Indole
Methionine Met 1.2–2.25 Thioester
Histidine His 2.0–2.5 Imidazole
Isoleucine Iso 3.7–5.8

Glycine Gly 4.3–6.1
Tyrosine Tyr 4.5–5.7 Hydroxyl

Threonine Thr 4.6–6.5 Hydroxyl
Alanine Ala 4.6–5.6
Proline Pro 4.7–5.6

Arginine Arg 4.7–5.7 Guanidino
Phenylalanine Phe 4.8–6.5

Valine Val 4.9–7.4
Serine Ser 4.9–5.9 Hydroxyl
Lysine Lys 6.7–10.1 Amino

Leucine Leu 9.6–10.7
Glutamic acid Glu 9.6–11.8 Carboxyl
Aspartic acid Asp 11.7–13.9 Carboxyl

3. Modifications

Depending on the nature of changes induced, modification of molecules or polymers
can be divided into physical (Section 3.1), chemical (Section 3.2) or biochemical (Section 3.3)
modifications, which are subsequently described for potato constituents. Besides individual
modification techniques, combinations of modifications can be applied. These modifications
are often referred to as dual modifications, and are also described below (Section 3.4).

3.1. Physical Modification

One approach to alter the physicochemical properties of powders including starches
and proteins is via physical treatment (e.g., hydrothermal treatment, irradiation, ultra-
sonication and high-pressure treatment, see Sections 3.1.1 and 3.1.2). Besides chemical
modification, starches and proteins, which have been modified via physical methods do not
have to be claimed as “modified”. Physical modification is also viewed as cost-efficient and
environmentally friendly, because no hazardous substances (chemicals) are used. Among
the various physical modifications, a distinction is made between thermal (Section 3.1.1)
and non-thermal treatment methods (Section 3.1.2) [62].

The physical modification of starch has already been reviewed by several authors [62–66].
However, due to fundamental differences in structure, morphology and physicochemical
properties of physically modified starches from different botanical sources (e.g., corn, maize,
tapioca, rice, pea, potato), it is important to specifically review the literature on physical
modifications of potato starch [67–70]. So far, the physical modification of potato starch has
been reviewed elsewhere describing the effect from emerging technologies, including high
pressure, ultrasound and microwaves, cold plasma and electric pulse [71].

3.1.1. Thermal Physical Modification

In this review article, thermal physical modification of a substance is defined as a
physical treatment, which generates or transfers heat or cold onto a substance in the
presence or absence of moisture to create structural and/or functional changes. Therefore,
thermal methods to modify potato starch include hydrothermal methods such as heat
moisture treatment and annealing, dielectric treatments such as microwave heating and
radio frequency heating, as well as other methods including freeze-thaw treatment, dry
heat treatment, flash drying, autoclaving and modification via superheated steam.
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Heat Moisture Treatment

Heat moisture treatment (HMT) refers to the treatment of a product with heat in
combination with a certain amount of moisture. Thus, the parameters for temperature,
time, moisture and cycles/repetitions are crucial for this treatment method.

In HMT the amount of water in the treated samples is limited to 10–35%, to pre-
vent starch gelatinization [72]. Therefore, granular morphology of starch is preserved
during HMT [73]. However, several authors noted that HMT leads to some granular
damage [67,73]. The temperature applied during HMT is characterized being above the
gelatinization temperature, but below the glass transition temperature. For HMT of potato
starch temperatures of 80–121 ◦C, durations of 30 min to 16 h, and iterations of up to six
have been applied in the last years [29,74,75].

Overall, the thermal properties, such as gelatinization temperatures (onset (To), peak
(Tp) and conclusion (Tc)) of potato starch significantly increased and melting enthalpy (∆H)
decreased by HMT. This increase in thermal properties was accelerated and/or intensified
with increasing temperature [67], increasing holding time [74] and decreasing moisture
content [75]. Shi et al. [67] linked the changes in gelatinization temperatures with increasing
HMT temperatures to intramolecular interactions towards more amylose–amylose and
amylose–lipid interactions at higher temperatures, which hindered the mobility of the
amorphous region thus increasing the gelatinization temperature. Decreased mobility leads
to decreased water uptake and swelling, which is necessary to facilitate melting of crystals
and double helices. Therefore, stability of the crystalline regions of potato starch increased
and higher temperatures for gelatinization were required after HMT. Accordingly, amylose
content increased, degree of crystallinity decreased and type of crystallinity varied upon
HMT of potato starch, using different temperatures and moisture contents [67,73,75,76].
Based on the reviewed studies it seems that the change in type of crystallinity of potato
starch from B to C or A, which occurs at 120 ◦C, depends on the moisture content of the
material: C-type occurred at 30% [73], but A-type at 10–27% [29,67,75] moisture content.
At lower temperature (100 ◦C) a change from B to A-type crystallinity occurred at 24%
moisture content [76].

Hydration and pasting properties of potato starch were also affected by HMT. Cold wa-
ter solubility of potato starch increased whereas swelling power, water absorption capacity
and hot water solubility decreased [20,29,73,74,76]. Upon HMT, pasting temperature in-
creased with increasing temperature [29]. Through HMT, the final viscosity decreased with
increasing temperature [29] and increasing holding time [74], but final viscosity increased
at short holding times [74] and temperatures < 120 ◦C [29].

Concerning potato starch as packaging material, HMT did not significantly affect
packaging related properties of potato starch-based bioplastic [15].

Annealing

Annealing (ANN) is another method to physically modify starch, without destroying
its granular morphology. In contrast to HMT, moisture content of the samples is not limited
(usually being > 60%, w/w) and temperature used during ANN is below the sample To
(onset gelatinization temperature). Common processing conditions during ANN of potato
starch are 30 to 55 ◦C for 12 h to 96 h. Here, iterations of ANN treatment cycles can be
applied [20,77,78].

Overall, ANN treatment of potato starch increased gelatinization temperatures (To,
Tp, Tc), had no effect on type of crystallinity and granule surface, but increased pasting
properties (pasting temperature and final viscosity) [20,77,78] (see Table 2), which were
favored by higher temperatures [77] and longer treatment times/iterations [78] used for
ANN treatment. Furthermore, increased hot water solubility and hot water swelling power
of ANN treated potato starch granules were reported [78]. Through processing of starch
in water having temperatures between 50 and 70 ◦C, solubility and swelling power of
ANN potato starch was lower than for native potato starch [78]. Wang et al. [77] and
Xu et al. [78] reported an increase in relative crystallinity, increase in ∆H, as well as changes
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in absorbance of potato starch, which might be attributed to the higher ANN temperature,
treatment times or suspension concentration used (55 ◦C vs. 30–50 ◦C, 12–96 h vs. 24 h,
1:3 w/v vs. 1:5 w/v).

Microwave Treatment

Microwave (MW) treatment is a thermal heating method using microwaves (300 MHz
to 300 GHz), that can be absorbed by polar materials, such as potato starch. Upon MW
heating, molecular vibrations and frictions occur due to their alignment to the vibrating
electromagnetic field, resulting in the generation of heat within the product. Therefore, MW
heating requires less treatment time and can be more efficient and less energy consuming
than conventional heating [79,80]. The ability of a product to be heated via MW treatment is
dependent on moisture content, frequency, as well as compaction density and temperature
of the sample [81–83]. The influence of MW treatment on starch structure and starch
properties has been recently reviewed [84,85]. In addition, Jiang et al. [86] reviewed the
effects of MW treatment on different food components, including proteins. In contrast to
other thermal modification methods such as HMT or ANN, MW treatment is not limited to
certain moisture or temperature and can be therefore performed not only for potato starch
powders [68,87,88], but also in potato tubers [89] or for starch–water suspensions [30,90].

Miernik and Jakubowski [89] found that MW treatment of potato tubers show a strong
correlation between MW dose and starch granule size, which resembled a parabola with
its minimal turning point at 53.19 J/g. This means that granule size increased, when MW
doses of 0–47.32 J/g or 66.14–508.47 J/g were applied.

Compared to native potato starch granules, MW treated potato starch granules showed
damaged structure or severe cracking, which correlated to an increased water absorption
capacity [88]. For potato starch with low moisture content (16.5%) decreasing gelatinization
temperatures and decreasing final viscosities have been reported after MW treatment [87].
Whereas increasing To, decreasing relative crystallinity and increasing pasting properties
(pasting temperature and final viscosity) have been observed for MW treated potato starch
with higher moisture contents (21% and 30%) [68,88]. Furthermore, changes in relative
crystallinity, gelatinization temperatures (To, Tp, Tc) and pasting properties seem to be
accelerated with increasing MW intensity and treatment time [68,87,88]. Xu et al. [68]
reported a change in crystallinity from B to A-type at high power (6.63 W/g) MW treatment.

In potato starch solutions, decreased amylose content, increased relative crystallinity,
increased gelatinization properties, increased pasting properties, decreased water solu-
bility and increased swelling power were observed after MW treatment [30]. However,
Xia et al. [90] did not observe any changes in gelatinization and pasting temperatures in
potato starch solutions, but changes in hydration and pasting properties were also observed
in potato starch solutions containing added protein [91].

Based on the reviewed studies, once can conclude that the effect of MW treatment on
potato constituent structure and properties can vary, depending on the processing conditions
(moisture content, power, treatment time, cool-off period, etc.) applied [30,68,87–91].

Radio Frequency Treatment

Similar to MW heating, radio frequency (RF) are electromagnetic waves in the fre-
quency range of 1 to 300 MHz. In comparison to MW, RF has been reported to penetrate
products even more deeply and distribute heat more uniformly.

In addition to MW treatment, which is reviewed above, Xia et al. [90] also treated
potato starch–water suspensions with RF, varying the water content. Upon RF treatment
small fractures on starch granule surfaces were observed, which were less severe than for
MW treated starch granules. Similar to MW treated samples, RF treated samples showed
lower amylose contents, but relative crystallinity decreased after RF treatment and with
increasing water content. In contrast to MW treatment, type of crystallinity of potato starch
samples changed from B-type to C-type after RF treatment. Compared to native potato
starch, gelatinization temperatures, pasting temperature and ∆H slightly decreased and

74



Foods 2022, 11, 2927

final viscosity slightly increased after RF treatment [90]. An increase in pasting properties
was also reported by Zhu et al. [92], who investigated the influence of RF drying on
potato flour properties. However, no changes in sample color, relative crystallinity, thermal
properties or type of crystallinity were observed in this study.

Others

In addition to hydrothermal (HMT, ANN) and dielectric (MW, RF) treatment methods,
we found other thermal modification methods including freezing and thawing (FT), flash
drying, autoclaving or steam heating, which can be used to alter potato starch, flour and
protein properties. In general, there are methods that can be used in the presence or absence
of water to generate/transfer heat.

FT can be applied to induce structural and functional changes in potato constituents.
For instance, Zhang et al. [93] investigated the effect of FT treatment on potato starch
showing disruption and aggregation of granule fragments after FT treatment. Furthermore,
pasting temperature slightly increased and final viscosity of potato starch slightly decreased.
A decrease in gelatinization properties (To, Tp and ∆H) after FT treatment was reported
by Wang et al. [94], indicating a weakening of the crystalline structure. Another study
demonstrated the influence of the thawing method on structural and functional properties
of pre-gelatinized potato flour samples, showing an overall increase in gelatinization
temperatures and pasting properties upon FT treatment [80].

Similarly, an increase in gelatinization properties (To, Tp, Tc), final viscosity, and a
reduction in granule damage and gelatinization were achieved in potato flour upon flash
drying (130–135 ◦C, 1–2 min) as compared to commercial potato flakes and granules [95].

The influence of superheated steam (100–160 ◦C) on potato starch properties was
investigated by Hu et al. [96], showing minor effects on granule surface, compared to
native starch granules. The type of crystalline structure was not affected by the superheated
steam treatment, but relative crystallinity decreased progressively with increasing tempera-
ture. Furthermore, thermal properties (To, Tp, Tc and ∆H), solubility and swelling power
decreased, and pasting properties increased upon superheated steam treatment [96].

Drozłowska et al. [97] gelatinized potato protein–water solutions (10% w/w) at 100 ◦C
for 15 or 30 min prior autoclaving the samples at 126 ◦C for 60 or 120 min to induce
thermal hydrolysis. No influence on solubility was observed for potato protein samples
after thermal hydrolysis treatment. Viscosity of modified samples significantly increased
with decreasing pre-treatment time and increasing autoclaving time compared to native
and only pre-treated samples. Finally, emulsion properties of potato protein were slightly
increased due to modification.

3.1.2. Non-Thermal Physical Modification

In this subsection, non-thermal physical modification methods are reviewed. Non-
thermal physical modification refers to physical treatments that affect structural and/or
functional properties of materials without the intentional use of heat or cold. In non-thermal
treatment, heat is sometimes generated as a “side stream” (e.g., during high pressure
treatment or ultrasonication due to friction, etc.). For instance, high pressure, ultrasound,
ionizing irradiation, milling and electric field treatment are non-thermal techniques that
are outlined in the following for potato constituents.

High Pressure Treatment

High pressure (HP) treatment (30–1000 MPa) is a non-thermal modification method,
which can cause starch gelatinization and protein denaturation/gelation [98,99]. Thereby,
HP can be applied in different ways, which are commonly referred to as high hydrostatic
pressure/high isostatic pressure, high pressure homogenization and dynamic high pressure
microfluidization. During high hydrostatic pressure/high isostatic pressure modification
of starch and protein, pressure is transmitted uniformly through a pressure-transmitting
medium (e.g., water) to the sample (sample-water suspensions), which is usually packed
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in vacuum bags and placed inside the high pressure vessel [69,100]. The high hydrostatic
pressure treatment of starch in its granular form has been previously reported [101]. During
high pressure homogenization a liquid sample is pressed through a small orifice causing
shear forces. In dynamic high pressure microfluidization the pressure is transferred in
an interaction chamber [102,103]. Similar to other modification methods, the effect of HP
treatment can vary for starch from different plant sources as reviewed elsewhere [104,105].

Different effects and partially controversial findings of HP treatment on potato starch
properties (thermal properties, pasting properties, crystallinity, granular/surface damaging)
and potato protein properties (solubility, foam stability) were reported in the reviewed liter-
ature [69,70,100,101,106–108], which might be attributed to the different types of pressure
(high hydrostatic pressure, high isostatic pressure, microfluidization) used. For instance,
granular structure of potato starch as well as granule surface were only slightly affected
by high isostatic/hydrostatic pressure application [69,70], but significantly damaged by
HP microfluidization [106]. Furthermore, within similar HP application and starch–water
solution ranges, different effects of HP treatment on potato starch crystallinity, gelatiniza-
tion properties and pasting properties have been reported in different studies [69,70,101].
Wang et al. [69] did not observe any significant changes in gelatinization temperatures and
∆H, whereas Rahman et al. [70] found increasing gelatinization temperatures with increas-
ing pressure applied to potato starch–water suspensions (1:5 w/w) with HP (100–500 MPa
vs. 200–600 MPa). In contrast, Słomińska et al. [101] observed decreasing gelatinization
temperatures for potato starch granules treated at 50–1000 MPa HP, which was accelerated
with increasing pressure applied. Rahman et al. [70] additionally investigated hydration
properties. A decrease in solubility and swelling power of potato starch was observed
upon HP treatment.

For potato proteins, differences in purity and pH did likely contribute to observed
qualitative and quantitative differences in some functional properties throughout the
reviewed studies. For instance, it seems that physical changes by HP treatment cannot be
induced at pH 7 but likely at pH < 7 [100,108]. This was shown by Baier and Knorr [100]
who observed a significant decrease in solubility and an increase in surface hydrophobicity
for patatin fractions that were HP treated at pH 6, but no effect were observed at pH 7. In
addition, Katzav et al. [108] reported that potato protein gelation was only possible when
samples were HP treated at pH 3 but not at pH 7, independent of the amount of pressure
(300–500 MPa) applied.

Upon HP treatment at pH 3.6, the secondary structure of potato protein was signif-
icantly affected as an increase in α-helix content and decrease in β-sheet structures has
been determined by Hu et al. [107]. Furthermore, particle size and emulsion stability of
potato protein stabilized emulsions decreased and foaming properties slightly increased.
In contrast to the patatin fraction studied by Baier and Knorr [100], Hu et al. [107] reported
increased solubility of potato protein upon HP treatment.

Kang et al. [25] investigated the effect of HP treatment on the film-forming properties
of potato peel which are used for film production. Compared to native film-forming
potato peel solutions, HP treated solutions showed higher elastic modulus and viscosity
at higher temperatures (>60 ◦C). Increasing viscosity values with increasing pressure and
number of passes were observed for HP treated film-forming solutions. This indicated the
improvement of film formation (smoothness) by HP treatment, which has been previously
reported by [109].

Ultrasonication

During ultrasound (US) treatment, acoustic waves with a frequency > 16 kHz are
transmitted through solid, liquid or gaseous systems. US can be classified into different
types based on frequency and intensity [110,111]. As for the modification of potato con-
stituents, US treatment is usually carried out in a liquid medium (usually in a water bath),
with starch- or protein-based samples treated in their granular form or in the form of sus-
pensions before or after the gelatinization/gelation process. US can be conducted at room
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or elevated temperatures. During US treatment cavitation occurs, which is the formation
and implosion of gas bubbles that can break polymer chains by mechanical shear forces,
which occur when these bubbles collapse. As a side effect, local temperature increases
contributing to the modification effect [112]. For different carbohydrate and protein-based
films or coatings US treatment has shown to be able to improve gelling properties and
tensile properties, increase solubility and surface hydrophobicity, and reduce water vapor
permeability [113,114].

For potato starch granules, damaging occurred after US treatment (especially in
water [115,116]), which increased with increasing temperature [117], US power [118],
US frequency [119], as well as by the application of dual-frequency US-treatment [117].
Furthermore, a decrease in average molecular weight [120] and slight decrease in relative
crystallinity [117,118] as well as an increase in amylose content [117] was observed after
US treatment. Among these studies, a change in type of crystallinity from B to V type was
only reported by Nie et al. [120]. However, other functional properties including thermal,
and pasting properties were not significantly influenced by US treatment according to
Hu et al. [117], though hydration properties were slightly increased, when compared to
native potato starch [115,117].

Mao et al. [121] demonstrated that solubility of potato protein can be increased by
US treatment, but only in combination with a pH shift to pH 12. In addition, α-helix content
decreased by approx. 10%, while β-sheet content increased by approx. 10%, suggesting a
partial unfolding of potato proteins upon US treatment at pH 12. However, Hussain et al. [122]
reported an increase in potato protein and patatin solubility by +25% through US treatment
at pH 7. Other functional properties including radical scavenging activity, foaming ability,
emulsifying ability and emulsifying stability also increased with increasing treatment time
for both, potato protein and patatin fraction by two times or more, whereas particle size
and foaming stability decreased [122].

In case of potato peel-based films, US treatment can enhance packaging related prop-
erties, as tensile properties were increased and hydration properties decreased by US
treatment of potato peel-based films [123]. Similarly, an increase in tensile strength and de-
crease in water vapor permeability was reported by Wang et al. [124] for potato starch-based
films after US treatment.

Ionizing Irradiation

Upon interaction with ionizing irradiation, cleavage of water molecules (in the product)
into free radicals and high energy electrons occur, which can facilitate cross-linking and
hydrolysis reaction of the polymer chains. The affinity of a polymer towards crosslinking
and chain scission is described by the G(x) and G(s) value (quantification of the chemical
yield obtained from ionizing irradiation treatment), respectively, which can highly differ
among polymers. Thereby, the ratio between G(s):G(x) indicates the overall prevailing
reaction (cross-linking < 1, hydrolysis > 1) which, however, depends on the irradiation
dose and temperature. Accordingly, the molecular weight is either increased (cross-linking
is prevailing), decreased (chain scission is prevailing) or not significantly changed (cross-
linking and chain scission occur equally). For starches (including potato starch) mostly
decreasing average molecular weights upon irradiation have been reported in several
studies which were reviewed by Bashir and Aggarwal [125], indicating the prevalence of
hydrolysis [125]. The induced structural changes by ionizing irradiation can thus alter
product properties [126–128].

Investigating the effect of electron beam or gamma irradiation on potato starch mor-
phology, none or only slight changes in starch granule surface and color have been observed
throughout the reviewed literature [129–131]. However, the occurrence of free radicals
on starch surface was observed by Rao et al. [129]. A decrease in amylose content and
increase in water solubility index with increasing irradiation dose was determined by
Atrous et al. [130], who presumed that these findings were attributed to the occurrence
of depolymerization hindering the formation of iodine complexes and increasing water
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affinity. Interestingly, swelling power of potato starch was up to 1.5 times higher when
irradiated at ≤20 kGy, similar to native starch when irradiated at 35 kGy (1 times) and sig-
nificantly lower (0.4 times), when irradiated at 50 kGy [130]. According to the authors [130],
this binomial relationship might be attributed to starch granule morphology/degree of
disruption, enabling water penetration at first, but then decreasing water holding capability
after gelatinization at higher disruption levels.

Overall, gelatinization temperatures, ∆H, viscosity and relative crystallinity of potato
starch decreased upon irradiation treatment and with increasing irradiation dose [129].
The decrease in potato starch viscosity by ionizing irradiation treatment and increasing
irradiation dose was supported by the findings of Atrous et al. [130] and Teixeira et al. [131].

In potato starch-based films, ionizing irradiation treatment resulted in decreased
hydration properties (solubility, swelling, water absorption) [132] and increased hydropho-
bicity [133]. Investigating the effect of gamma irradiation on tensile properties of potato
starch-based films, no change was observed for irradiation treatments at 0–15 kGy [131],
but an increase was observed at 30 kGy [133], indicating an irradiation dose dependency.
However, Teixeira et al. [132] reported a decrease in tensile properties of electron beam
(0–60 kGy) treated potato starch/hibiscus extract-based films, indicating weakening of the
films due to depolymerization into shorter chains, upon irradiation [132]. This behavior was
in contrast to the findings reported by Cieśla and Sartowska [133] and Teixeira et al. [131],
which might be attributed to the different irradiation source (electron beam vs. 60CO
gamma) and/or a higher amount of incorporated hibiscus extract into potato starch-based
films by Teixeira et al. [132].

Others

In addition to HP, US treatment and ionizing irradiation, there are other non-thermal
modification methods to change the structural and functional properties of potato con-
stituents, such as milling and electric field treatment.

Milling is commonly applied in the food industry to reduce the particle size and pro-
duce flour/powder. Ball-milling of potato starch does not only reduce the particle size of
the samples but can also highly damage granule morphology, induce partial gelatinization
and destroy B-type crystallinity, which is accelerated with increasing milling time [134].
Furthermore, for jet-milled potato starch a decrease in molecular weight with increasing
milling speed was observed [135]. Relative crystallinity, gelatinization temperatures and
pasting properties were decreased and thermal stability increased upon jet-milling of potato
starch. These effects were gradually accelerated with increasing jet-milling speed [135].
An increase in solubility, swelling and viscosity was observed for high-energy ball-milled
potato starch at 0.5–2.2 J/g. Applying higher energy (≥2.8 J/g), a complete loss of crys-
tallinity and viscosity occurred [136]. Based on the results, Juarez-Arellano et al. [136]
categorized the effect of ball-milling into three stages: Modification-stage, mechanolysis-
stage and over-destruction-stage, depending on the amount of energy applied and the
corresponding behavior of the characteristic properties [136].

Electric field treatment is the generic term for a number of different applications, in-
cluding high voltage electric field (HVEF), or induced electric field (IEF). HVEF application
is regarded as a method to physically modify starch properties in the absence of thermal
influence, as no significant changes in product temperature occur during this treatment. In
HVEF application, the sample is exposed to an electric field in liquid or gaseous medium.
High voltage electric field can be classified into high electrostatic field (uniform electric field
with no currents or varying voltages) and into high voltage electrical discharge (current
flow causing ionizing/plasma) [137].

Cao and Gao [138] investigated the effect of HVEF on potato starch properties, by
varying treatment time (10–50 min) and dose (10–40 kV). SEM images revealed some gran-
ular deformation, which increased with increasing processing time. Compared to native
potato starch, apparent amylose content of HVEF treated starches significantly increased
with increasing treatment time. Furthermore, relative crystallinity, water solubility and
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swelling power gradually decreased upon HVEF treatment with increasing voltage and
treatment time [138].

In IEF treatment, electromagnetic induction is induced according to Faraday’s law,
where energy is conducted from a primary coil to the sample (solution), acting as a sec-
ondary coil [139]. In contrast to HVEF, no significant influence of IEF treatment (30 or 96 h)
on relative crystallinity of potato starch was observed by Li et al. [140]. However, gelatiniza-
tion and pasting temperatures increased independent of IEF treatment time and the final
viscosity increased by approx. 33% (IEF for 30 h) and 40% (IEF for 96 h). Swelling power of
potato starch at 65–95 ◦C slightly decreased upon all treatment constellations, showing a
tendency of decreasing values upon increasing treatment time and temperature [140].

Conclusion Physical Modification

In this part of the article, different thermal and non-thermal physical modification
methods were reviewed in terms of their influence on the structure and properties of
potato constituents. From the evaluated studies, it can be concluded that different physical
treatment methods require different preconditions for the sample. For instance, for HMT
modification, a granular form of the sample with low moisture content is needed, whereas
other methods such as MW treatment or ionizing irradiation can modify samples in form
of granules, suspensions/hydrogels or films. Moreover, the required treatment time among
different physical modification methods did highly vary, reaching from 5 min for MW
treatment up to 24 h or more used for ANN and IEF treatments. Furthermore, different
physical modifications generally resulted in different sample properties; the trends are
summarized in Table 2. However, it should be considered that qualitative and quantitative
changes in sample structure and properties can differ among physical modification methods,
due to differences in modification and/or sample parameters (e.g., intensity, temperature,
time, moisture content and pH). Especially for potato protein modification, pH is one of the
most contributing factors, as the change in some functional properties is only susceptible
under acidic or basic conditions.
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3.2. Chemical Modification

In this section, the effects of chemical modification on potato constituents are outlined
and the most important findings presented in Table 3. In general, chemical modifications
refer to the substitution, cross-linking or degradation of a polymer via chemical reaction.

For instance, in substitution reaction, new functional groups/existing functional
groups in a polymer are introduced/blocked to alter polymer functionality. In cross-linking
modification of polymers new intermolecular linkages are created [141], and in degradation
modification of polymers, polymer chains are either cleaved via hydrolysis [142] or func-
tional groups such as hydroxyl groups are oxidized to carbonyl and carboxyl groups [143].

Basically, starch contains a large number of hydroxyl groups, and proteins contain
a variety of different functional groups (hydroxyl-, carboxyl-, amine groups, etc.). These
functional groups can be used as reactive sides for chemical modification reactions such as
acylation, esterification, etherification, cross-linking, grafting, acid hydrolysis and oxidation.
A common technique to evaluate chemical changes represents FT-IR analysis [142,144–147].
Some general information on the chemical modification of starches and proteins can be
also found in other review articles [60,148–151]. In this review article, studies on chemical
modifications of potato constituents over the last years are reviewed in detail.

3.2.1. Chemical Substitution

Hydroxyl groups of potato starch and different functional groups of potato proteins can
be substituted via chemical reaction. In this review article, substitution reactions are divided
into subcategories, dependent on the type of agent used and starch/protein derivate
obtained (i.e., acetylation, phosphorylation, fatty acid esterification, octenyl succinate, citric
acid esterification and etherification). The amount of derivatization via substitution reaction
often influences resulting properties of the product and is commonly described by the
degree of substitution, which reflects the amount of theoretically possible substitutions per
polymer unit. For instance, the degree of substitution is maximum three for potato starch
as each anhydride glucose unit possess three hydroxyl groups, which can be substituted by
other groups [152]. Amongst others, the degree of substitution reactions can be adjusted by
the acylating agent concentration, treatment time and treatment temperature. For instance,
a correlation between the degree of substitution and plasticizer migration was found in
starch-based films [153]. Acylation of potato protein with different acylating agents showed
that the acylation effect depended on the used acylating agent and reaction temperature,
resulting in decreased thermal stability and increased swelling towards water [154]. When
acylation agents with multiple functional groups are used, chemical modifications (e.g.,
phosphorylation, citric acid esterification) can be either used as (single) substitution reaction
or as cross-linking reaction, if functional groups of different chains are substituted by the
same acylation agent [155–157].

Acetylation

Acetylation refers to the chemical reaction of potato starch or potato protein with
acetic anhydride [158–160].

Acetylation of potato starch resulted in an increase in moisture and amylose content
as well as increased relative crystallinity, solubility and paste clarity. However, type
of crystallinity and gelatinization temperatures of potato starch were not significantly
influenced by acetylation [158].

Miedzianka et al. [160] investigated the influence of acetylation on potato protein
concentrate and isolate, varying acetylation concentration. Upon acetylation, solubility
and water holding capacity of the potato protein concentrate and isolate increased by up
to 100%. Foaming properties (capacity and stability) were lowest for potato concentrate
and isolate acetylated with the medium concentration of acetic anhydride (1 mL/g). How-
ever, regarding the oil binding capacity, emulsion properties and essential amino acid
composition, the effect of acetylation on potato protein was highly influenced by protein
purity. For instance, upon acetylation the oil binding capacity increased for potato protein
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concentrate but decreased for potato protein isolate. For potato protein concentrate, the
decrease in emulsion activity and increase in emulsion stability was much higher than for
potato protein isolate. Upon acetylation, the amount of essential amino acids decreased in
potato protein concentrate and isolate. For potato protein concentrates, highest decrease
in essential amino acids was determined at the lowest acetylating agent concentration
(0.4 mL/g) and for potato protein isolates, highest decrease in essential amino acids was
measured at the highest acetic anhydride concentration (2 mL/g) [160].

Phosphorylation

Phosphorylation of starch can be performed using different agents including phospho-
ryl chloride, sodium trimetaphosphate, sodium tripolyphosphate and sodium or potassium
orthophosphate to obtain mono- and/or di-starch phosphates. In di-starch phosphates,
orthophosphate groups can act as intramolecular or intermolecular bridges between the
C2, C3 and C6 atoms of glucose units from the same or different (cross-linking) chain (see
Section 3.2.2) [155].

Phosphorylation of potato starch resulted in slightly decreased moisture content, no
change in amylose content and a slight change in color, which was however not visible
to the human eye. Compared to native starch, gelatinization temperatures were slightly
decreased when phosphorylation was performed at 15 ◦C, but slightly increased when
phosphorylation was performed at 45 ◦C. The authors interpreted these effects as loos-
ening and strengthening of the potato starch structure at 15 ◦C and 45 ◦C, respectively.
Accordingly, an increase in viscosity was observed in potato starch pastes, which were
phosphorylated at 45 ◦C [155].

For the phosphorylation of potato proteins, phosphorus oxychloride, phosphoric
acid and sodium trimetaphosphate can be used [161]. Miedzianka and Pęksa [161] phos-
phorylated potato protein at different pH values (5.2, 6.2, 8.0 and 10.5) using sodium
trimetaphosphate as the phosphorylating reagent. Properties of potato protein were greatly
affected by phosphorylation under alkaline conditions (pH 8.0) showing the most signifi-
cant increase in water absorption capacity (approx. 20%), oil absorption capacity (2.5 times),
emulsifying activity (approx. four times) and foaming capacity (more than two times),
when compared to native potato protein and potato protein modified at other pH values.
However, protein solubility was not significantly affected by phosphorylation [161].

Fatty Acid Esterification

Another approach to modify potato starch by chemical substitution is the esterification
of hydroxyl groups by fatty acid chains. Vanmarcke et al. [144] investigated the effect of
fatty acid chain length (C8, C12 and C16) on potato starch fatty acid ester cast films. Results
showed that chain length did not influence esterification reactivity and FT-IR spectra
confirmed the almost complete substitution of hydroxyl groups by disappearance of the
3300 cm−1 band. However, with increasing chain length, weight of the samples increased
and the X-ray diffraction peak in the low angle region shifted towards lower angles,
indicating an increase in nanometer scale ordered structure based on the esterification
of longer fatty acid chains. Thermographs showed that the thermal stability of potato
starch increased due to fatty acid esterification, as hydrophobicity increased, which was
indicated by the fact that the mass did not decrease due to water evaporation and the starch
degradation shifted to higher temperatures. However, no significant differences between
different chain lengths were observed. Fatty acid chain length highly influenced tensile
properties of the modified starch films. With increasing chain length from C8, C12 to C16,
elongation at break decreased by 150%, 133% and 13%, respectively. Tensile strength and
elongation modulus showed no linear trend but highly depended on the fatty acid chain
length. For C8, C12 and C16 fatty acid esterified potato starch films, the tensile strength was
measured to be 3.8, 2.5 and 6.5 MPa and for the elongation modulus 68, 40 and 122 MPa
was determined, respectively [144].
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Octenyl Succinylation

The hydrophobic group of alkenyl succinic anhydrides can be esterified with starch,
to weaken internal bonding and disorder the internal structure to obtain more fluid and
clear pastes. Due to its food approval at low substitution levels, the influence of octenyl
succinic anhydride on starch properties is widely studied [162–164].

Wang et al. [162] demonstrated that potato starch granule size has an effect on the
efficiency of octenyl succinylation. For octenyl succinic anhydride modified starch, higher
degree of substitution (DS) was reported with decreasing granule size varying between
0.0147–0.0219 (degree of substitution), indicating that smaller particles with higher surface
areas are more susceptible to modification. However, this was only observed when octenyl
succinic anhydride modification was carried out prior to particle fractioning [162].

Investigating the effect of octenyl succinic anhydride modification on potato starch
structure, Won et al. [164] observed an increase in surface roughness, porosity, granule
size and the occurrence of cavities and slight deformation after octenyl succinic anhydride
modification. However, no differences between different degrees of substitutions were
observed and crystallinity of potato starch was not affected by octenyl succinic anhydride
modification [164].

Compared to native potato starch, octenyl succinic anhydride modified starch showed
lower amylose leaching, gel strength and viscosity, which gradually decreased with increas-
ing degree of substitution. Won et al. [163] explained these results by hindered interactions
between amylose chains caused by octenyl succinic anhydride modification, which resulted
in decreased amylose leaching, retrogradation and therefore weaker gel formation. The
weakening of inter- and intramolecular bonding was also reflected by the decrease in final
viscosity. However, gelatinization temperatures were not influenced by octenyl succinic
anhydride modification [163].

In another study, slightly increased amylose content, swelling power, gelatinization
temperatures and slightly decreased water binding capacity and pasting temperature were
observed upon octenyl succinylation of potato starch [165].

Citric Acid Esterification

Based on its three carboxyl groups and acidity, it has been reported that citric acid
can induce esterification, cross-linking and hydrolysis, when reacting under elevated
temperatures with potato starch [156,157].

SEM images of citric acid esterified potato starch revealed the occurrence of some
surface damage due to citric acid treatment, which was, however, not intensified using a
higher citric acid concentration (up to 10%). Furthermore, amylose content of potato starch
slightly in-/or decreased and moisture content and relative crystallinity decreased upon
citric acid modification [156,166]. A change in type of crystallinity was not reported [156].
In addition to structural changes, citric acid esterification of potato starch also influenced
different functional/physicochemical properties. Upon citric acid esterification, the sol-
ubility of potato starch decreased, whereas swelling power, water binding capacity and
gelatinization temperatures increased. The reported effects of citric acid modification on
potato starch pasting properties were slightly different, although pasting temperature
did not appear to be significantly affected and final viscosity appeared to increase with
citric acid modification compared to native potato starch [156,166]. In addition, Kapelko-
Żeberska et al. [167] showed that increasing processing temperatures increased the degree
of substitution as well. Accordingly, decreased solubility, swelling power and gelatiniza-
tion temperatures were observed upon citric acid modification that further deceased with
increasing processing temperature.

The effect of citric acid modification (5–20% w/w potato starch) to reduce hydrophilic
properties of potato starch/chitosan composite films was studied by Wu et al. [146]. Cross-
linking of composite films resulted in decreased smoothness but also decreased hydration
properties (moisture content, water solubility, and swelling degree) as well as decreased
water vapor permeability and moisture sorption. Furthermore, mechanical properties
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(tensile strength and elongation at break) and thermal properties increased after cross-
linking reaction. All changes in film properties gradually increased with increasing citric
acid concentration up to 15%. Excessive use of citric acid (20%) led to solidification and
crystal formation on the film surface.

Etherification

The etherification reaction of potato starch with various reagents, including those
containing carboxymethyl, hydroxypropyl and/or hydroxyethyl groups, requires alkaline
catalysts, of which sodium hydroxide (NaOH) is usually used. A common etherification
reaction for starches is the hydroxypropylation, which has been extensively reviewed
elsewhere [168].

In the reviewed literature, carboxylation [169], hydroxypropylation [145] and hydrox-
yethylation [170] of potato starch were found to alter product structure and properties.
In addition to reagent concentration, other reaction and solvent related variables such as
reaction temperature, reaction time, catalyst concentration, type of solvent and solvent con-
centration were found to affect the degree of substitution and the product properties [169].
Therefore, optimal etherification conditions need to be determined individually, as demon-
strated by Prajapati et al. [169] for carboxypropylated potato starch. However, in general
etherification of potato starch resulted in granular surface damaging [170], increased sol-
ubility [145], higher final viscosity [170], decreased crystallinity [145], decreased pasting
temperatures [145] and decreased thermal stability [170]. Similar to other substitution
reactions such as citric acid esterification, properties of potato starch were found to decline
when optimal reaction conditions are exceeded [170].

3.2.2. Chemical Cross-Linking

Cross-linking of potato starch describes the formation of intermolecular covalent
bonds (between different chains) via esterification or etherification reaction with a cross-
linking agent. Thereby, the cross-linking agents possess bi- or multi- functional groups,
which enable the reaction on different sides with multiple chains.

In the case of starch, it has been reported that cross-linking only occurs between two
amylopectin molecules or between amylopectin and amylose, but not between two amylose
molecules [171]. The reduction in amylose content by cross-linking reaction, as cross-linked
molecules can be considered as amylopectin molecules, can (among others) be used to
determine the degree of cross-linking by the starch–iodine method [171].

Cross-linking of potato starch can be performed using cross-linking agents such
as acetylmalic acid chloroanhydride [172], sodium trimetaphosphate (STMP)/sodium
tripolyphosphate (STPP) [173] and deep eutectic solvents [174]. According to Shulga et al. [172]
cross-linking of potato starch resulted in destruction of its granular form and reduced
relative crystallinity as well as reduced thermal stability. Furthermore, Heo et al. [173]
reported that the increased formation of covalent bridges between starch molecules due
to cross-linking hindered granular swelling and thermally induced gelatinization. In ad-
dition, pasting temperature and (final) viscosity of potato starch pastes increased upon
cross-linking.

For potato starch-based films, the formation of new covalent bonds through cross-
linking generally strengthened the starch gel network, resulting in an increase in rheological,
thermal and tensile (elongation modulus, tensile strength) properties. Solubility of potato
starch-based films was not affected and water sorption degree increased upon deep eutectic
solvent addition [174].

3.2.3. Degradation
Acid Hydrolysis

Acid hydrolysis describes the process of chemical bond cleavage via a nucleophilic
substitution reaction with water under thermal conditions and in an acidic environment.
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Common acids that are used in acid hydrolysis include hydrochloric acid (HCl), acetic acid,
citric acid and sulfuric acid (H2SO4).

Generally, hydrolysis of potato starch in water results in a decrease in molecular weight
and some granular damage. Furthermore, an increase in thermal properties (gelatinization
temperatures and stability), gel strength and viscosity of hydrolyzed potato starch was
observed [142,166,175].

Reviewing several studies, it seems that the qualitative and quantitative impact of
acid hydrolysis on potato starch did not only depend on the amount but also on the type of
acid as well as the type of solvent used [142,175]. For instance, Celikci et al. [142] showed
that 0.25–1.25 M of HCl or H2SO4 influenced the quantitative increase in bonding strength
of potato starch-based adhesives. However, when alcohol–water mixtures were used as
a solvent instead of water, bonding strength of the hydrolyzed starch-based adhesives
decreased, when compared to the native reference [142]. Furthermore, the use of water as
solvent led to surface cracking, an increase in thermal properties and to a slight decrease
in relative crystallinity, whereas the use of alcohol or alcohol–water mixtures resulted in
the occurrence of granular pitting, a decrease in thermal properties, no change in relative
crystallinity and an increase in solubility [175].

Varying the amount of acid used for potato starch hydrolysis, the degree of hydrolysis
is usually affected, which can in turn also influence qualitative and quantitative changes in
potato starch properties. On the one hand, a lower degree of hydrolysis, (using milder con-
ditions) seem to accelerate changes in potato starch including a further decrease in amylose
content and hydration properties, and increase in thermal stability and viscosity [142,166].
On the other hand, the use of high acid concentrations (≥1 M) can result in opposite effects
such as a decrease in viscosity [142].

A favorable effect of mild acid hydrolysis was also observed for film formation of
potato peel-based films by Merino et al. [176] as the films became smoother, more homoge-
neous, more transparent and more flexible after acid hydrolysis treatment (1 M acetic acid),
which was performed prior to cast film plasticization.

Oxidation

Oxidation of potato starch can be carried out using oxidizing agents under controlled
pH to oxidize hydroxyl groups into carbonyl and carboxyl groups. Common oxidizing
agents used, include sodium hypochlorite, hydrogen peroxide and ozone [143]. Degree of
oxidation is usually expressed as the sum of carbonyl and carboxyl content. In contrast to
the use of chemical oxidizing agents, ozone can be decomposed after the oxidation reaction
into oxygen by an ozone destructor. Thus, ozone oxidation is often described as a safe and
environmental friendly method [143], which can also be applied to fresh potato tubers to
reduce the spread of potato diseases during storage [177].

Basically, it was found that with increasing concentration of oxidizing agent and increas-
ing treatment time, the degree of oxidation of oxidized potato starch increased [147,178,179]
and the amylose content decreased, indicating depolymerization [179]. Higher degrees
of oxidation, which means the conversion of hydroxyl groups into carbonyl and carboxyl
groups, resulted in increasing granule surface cracking and shape deformation and in a
decrease in Maltese cross intensity, determined by polarized light microscopy [178,179]. B-
type crystallinity of potato starch was not affected by oxidation [179], but change in relative
crystallinity varied upon the amount of oxidant agent concentration used [178]. Authors
suggested that oxidation occurred first in the amorphous (increasing crystallinity at low
oxidant concentration), and second in the crystalline structures (decreasing crystallinity
at higher oxidant concentrations) [178]. However, no change in relative crystallinity was
reported by Castanha et al. [179] for ozonized potato starch, but particle size was slightly
decreased [180]. Overall, an increase in solubility, decrease in swelling power, increase
in pasting temperature and decrease in final viscosity upon potato starch oxidation was
observed in several studies [178,179]. The induced changes were amplified with increasing
oxidant agent concentration and treatment time [178,179].
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Oxidation treatment of potato starch prior cast film formation revealed positive ef-
fects on the potato starch films such as improved smoothness and transparency [181].
B-type crystallinity of potato starch-based films was not affected by oxidation [182] but
relative crystallinity of films plasticized with glycerol or sorbitol decreased according to
Fonseca et al. [182] using sodium hypochlorite, whereas it decreased for glycerol plasticized
films upon ozone treatment [181]. Similarly, no change in moisture content or water vapor
permeability and slight increase in solubility were observed in ozonized films [181], but
slightly decreased values were reported by Fonseca et al. [182]. Furthermore, according to
La Fuente et al. [181] elongation at break of potato starch-based films decreased and elonga-
tion modulus increased upon oxidation. Similar results were found by Fonseca et al. [183]
who reported a decrease in elongation at break upon oxidation but an oxidant agent con-
centration dependency of changes in elongation modulus and tensile strength of oxidized
potato starch-based films. In a follow-up study, the high influence of plasticizer type and
amount used in potato starch-based films on the qualitative and quantitative changes in ten-
sile properties induced by oxidation was demonstrated [182]. Overall, the different effects
on different film-related properties such as hydration properties, water vapor permeability
and tensile properties were determined for potato starch-based films upon oxidation which
might be attributed to the different oxidizing agents and/or plasticizer (concentrations)
used [181,182].

3.2.4. Conclusion Chemical Modification

Based on the reviewed literature, several substitution, cross-linking and degradation
reactions have been studied to chemically modify potato constituents. In most cases
potato starch was analyzed. Overall, chemical modifications can change physicochemical
and functional properties as summarized in Table 3. Through chemical modification,
constituents obtain different functional groups depending on the degree of substitution
and change their molecular weight by either cross-linking, hydrolysis or oxidation.

There are qualitative and quantitative differences in sample structure and properties
depending on the chemical modification method used. Parameters that influence the
method are e.g., treatment time, temperature, type and amount of chemical(s), while
e.g., solvent, purity, moisture content and pH-value influence the raw material, i.e., the
potato constituents. As an example, the purity of the potato protein (either concentrate or
isolate) has shown to not only quantitatively, but also qualitatively influence hydration and
emulsifying properties upon chemical modification.
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3.3. Biochemical Modification

In general, biochemical modifications of starches and proteins including enzymatic
substitution (Section 3.3.1), cross-linking (Section 3.3.2) or hydrolysis (Section 3.3.4) are
usually regarded as a clean or green alternative to chemical modification (Section 3.2).
Throughout the different biochemical modification methods, substrate specific enzymes
can be used such as in enzymatic de-/branching modification (Section 3.3.3), where the
branched structure of potato starch can be altered to effect starch crystallinity and thus
its properties.

3.3.1. Enzymatic Substitution

Substitution of hydroxyl groups of potato starch building blocks can be either per-
formed by chemical substitution as outlined in Section 3.2.1 or by enzymatic modification.
One example of enzymatic substitution is the esterification/transesterification of fatty acids
by lipases. Based on fatty acid solubility, organic solvents or ionic liquids need to be used.
Dependent on the lipase used, degree of esterification and esterification site can vary [184].

According to Zarski et al. [185] degree of substitution gradually decreased with in-
creasing reaction temperature (60–80 ◦C) and time (4–8 h), when enzymatic potato starch
esterification with oleic acid by lipase in an ionic liquid was performed. The authors
reported that a longer reaction time resulted in an increase in water formation, which
changed pH, increased hydrolysis and possibly decreased lipase activity. The results
showed that esterification of potato starch with oleic acid led to a loss in crystallinity and
SEM images revealed the destruction of granule shape and the smooth surface due to
the enzymatic treatment. The authors suggested that these results are due to hydrogen
bond disruption and substitution by ionic liquids and esterification. A decrease in thermal
stability due to enzymatic esterification was reported in terms of the initial and onset
degradation temperatures, which decreased from 251.8 and 300.1 ◦C to 198.4 and 150.7 ◦C,
respectively [185].

3.3.2. Enzymatic Cross-Linking

Enzymatic cross-linking of potato protein can be performed in a variety of different
ways including acyl-transfer reaction, oxidation/radical formation and 1,4-addition reac-
tion. For potato protein, enzymatic cross-linking using transglutaminase, laccase, tyrosinase
and peroxidase has been reported [186–189].

Of these four enzymes, transglutaminase and peroxidase showed higher quantitative
impacts on potato protein properties than tyrosinase and laccase [189]. For instance,
thermal stability of potato protein was increased to a higher extent using transglutaminase
and peroxidase than using laccase or tyrosinase as the cross-linking enzyme. Similarly,
rheological properties increased using transglutaminase and peroxidase but decreased
using laccase or tyrosinase as the cross-linking enzyme [189–191]. The extent of enzymatic
cross-linking using laccase could be enhanced using a mediator such as ferulic acid [190].
Furthermore, Glusac et al. [192] demonstrated that tyrosinase-cross-linking could improve
emulsion properties of potato protein.

Upon enzymatic cross-linking, an increase in structural order of potato protein was ob-
served in different studies due to a decrease in random coil content [189] and increase in β-
sheet content as well as relative crystallinity [189,191]. In a follow-up study, Gui et al. [193]
demonstrated that the combination of potato starch and enzymatically cross-linked potato
protein resulted in increased intermolecular interactions in the modified mixture, but in de-
creased intermolecular interactions in the native mixture. In turn, the increase in molecular
interactions enhanced gel formation, pasting and rheological properties [192,193], which
was also observed in cross-linked potato flour [191].

3.3.3. Enzymatic De-/Branching

During enzymatic branching of potato starch, α-1,4-glycosidic linkages are cleaved
and new α-1,6-glycosidic bonds are formed via a transglycosylation reaction using enzymes
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such as branching enzymes and/or transglucosidase. Therefore, polymer chain length
distributions shift from longer chains towards shorter chains, indicating the occurrence of
enzymatic hydrolysis. This means that starch polymers become more branched, resulting
in a decrease in amylose and increase in amylopectin content [194,195]. Overall, branching
of potato starch induced granular damaging, affected type of crystallinity (B→ B + C or
C), decreased relative crystallinity, gelatinization temperatures and shear viscosity and
increased solubility [195].

The opposite happens during enzymatic debranching of potato starch, where de-
branching enzymes such as pullulanase [194] or isoamylase [196] can be used. Here
α-1,6-glycosidic bonds are cleaved and new α-1,4-glycosidic bonds are formed. As a result,
starch polymers become less branched, resulting in a decrease in amylopectin and increase
in amylose content [196]. Accordingly, average molecular weight of the samples gradually
decreased with increasing isoamylase concentration and granular damaging occurred,
which intensified with increasing enzyme concentration. However, B-type crystallinity,
thermal properties and solubility were not significantly affected upon isoamylase treatment,
but gel strength and viscosity of debranched potato starch pastes decreased [196].

Investigating the influence of debranching on potato starch–lauric acid-based films,
increasing debranching time up to 1.5 h gradually decreased surface roughness, water vapor
permeability and elongation of the films, whereas tensile strength gradually increased.
However, a longer debranching time (2 h) resulted in a reverse effect on potato starch–lauric
acid-based films properties [194].

3.3.4. Enzymatic Hydrolysis

Enzymatic hydrolysis of potato starch and potato protein refers to the enzymatic cleav-
age of glycosidic and peptide bonds, respectively, to decrease chain length and molecular
weight and therefore, alter product properties.

Different enzymes including α-amylase [197–199], glucoamylase [198], glycosyltrans-
ferase [198], or mixtures of different enzymes [199] can be used to hydrolyze potato starch.
In general, the enzymatic hydrolysis of potato starch results in a decrease in average
molecular weight, average chain length and therefore amylose content [197–199]. In starch
granules, this was expressed by surface roughness and cracking, which increased with in-
creasing enzyme concentration used, which in turn increased the degree of hydrolysis [197].

Furthermore, enzymatic potato starch hydrolysis resulted in increasing water solubility
and absorption capability and in a decrease in gel strength and (final) viscosity [197,199].
No changes in moisture content [199], or pasting temperature [197] were observed upon
enzymatic hydrolysis. However, there were differences reported by Asiri et al. [197] and
Vafina et al. [199] regarding the changes in thermal properties of potato starch induced
by enzymatic hydrolysis using different or similar enzymes. While Asiri et al. [197] did
not observe any significant influence of hydrolysis using α-amylase on gelatinization
temperatures of potato starch, Vafina et al. [199] reported a decrease in gelatinization
temperature and thermal stability upon hydrolysis using a commercial enzyme-mixture
or α-amylase.

For potato protein, the influence of hydrolysis time and different enzymes includ-
ing protease and alcalase was investigated in several studies [200–202]. Upon enzymatic
hydrolysis, secondary structure of potato protein was affected, as the amount of α-helix
increased and β-sheet content decreased with increasing enzyme concentration [200]. In all
studies, degree of hydrolysis gradually increased with increasing reaction time [200–202].
DSC analysis performed by Galves et al. [201] indicated that protease treatment of potato
protein causes protein denaturation, as the endothermic peak correlated with protein de-
naturation disappears in native potato protein samples. According to Akbari et al. [200] the
number of carboxyl and amino groups increased upon enzymatic hydrolysis, as molecular
weight decreased, which in turn increased protein–water interactions. This was expressed
in an increase in protein solubility. According to the authors [200], the observed increase in
foam capacity and decrease in foam stability with increasing degree of hydrolysis could be
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related to the increase in solubility enabling shorter protein chains to migrate to air bubble
interfaces for faster stabilization, but decrease in protein–protein interactions, which are nec-
essary for long-term stabilization against environmental conditions [200]. Similar changes
in protein solubility and foaming properties were also found by Miedzianka et al. [202]. In
addition increased emulsifying properties of potato protein were observed upon enzymatic
hydrolysis [200].

3.3.5. Conclusion Biochemical Modification

Changes in potato starch structure and properties by enzymatic substitution, hydroly-
sis, branching and debranching are depicted in Table 4. Furthermore, Table 4 outlines the
changes in structure and properties of potato protein, induced by enzymatic hydrolysis
and cross-linking, and changes in potato starch-based films induced by debranching. Over-
all, reviewed biochemical modifications are highly pH and temperature specific, as the
used enzymes require different optimal conditions. Compared to chemical modifications,
enzymatic modifications often require more time to achieve a similar outcome. However,
enzymatic treatment resulted in a high impact on starch and protein morphology and
structure, causing changes in crystallinity, as well as pasting, thermal, hydration, foaming
and emulsion properties, which depend on the type of enzyme, enzyme concentration and
treatment time used.
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3.4. Dual Modification

Dual modifications are combinations of different physical, chemical and/or biochemi-
cal modifications, which are applied simultaneously or successively.

3.4.1. Physical–Physical

While some studies extensively investigated the relationship between modification pa-
rameters and the corresponding effect on structural and functional properties of potato con-
stituents applying a certain type of modification, other studies investigated the effect of com-
bined modification in comparison to native samples and/or the effect of an individual mod-
ification. Common dual modifications include the combination of thermal treatments such
as HMT, ANN, MW, FT with non-thermal treatments such as HP, US and milling [203–206],
but different heating methods have been combined as well [207,208].

As demonstrated by Wang et al. [203] and Cao and Gao [209], the order in which the
two different physical treatment methods are performed can also influence the resulting
qualitative and quantitative properties of the dual-modified samples, compared to native
samples. For instance, ANN treatment prior to HP treatment resulted in a decrease in potato
starch relative crystallinity, whereas an increase was reported when physical treatments
were applied vice versa [203]. In potato starch, solubility and swelling power decreased,
and gel hardness increased, when treated with US prior to electric field treatment, com-
pared to untreated native potato starch. Treating potato starch first with an electric field
and then with US resulted in reverse effects meaning increase in solubility and swelling
power. Interestingly, the simultaneous treatment of electric field and US resulted in sim-
ilar changes as the electric field prior to US treatment, except for a decrease in swelling
power and increase in gel adhesiveness [209]. Some additional general information on
dual-modification of starch can be found elsewhere [210].

3.4.2. Physical-Chemical

To enhance the effect of chemical modification on product properties, several studies
were performed in the last years, combining different physical treatment methods with
chemical modification methods. For instance, the assistance of acetylation or octenyl suc-
cinylation of potato starch by high voltage electric field, ultrasonication, pulsed electric field
or microwave treatment was reported to increase the degree of substitution compared to a
single chemical modification [211–214]. Moreover, some structural, pasting, rheological,
thermal and other functional properties were affected by US treatment assisted acid hy-
drolysis [215], dry heat and CaCl2 dual-treated [216] and annealing treated acetylated [217]
potato starch samples.

3.4.3. Physical–Biochemical

Among biochemical modifications, enzymatic hydrolysis is often reported to be am-
plified by a physical pre-treatment. For instance, enzymatic hydrolysis of potato protein
was increased by US treatment [218], and the enzymatic hydrolysis of potato starch by
HP [219] and HMT [220]. This can be mostly attributed to an increase in susceptibility
due to increasing structural damaging and/or surface cracking. With increasing degree of
hydrolysis, different sample properties can be further in-/decreased, as demonstrated by
Mu et al. [219] with increasing enzyme concentration and pressure.

3.4.4. Chemical–Chemical

Similar to dual physical modification, which has been described above (Section 3.4.1),
dual chemical modification can be performed as well. For potato starch different dual
modifications, including etherification + esterification, etherification + acid hydrolysis, and
CaCl2 treatment + succinylation, have been reported [221–223]. One commonly applied
combination is acetylation + cross-linking. In potato starch granules, this dual modification
resulted in a decrease in granule size and relative crystallinity and in an increase in thermal
and pasting properties. Regarding potato starch-based films, acetylation prior to cross-
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linking caused lower water vapor permeability, solubility, moisture sorption and relative
crystallinity, while flexibility of the films was increased [224].

3.4.5. Chemical–Biochemical

No combined treatment of chemical and biochemical modification of potato con-
stituents was found by the authors during the literature search.

3.4.6. Biochemical–Biochemical

Dual biochemical modification can accelerate the impact on potato constituent proper-
ties, compared to the single treatments. As reviewed above, the combined use of branching
enzymes and transglucosidase had a synergistic effect that more strongly influenced the
properties of potato starch [195].

4. Overall Conclusions

In this review article, various physical, chemical and biochemical modifications of
potato constituents were identified and the resulting structural and property changes were
presented in the text as well as qualitatively illustrated in Tables 2–4. Overall, most of the
scientific literature on physical and chemical modification was found for potato starch,
and only a few selective studies on potato protein, potato flour or potato peel. Regarding
biochemical modification, most studies focused on potato protein modification, followed
by potato starch. This indicates a contained research interest on physical, chemical and
biochemical modification of other potato constituents besides starch. This relates especially
to potato protein, potato starch–protein interactions and bio-based plastics derived from
different potato constituents, as some of the studies suggested synergistic effects on potato
starch–protein interactions and resulting functional properties. As discussed earlier, the
need for high value utilization of potato constituents, in form of isolated starch, proteins
or unpurified side streams, is based on the large amounts of side streams occurring along
the fresh and processed potato supply chain. However, it became evident that modifi-
cation of potato constituents is highly complex, due to the great influence of processing
parameters (including temperature, time, solvent, concentration and pH) and material
properties (including chemical composition and moisture content) resulting in quantitative
and qualitative differences throughout modifications. For enhancing the use of potato
constituents also for other applications than for food products, modifications are required.
For instance, using modified potato constituents can lead to films applicable for packaging
applications, as they can have a positive effect on film forming, hydration, barrier and
mechanical properties.
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Abstract: While consumer understanding of and preferences for environmentally friendly packaging
options have been well investigated, little is known about the environmentally friendly packaging
attributes communicated to consumers by suppliers via packaging cues. We thus propose a literature-
based attribute-cue matrix as a tool for analyzing packaging solutions. Using a 2021 snapshot of the
wafer market in nine European countries, we demonstrate the tool’s utility by analyzing the cues
found that signal environmentally friendly packaging attributes. While the literature suggests that
environmentally friendly packaging is increasingly used by manufacturers, our analysis of 164 wafer
packages shows that communication is very limited except for information related to recyclability and
disposal. This is frequently communicated via labels (e.g., recycling codes, Green Dot) and structural
cues that implicitly signal reduced material use (e.g., less headspace and few packaging levels). Our
attribute–cue matrix enables researchers, companies, and policymakers to analyze and improve
packaging solutions across countries and product categories. Our finding that environmentally
friendly packaging attributes are not being communicated to consumers underscores a pressing need
for better communication strategies. Both direct on-pack and implicit communication should help
consumers choose more environmentally friendly packaging. Governments are encouraged to apply
our tool to identify communication gaps and adopt labeling regulations where needed.

Keywords: packaging; environmentally friendly; eco-friendly; sustainable; consumer; strategy;
attribute; cue; marketing; wafer

1. Introduction

From an environmental perspective, food packaging is both boon and bane. As a boon,
it preserves food and supports its efficient transport; thus limiting the waste of food and
resources [1–4]. However, the bane of packaging can seem overwhelming: nearly 200 kg
of packaging waste is generated each year in the European Union per inhabitant [5]. A
large part of that waste goes to incinerators or landfill [6], but much of the packaging ends
up in the environment [7]. As the packaging market is expected to grow [8] and many of
today’s packaging solutions are less environmentally friendly than they could be, both
waste management and packaging systems call for redesign [9,10].

Packaging has become an environmental villain, a necessary evil, or even an unneces-
sary cost position that ought to be minimized [11,12]. The European Commission’s action
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plan for the circular economy aims at developing a sustainable, low carbon, resource effi-
cient, and competitive European economy. Developing environmentally friendly packaging
is one of the key items on its agenda [13], and thus a keen area of interest to scholars and
practitioners [14,15].

Developing environmentally friendly packaging, however, is a difficult task. It is a
balancing act between competing demands. Packaging must satisfy environmental require-
ments, food protection and logistics requirements, production and marketing requirements,
and strategic and operational requirements. Such solutions cannot be developed by one
company in isolation but only in the context of multidisciplinary product-packaging de-
velopment teams [14]. These need to involve the entire supply chain: suppliers of raw
material, products and packaging, brand owners, retailers, collectors, and recyclers [12].

It further complicates packaging development that consumers are not always eager
to embrace environmentally friendly designs. Consumers perceive compromises between
environmental friendliness and functional performance that they are unwilling to make [16,17].
Environmentally friendly packages are usually negatively associated with convenience, which
leads to lower perceived functionality and a reduced willingness to purchase [16]. Consumers
also harbor false beliefs about the benefits of alternative packaging materials (e.g., recycled, bio-
based, or bio-degradable plastic) [17,18]. The willingness to purchase environmentally friendly
packaging is further limited by time pressures and the cognitive overload caused by much
information and a disinclination to process it [10]. In their defense, though, communication on
sustainability is often misleading, which creates confusion and discomfort among consumers
who are unable to differentiate between environmentally friendly packaging and packaging
that just claims to be [19].

Still, for an environmentally friendly packaging solution to succeed in a consumer
market, it has to meet with consumer acceptance. To better understand what that entails,
this study adopts a consumer-based perspective on environmentally friendly packaging.
That means we examine attributes and cues explicitly or implicitly perceived as sustainable
by consumers.

Consumer perception does not necessarily agree with life cycle assessments (LCA), nor
does it recognize the economic and social pillars of sustainability. However, it is critical
for acceptance of a packaging solution. The fact is, consumers often harbor a simplified
understanding of a packaging’s environmental impact and rely on behavioral routines and
simple heuristics such as colors, material, or recycling options [10,20]. Additionally, sometimes
they are outright wrong in their assumptions or evaluations of packaging [14,20–22]. That
is why the consumer view of what makes a package environmentally friendly and how that
friendliness can be recognized will not necessarily align with what is known by science of the
environmental impact of a given solution [23].

This leads to a dilemma for packaging designers. If they base their design decisions
solely on environmental assessments such as LCA, the design might fail in the market.
However, if they base their designs on consumer perceptions, they might end up with
environmentally inferior solutions. Hence, designers need to fulfill two objectives. First,
packaging must fulfill engineering (or scientific) requirements. Designs must fit existing
infrastructure (including machinery, available material, and food product needs), comply
with changing regulatory environments, and have a comparatively low environmental
impact as assessed by tools such as LCAs [22]. Second, packaging should communicate
its benefits to consumers in a way that will be understood and recognized [10]. Thus,
companies need to understand what consumers think makes a packaging solution environ-
mentally friendly, i.e., the attributes and what they think and how they can recognize these
attributes, i.e., the perceptual cues that signal environmental friendliness [23].

While research on environmentally friendly packaging has gained momentum with
all stakeholders along the food and packaging supply chain [24], it has often focused
on assessing environmental friendliness from a scientific view or from the demand-side
perspective, i.e., consumer attitudes and perceptions or acceptance of environmentally
friendly packaging solutions (e.g., ocean plastic). To the best of our knowledge, research
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has overlooked communication on the supply side, i.e., packaging choices available to
consumers in the market. A well-structured mapping of packaging solutions in the market,
one reflecting consumer perceptions of environmental friendliness, is needed to provide
more effective messaging to consumers.

The present research aims at providing such a tool—an attribute–cue matrix com-
bining two hitherto separate theoretical perspectives—to analyze packaging solutions
across countries and product categories. To demonstrate the tool’s utility, we apply it to
a snapshot of the wafer market as found in nine countries: Austria, Denmark, Finland,
Greece, Hungary, Poland, Portugal, Slovakia, and Turkey. To the best of our knowledge,
this field study is also the first comprehensive market analysis of environmentally friendly
packaging communication in a specific product category across multiple countries.

How is our research useful for stakeholders in the packaging sector? First, while we
apply the attribute–cue matrix to a sub-market of the food sector, it can be used to analyze
any packaging solution in business-to-consumer (B2C) industries. That gives companies
a practical tool to analyze their own packaging solutions and benchmark them against
specific competitors or the industry. Any gaps derived from these analyses can be used as
a point of departure for improving communication to the consumer at the point of sale.

Second, the attribute–cue matrix provides governments and regulators with a tool to
survey how companies implement packaging solutions that claim to be environmentally
friendly. Any inconsistencies found can then be addressed, if needed, by changes in
regulations. The matrix also points out attributes and cues that a company does not yet
use in its packaging solutions. These missed opportunities can serve as a starting point for
new strategies, just as the matrix can help policymakers draft new regulations or project
the impact of potential future regulations. The tool can also help environmental pressure
groups and non-governmental organizations (NGOs) to document the state of packaging
and communication approaches in specific industries and build their strategies from there.

Finally, for researchers in marketing and strategy, our combined conceptualization of
attributes and cues provides a launch pad for cross-national and cross-industry studies
of packaging strategies from the consumer perspective. This is especially important since
a strong theoretical understanding of consumer perception of environmentally friendly
packaging is still lacking [9,10,25] and existing knowledge is rather fragmented [15]. There-
fore, we combine two theoretical perspectives: attributes that capture what consumers
think makes a packaging solution environmentally friendly and cues, the core concept of
cue utilization theory, that show how consumers think they can recognize these attributes.
Moreover, we contribute to cue utilization theory by adding new cues that can be used in
future research to analyze communication via packaging.

Our matrix, however, not only supports comparative research into strategies across
countries, industries, or market segments on the supply side, but it also enables evaluating
consumer attitudes and behavior against company strategies. This can potentially reveal
gaps between the focus of a company’s messaging and what is important to consumers.
Moreover, because we expand the concept of cues to include one sensory and three struc-
tural signals new to the literature, our attribute–cue matrix extends the strategic range of
messaging to consumers.

The remainder of the paper unfolds as follows: in Section 2, we explain the theoretical
foundations underlying our attribute–cue matrix. We then describe how we acquired
empirical data from the multiple wafer markets and how we applied the matrix. In Section 3,
we present our results. In Section 4, we discuss potential reasons for the packaging strategies
found, after which we present implications for companies and policymakers. We conclude
with avenues for further research.

2. Materials and Methods
2.1. Attribute–Cue Matrix

The attribute–cue matrix aims at identifying the messages cued by packaging that com-
panies can use to communicate the environmentally friendly attributes of their packaging.
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The framework can be used both for analyzing consumer perceptions and behavior and
for analyzing company packaging strategies. The concept of stimuli contents vs. formats
that Ketelsen et al. have used for analyzing past studies (not products) ties in with our
approach [15].

In its essence, the matrix combines packaging attributes that consumers perceive
as environmentally friendly, e.g., biodegradability, with cues that explicitly or implicitly
communicate the given attribute, e.g., a label indicating biodegradability. We derived
both attributes and cues from previous consumer research on packaging perceived as
environmentally friendly, using attributes proven to matter to consumers in their decision
making. We also include attributes related to the efficient use of packaging, e.g., space-
saving packaging, for the same reason.

From a consumer perspective, attributes are those characteristics that make a package
environmentally friendly. These attributes can relate to various phases of packaging life:
in raw material production, for example, consumers regard the use of recycled material
or renewable material as environmentally friendly. In the post-use phase, consumers
pay attention to biodegradability and recyclability. Table 1 summarizes these attributes,
grouped by packaging life stages. The third column indicates previous studies that have
shown the relevance of the respective attribute to consumer decision making. In the
compilation of the attributes, we drew on Herbes et al. [21].

Table 1. Pro-environmental attributes of packaging solutions.

Stage in Packaging Life Pro-Environmental Attribute Source

Material production
Reused packaging [26,27]
Recycled materials [18,19,28–30]
Renewable materials (bio-based) [18,20,22,23,25,31–33]

Packaging production
Less packaging [34–38]
Local/regional production *
Environmentally friendly
production [25]

Transport and use Lightweight *
Space-saving [39]

Post-use
Reusable [23,25,26,40,41]
Recyclable [19,23,25,29,30,35,42,43]
Bio-degradable [23,25,29,30,40,44]

General (no specific stage) Environmentally friendly in general [40]
* newly proposed attributes.

From a producer perspective, attributes describe packaging design choices, for exam-
ple, the choice to use bio-based plastics for producing a pouch or to design the polymers for
the pouch so they are bio-degradable. To communicate these attributes so they can enter
into consumer purchasing decisions, designers need appropriate cues.

Cues are about communication. They are how companies communicate pro-
environmental attributes of their packaging. This might be done by describing what
part of the packaging is from a certain material, say ocean plastic. Cues describe how
consumers recognize, or think they can recognize, pro-environmental attributes. Cues
are necessary, because consumers often cannot experience directly the pro-environmental
attributes of packaging. How, for instance, would a consumer know that the polymers for a
pouch were bio-degradable? This is where cue utilization theory [45] comes in, when prod-
uct characteristics cannot be objectively evaluated by observation. To reduce complexity,
consumers make conclusions about products from the configuration of cues available [46].
Attributes that cannot be directly observed are called credence attributes [47]; for these,
consumers have to trust the information provided by manufacturers on the package [48,49].
For example, the biodegradability of packaging is an attribute neither visible nor otherwise
sense-perceptible. A consumer has to trust a manufacturer’s claim.
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One attribute may be recognized through several cues. For example, consumers might
think they can recognize renewable or recycled material by its color, but they may also look
for a label or text on the packaging confirming the material’s origins.

Cues, however, can be treacherous if consumers have wrong ideas about packaging.
Companies may deliberately mislead consumers by capitalizing on these wrong ideas, for
example, using brown tones and coarse surfaces for packaging that is not from recycled or
renewable material [15]. Some consumers, on the other hand, interpret pro-environmental
cues as greenwashing, especially when claims diverge from expectations for environmen-
tally friendly packaging design [25,28]. The multiple meanings of environmentally friendly
packaging and the unclear packaging messages (e.g., labels) can create ambiguity, especially
when environmental information is incorporated into a single metric or cue [50].

We chose to group environmental friendliness cues as experienced along the consumer
journey: from first seeing the package at the point of sale, to then looking at the package
closely, touching it and later, after the purchase, opening and using it (consumption). In the
compilation of cues we drew on Herbes et al. [10].

We then added one new sensory cue and two new structural cues that consumers
experience when using a product. They include, first, the sensory cue of how loosely or
tightly a product is packaged, signaling how much packaging volume could have been
saved. Next the product-to-packaging weight ratio, a structural cue, which though never
measured directly by consumers does leave an impression. If the ratio is too low, consumers
will read the cue as “overpackaged.” The second new structural cue we added is the number
of packaging levels, which along with packaging waste pieces, is experienced directly by
consumers when opening a product. The calculus of perception is as follows: the more
levels, the more waste pieces, the less environmentally friendly.

We would like to point out that, in contrast to most other cues, these cues do not
require a conscious marketing decision on the part of the manufacturer. Manufacturers may
design lightweight packages (e.g., few packaging levels, few packaging pieces) for other
reasons than consumer communication, such as savings in material or in logistic costs.

Table 2 presents the cues used in our analysis. These can all be found on or in the
packaging itself, a constraint we imposed on our analysis since only these cues can be
directly influenced by the manufacturer. Other cues consumers have been shown to use are
the so-called social cues, information provided by retailers, friends, and family [10].

Table 2. Cues on pro-environmental attributes of packaging solutions.

Consumer Journey Cue Type Cue Source

Point of Sale

Visual (from distance)
Color [10,39,40]
Label/logo [10,39,51,52]
Image/picture [22,53,54]

Sensory (touching/picking up) Haptics/texture/material [10,12,22,25,55,56]
Loose/tight packaging *

Informational (reading) Text [10,27,28,39,53,54,57]

Consumption Structural (use-phase)
Product-to-packaging ratio *
Number of packaging levels *
Number of packaging waste pieces [10]

* newly proposed cues.

Figure 1 presents the attribute–cue matrix, combining the attributes and cues described
in Tables 1 and 2. The matrix contains a total of 108 possible attribute–cue combinations, of
which 49 are identified as practically applicable (colored white in Figure 1). For example,
the fact that packaging is from renewable materials can be explicitly communicated through
a label and text, and implicitly through images, surface texture, and color. Certain cues,
such as labels, images, and text could be called all-purpose-cues, because they can be used
to provide attribute-specific communication for all attributes. Other cues are more limited
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in their communication power; haptics for example, can be taken as a cue for renewable
materials but not much else.

Figure 1. Attribute–cue matrix. Abbreviation: P2P ratio (product-to-packaging ratio).

2.2. Sampling

To examine the environmentally friendly packaging options available to consumers in
the market and to provide a snapshot of which messages about which attributes companies
send to consumers through their packaging, a field study was conducted (with similarities
to the field study of Deng and Srinivasan [58]). Wafer products were purchased from retail
outlets to serve as data for the analysis.

Wafers are in the product group of cereals and confectionary; they were chosen for the
study as a prime example of the impact that packaging can have on consumer decisions
at the point of sale (POS). Among wafers, many different packaging options for similar
products are available. The product category includes multiple sizes and packaging formats
(types, material, shapes), as well as flexible packaging solutions such as fold wraps, flow
packs, stand-up pouches and laminated paper bags, rigid plastic trays and boxes, metal-
based boxes, and cardboard boxes.

Moreover, sustainable production and packaging of confectionery goods is a main area
of interest for packaging redesign [59]. Sweets in general depend heavily on packaging [60]
to take advantage of seasonal trade through colorful special editions. The main quality-
related criteria for packaging confectionary products are protection against light, oxygen,
and water vapor transmission [61]. To provide these high barriers, packaging designers
often use material combinations that might yield non-recyclable packaging solutions [62].
However, the industry aspires to make progress in sustainable packaging. Indeed, an
increasing number of news articles have appeared recently about the environmentally
friendly aspirations of the confectionery industry [63].

The data collection portion of our field study ran from January to May 2021 in nine dif-
ferent countries—Austria, Denmark, Finland, Greece, Hungary, Poland, Portugal, Slovakia,
and Turkey to cover as many products as possible. In each country, available packaging
solutions in the wafer category were collected. Collections were made by a local researcher
following these instructions: (1) define one shopping area (street, district, etc.); (2) within
one week, visit all shops selling confectionary products in that area; (3) purchase all avail-
able wafer products (uncoated, chocolate, or nut-based filled wafers with at least two layers
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of wafers and one layer of filling); (4) repeat the shopping trip after 4–6 weeks to search
for new products; and (5) send all (unopened) products accompanied by the shopping trip
information to the research team members in Vienna for analysis. If researchers found the
exact same packaging solutions in different “product series” of one brand with different
sizes or fillings/flavors that matched the criteria, they were asked to purchase the cheaper
option. This procedure resulted in a sample of 189 wafer products overall, of which 25 were
excluded for being duplicates or not meeting the defined criteria for, i.e., flavor selection.

2.3. Analysis and Coding

Analysis of this data meant the careful examination of cues and the attributes compa-
nies communicate. The packaging examination was designed to best imitate the consumer
journey and be as realistic as possible, so the analysis included not only the visual ex-
amination [64,65] but also the description (e.g., material, packaging type) and physical
examination [66] of packages, including manually opening the packages. First, the content
analysis [67] of packaging information was conducted; all environment-related textual and
visual attributes were compiled in an Excel database. Second, the physical examination of
packages was conducted, which included the opening, emptying, and exploring of disposal
information of each package in a way that most closely resembles average product usage.

Coding used a combination of deductive and inductive approaches [67,68], since it
started with environmental attributes and cues identified by previous research (deductive
approach). Then during the analytical phase, new codes were added (inductive coding)
to the category system—one sensory and two structural cues. One researcher coded the
packages while two researchers assisted and revised coding to ensure objectivity and reduce
rater bias. Codes were also re-examined by a fourth researcher, before the final coding
scheme was developed (see Table A1 (Appendix A) for examples of coding rules).

After coding, the wafer data was processed through the attribute–cue matrix to obtain
the frequency of use of each practically applicable attribute–cue combination. Based on
these frequencies, we identified three main groups of cue usage. We then prepared the data
for visual analysis using a heat map where cues used by the majority of products (≥50%)
were marked red, cues used by a sizeable percentage (≥20%) were marked orange, and
cues rarely used (<20%) were marked yellow. Other combinations, which were applicable
but not used at all, remained white.

3. Results

In total, 164 different wafer products were included in the analysis (see Figure A1
(Appendix B) for pictures of all collected packages, n = 189). The top three contributing
countries for packages were Austria (33%), Turkey (20%), and Poland (13%). Other countries
in the sample had shares of 10% or lower (n = 164, after discarding 25 as non-qualifying).

3.1. Descriptives

Flexible solutions were used by 88% of the products analyzed, whereas 11% of the
products combined flexible (i.e., flow packs, fold wraps) and rigid elements, mostly plastic,
rarely cardboard trays. Only one solution contained wafers as a bulk product in a solely
rigid packaging solution, similar to a bucket with a lid and handle. Packaging made solely
from plastic (excluding labels and clips) dominated the sample, making up 87% of the
solutions. Information about the packaging being made from polypropylene (PP) and/or
the recycling code/number five was frequently found. Only 13% of the packaging solutions
included paper or cardboard elements, irrespective of labels including multilayer material
(fold wraps, stand-up-pouches with paper layers) as well as boxes, trays, and inlays.

Referring to the surface haptics, 17% of the packaging surfaces were found to be
coarse and/or matte as opposed to sleek and shiny. Investigating another sensory cue,
the perception of excess air (headspace), found 79% of the solutions to be packed tightly,
meaning the product could not move around in the package. Some solutions, such as trays
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in flow packs, were found to be intermediate (3%), i.e., between packed tightly and loosely.
About one-fifth were packed loosely (18%).

The packages in the sample showed a variety of labels. Most of them related to
the products, fewer to the packaging. One could find regional labels referring to local
production, local certification schemes, as well as international certification standards
commonly applied in the food production industry. Labels referring to certain ingredients,
giving information about the cultivation or production of mostly cocoa, were frequently
present. Labels relating to the packaging solution, e.g., the composition of the used materials
and, less often, information about certified production standards in fiber-based solutions
(paper, cardboard), for example, were found less often. Only one packaging solution in the
22 samples including paper carried a label related to agroforestry certification. Independent
of the communicated material, the use of arrows arranged in a triangle or circle, with
and without recycling code/number and the Green Dot, indicating collection or recycling
context (76%), were found as well. Although symbols with recycling context/logos could
help with correct post-use treatment by consumers, 39 of the collected packages did not
contain the recycling code/number or a triangle/circle with arrows or the Green Dot on
the outer packaging.

Surprisingly, text-based information referring to packaging was also quite rare
(19 samples). Even though it is an all-purpose cue, text related to the packaging solu-
tion appeared on very few packages, stating, i.e., that the packaging solution is recyclable
or that it is important to separate waste. On some packaging solutions one could find
specific collection systems mentioned, i.e., for specific regions. Partly, the text-based infor-
mation was available in combination or within a symbol, for example, stating in words
which container to use for collection. These cases are reflected in the text-based share, not
in the percentage of labels. More often, one could find, next to legally required labeling,
information about the production, the ingredients and flavors, promotions or, for example,
the brand values. As for the packaging solutions, the production or supplying company
was communicated, but with logos rather than text. This was also the case for materials
communicated as certified for food contact (FCM, fork, and glass). Moreover, none of the
packages claimed to be bio-plastic/bio-based or of an environmentally friendly origin.

In terms of design, a total of 49 (30%) packages applied green as one of three main
(most dominant) colors in the font of the brand name or the background color. If no
brand name was found on the front of the pack, the product name was taken instead.
Counting packages that were coded as being solely green, merely 7 (4%) of the wafers
were found to have such a packaging design. Addressing images and pictures, one could
find a multitude of different designs in backgrounds, brands, and product names on the
wafer packages. Many of these images and pictures were, however, not found to be nature
related (i.e., buildings, people, furniture, kitchen appliances, etc.) or, secondly, found to
directly present the specific products (i.e., wafers), represent related processed ingredients
(i.e., cocoa powder, chocolate, milk, cream, flour, etc.) and ingredient-related plants (i.e.,
hazelnuts, leaves of hazelnut trees, cocoa beans, cocoa plants, leaves of cocoa plants, vanilla
blossom, ears of wheat, etc.). One could also find images and pictures of animals, but mostly
cartoon style. All other additional images and pictures that were found to be nature-related
(excluding the ones representing ingredients, animals, drop, and petal shapes), were rather
limited and included trees, leaves and flowers, grass, mountains, landscapes, sun, moon,
stars, clouds, etc. Counting only these, 18 (11%) packaging solutions carried one or more of
such images or pictures.

The structural cue “product-to-packaging ratio” (written product weight versus emp-
tied packaging) showed a broad range. The least efficient sample had a ratio of 1.75:1
whereas the most efficient solution had a rounded product-to-packaging ratio of 109:1.
The most efficient solution was one package of 500 g wafers in a 4.6 g transparent flow
pack. The sample’s average product-to-packaging-ratio rounded was 38:1, what was taken
as a benchmark to identify the more efficient ones within the sample. In total, 79 (48%)
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packaging solutions had a higher ratio than this, meaning even higher efficiency, while the
remaining 85 packages were less efficient.

Two other structural cues were investigated—the number of packaging levels (ele-
ments) that have to be opened to access the wafers, and the number of waste pieces of
packaging that accumulate after consumption. Of the purchased products, 21% were multi-
packs with single packaged units (15% with 2–15; 4% with 6–10; and 2% with 11–25 pieces).
However, only 15% of the purchased packages counted as having at least two levels to
open. The difference between these two shares results from multipacks with single units
that were held together by stickers, and therefore not considered as one level to open. The
remaining 85% of packaging solutions required opening only one packaging element to
access the wafers. Some solutions also included tear tapes/strips as well as text and/or
graphic arrows to indicate where best to open the package.

The number of single packs and packaging levels goes hand-in-hand with the number
of waste pieces generated by consuming the products. In 73% of the cases, only one
piece of packaging waste accrued. Clearly, this number is smaller than that of levels to
open, because partly open elements (such as trays) were counted as waste pieces, but not
necessarily ones to open. Furthermore, opening multipacks was calculated as accessing
one unit, which also accounts for the difference between waste pieces and levels to open.
Only 2% of the packaging solutions produced more than 15 pieces of packaging waste;
these cases were very small packages of less than 15 g of product.

3.2. Heatmap Based on the Attribute–Cue Matrix

Analyzing the wafer packaging data through the attribute–cue matrix yields the heatmap
shown in Figure 2. Attribute–cue combinations that are not applicable appear as dashed cells,
while practically applicable combinations not used appear in white. Of the 49 practically
applicable attribute–cue combinations, only 12 (24%) were used by at least one product. Only
four cues were hot (red ≥ 50%), with two cues lukewarm (orange ≥ 20%).

Figure 2. Heatmap of environmentally friendly cues that were utilized. Abbreviation: P2P ratio
(product-to-packaging ratio).

Traveling left to right in Figure 2, along the consumer journey, “color” was partially
(≥20%) used, so it shows up orange. Labels were used more often, but primarily to indicate
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post-use: 76% of sampled packages carried labels relating to sorting or recyclability, reflect-
ing recycling codes/numbers and the Green Dot. Images and pictures that communicate
naturalness without any link to a specific stage in the packaging life were sufficiently
present to move this cue from cold to cool, but still yellow in Figure 2.

Moving to the physical experience of the packaging, coarse and matte packaging
textures, evoking a sense of naturalness, appeared as a cue with the same frequency
category as images and pictures, leading to a similar yellow coding. The second sensory
cue, “tightly packed”, was a hot signal for two different attributes (“less packaging” and
“space-saving”). Text as an informational cue was used sparingly, leading also to its
yellow coding.

Moving to the consumption phase, shown in the leftmost columns in Figure 2, more
structural cues appear than in the other phases. This leads to more and hotter fields. A
low number of packaging levels were used by around 85% of the packages. An optimized
product-to-packaging ratio was found in more than 48% of the samples (the more efficient
ones above average), producing the two orange fields and reflecting less packaging use in
production and transportation.

The last structural cue along the consumer journey as well as the packaging’s life cycle
stage, is given by accumulated waste pieces after consumption. This cue led to a hot field,
as 73% of the packaging solutions only generated one piece of packaging waste.

Other cues were either not used or limited to a fraction of the products in the sample.

4. Discussion and Conclusions

This study developed a tool, the attribute–cue matrix, for analyzing the effectiveness of
packaging solutions in communicating their environmental credentials to decision-making
consumers. Only when consumers can recognize environmentally friendly packaging
options will they be able to choose them. Without that demand-side perspective, even the
best packaging solutions can go for naught.

We demonstrated the matrix through a field study of the wafer market in nine Euro-
pean countries—Austria, Denmark, Finland, Greece, Hungary, Poland, Portugal, Slovakia,
and Turkey. While the matrix provides a powerful and versatile heuristic for academics,
marketing managers, and policymakers, the results of the field study, based on 164 wafer
packages, highlight more current topics relevant to communication and environmental
specialists. The results show that even in the ever-popular wafer market, the supply side
rarely communicates the potentially perceivable environmental attributes of its packaging
solutions, compared to what would be possible.

These results are surprising, since environmentally friendly packaging is at the fore-
front of both academic and applied research. That it is not (yet) observable at the point-of-
sale is thought-provoking, since here consumer perception of environmental friendliness
and not the objective facts enter into a purchasing decision [69]. Our results are particu-
larly sad given the gap between consumer perception of environmental friendliness and
objective assessments of the life-cycle costs of a package [20,70]. This gap could narrow
were effective guidance by unmistakable on-pack communication available to support
pro-environmental product choices. That it is not in a popular mass market is puzzling.

In the next section we consider potential reasons for the puzzle. We then consider
implications for companies and policymakers before outlining avenues for future research.

4.1. Potential Reasons for (Not) Communicating the Environmental Friendliness of
Packaging Solutions

The first potential reason behind non-communicating lies in the properties of the
product and the practical requirements of its packaging. Wafers are susceptible to water
uptake (e.g., loss of crispness), are sensitive to oxidation (e.g., rancidity, unwanted color,
and/or taste changes), can take up flavors and suffer structural damage [71–73] while
having low water activity and therefore low susceptibility to the growth of pathogenic
microorganisms. To extend the shelf life and the overall acceptability of wafers, producers
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opt for packaging solutions with high barriers against moisture, oxygen, light, and flavor
loss. In many cases, it is difficult to meet all the packaging design requirements using a
single material, so producers frequently opt for multilayer flexible food packaging solutions.
These are built up of different materials that combine to meet functional requirements
for i.e., resealability, barrier protection, strength, and lightweight, along with economic
requirements for cost efficiency [74]. The latter also dictates minimal use of materials and
often a reduced carbon footprint, both of which are environmental benefits. However, these
materials show poor recyclability, a disadvantage heavily discussed as a trade-off among
scientists and the public [62]. Therefore, even if a packaging solution is environmentally
optimal for the product category, that fact is not easy to communicate.

The second potential reason for the dearth of effective on-pack communication can be
found in the role the product plays for consumers and the context in which wafers are con-
sumed. The consumption of confectionary products is often driven by hedonic motives [75],
and it still relies on classic impulse triggers. Being reminded of one’s responsibility for the
waste generated by the package, being beleaguered by details on the environmental impact
of the packaging could have a sobering effect on a consumer, perhaps prompting second
thoughts that would undermine the sale.

The contradiction between hedonic motives and moral choices is well-known in the
literature [76] and most probably not from a perspective appealing to manufacturers of
confectionaries. Manufacturers may not want to suppress hedonic impulses with environ-
mental friendly packaging claims or to place moral principles over pleasure [76], because
sustainability-linked attributes can affect hedonic properties negatively [77]. However, it
is also possible for consumers to derive pleasure from doing something positive for the
planet (see the concepts of ‘alternative hedonism’ [78,79] or ‘warm glow’ [71]), but this
concept is probably difficult (though not impossible) to apply to environmentally friendly
packaging of confectionaries. Still, despite extensive academic discourse on the dichotomy
between hedonism and morality in consumption practices, we do not know what role
these concerns played in the decisions made by the companies. How companies go about
meeting both business and ethical obligations becomes a question for further research.

A third way to look at (the lack of) manufacturers’ on-pack communication strategies
is through the model of ecological responsiveness [80], which names three motives for
companies to behave pro-environmentally: to improve competitiveness, to create legitima-
tion, and to fulfill a sense of responsibility to the earth. All three goals can be advanced
by environmentally friendly packaging, a straightforward example being the competitive
edge gained by saving resources and waste and streamlining logistics [81,82]. However,
the development of such packaging entails high production costs, slow time-to-market,
technical difficulties, and complex cross-team alignments [14]. Many times, companies lack
the business expertise or long-term planning horizon needed to pursue eco-friendly packag-
ing [21]. This is especially true in a product category not under criticism. As it is, businesses
are often compelled by law to adopt environmentally friendly packaging initiatives (the
legitimation motive) [14,25], but maybe not yet pressing over all product categories.

The fourth potential reason behind scarce on-pack communication is the novelty of
the topic. Communicating the environmental friendliness of packaging is just beginning,
especially when compared to product related on-pack information (e.g., organic labels or
health claims), which have been hotly debated for decades and have evolved from the
nonregulatory action policy of a few selected companies to a heavily regulated area [83].

4.2. Implications for Companies and Policymakers

How can scholars, managers, and policymakers use our research and what can be
gained from it? This section advances implications aimed at addressing the key issues in
relation to environmental packaging management, to stimulate greater attention to this
important topic and to expand the scope of discussion.

The tool we have demonstrated provides guidance to companies considering environ-
mentally friendly packaging communication. The attribute–cue matrix summarizes and
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visualizes the attribute–cue combinations that manufacturers may use. The matrix can help
evaluate the status quo, compare competitive offerings, analyze potential communication
directions, and improve existing packaging solutions.

Furthermore, the matrix can be used to improve packaging design: both communica-
tion changes and structural design changes can emerge from applying it. While considering
packaging redesign, companies need to consider questions such as: How are consumers
making sense of the current on-pack communication? Do they want to make a well-founded
choice decision prioritizing certain eco-friendly attributes over others? How do consumers
make sure that they recognize these attributes from the cues on the packaging across prod-
ucts from different manufacturers? And how can consumer perceptions be aligned with
objective environmental impact?

Besides that, our results also indicate that both direct on-pack and implicit com-
munication should be used more often to inform consumers and allow them to choose
environmentally friendlier packaging solutions. Companies can use the matrix to identify
better ways to provide this information [70] and explicitly signal the package attributes that
qualify as environmentally friendly—especially compared to competitors. Using multiple
signals of environmental friendliness is supported by cue congruence theory.

This study also provides guidance to policymakers. Our results show that with absent
regulation, packaging communications can run the gamut, presenting the consumer with
a cacophony of different messages from different producers, each highlighting different
attributes with different cues. This more often creates misunderstanding and confusion for
the consumer than providing real help in making pro-environmental purchase decisions.
As in other markets for eco-friendly products, such as the markets for green electricity or for
eco-friendly food, there is a potential positive role for a standardized, easy-to-understand
information system, possibly administered by the state. However, the agonizing discourse
and stubborn resistance from manufacturers over the nutriscore front-of-pack labeling [84]
of food in Germany, France, and other countries [85–88] shows how difficult it is for
policymakers to establish such a system. However, with sustainability-related credence
attributes gaining more and more importance and consumers being less and less able to
judge products with their five senses, accurate and informative labeling becomes a key task
for third party actors such as industry associations or the state.

Both policymakers and manufacturers should consider the lack of communication
about the end of life of packages. Not only is there almost no on-pack information to
help consumers dispose of the package, but even if there were, the collection system in
Europe varies from country-to-country and in some countries by region. Perceivable cues
on products sold in multiple European countries would have to include regional labeling,
which simply is not feasible. Therefore, it appears that action is still needed to reach
the recyclability goals of the European Plastic Strategy by 2030 [89] and to ensure that
improvements align with the overall goal of sustainability.

4.3. Avenues for Further Research and Limitations

This study is not without limitations and our work hints at multiple avenues for
future research. First, we demonstrate a versatile and powerful tool, but do so considering
only packaging from one product category in nine countries. Undoubtedly, a larger and
more heterogeneous sample would provide a richer understanding of current on-pack
communications and might even expand the tool, as applied packaging solutions could
differ from the ones found in the category of confectionary products. The validation
or further development of the matrix with different sample sets would be beneficial to
check for differences across product groups. Therefore, we recommend the attribute–
cue matrix be used in the analysis of packaging strategies across product categories and
markets, where large differences can be expected due to different consumption factors or
packaging solutions.

Second, it would be helpful to understand why companies design packaging solutions
the way they do and why they do (not) communicate the way we might think they should.
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Do restrictions stemming from technical properties of packaging material and machinery
as well as requirements of packaged products largely govern packaging solutions? How
do companies position the environmental friendliness of packaging solutions in their
marketing strategies? Which stakeholders inside and outside the company are involved in
packaging design decisions? How do companies see their potential customers and how do
they think customers factor environmental issues of packaging into their buying decisions?
These questions call for a qualitative study of decision-making processes involved in
packaging design in companies.

Third, let us turn from the supply side to the demand side. Largely absent from the
literature are comparative studies of consumer preferences for environmentally friendly
packaging across product categories. Do consumers have different preferences regarding
pro-environmental attributes of packaging and are they receptive in different ways to cues
communicating these attributes depending on the product category and the consumption
context? The discourse on the relationship between hedonism and sustainable consumption
suggests that environmental impact may be less of a concern for consumers when the
product and its consumption are embedded in hedonism.

Another question is which cues are especially credible and effective in communicating
pro-environmental attributes. We hypothesize that some attributes would best be communi-
cated by text, others best by nontextual cues. Lastly, it would be helpful to understand how
consumers examine a package to determine its environmental friendliness. Observations
and eye tracking could be suitable methods to explore this.

Answering these questions would help companies better understand how they can
build pro-environmental considerations into their packaging strategies and how they might
better help consumers make sound pro-environmental choices. Pursuing these questions
would also help policymakers understand where consumer preferences, even if understood
well by companies, cannot drive improvements in the overall sustainability of packaging
solutions and where, therefore, a positive role for regulation may exist.
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Appendix A

Table A1. Examples of coding rules for the analysis.

Cue Coding Rule: Coded as Signaling
Environmental Friendliness if . . . Example

Color Packaging was any shade of green

Label Recycling code and/or symbol and/or green dot
was present

Image/picture

Nature-related images were present. We
excluded any nature-related pictures or graphics
that had a direct link to the product and its
ingredients, e.g., a cocoa tree

Haptics/texture Material was coarse or matte

Tightly packed Product was tightly packed
(minimum headspace)

Text

Information on environmental attributes of the
packaging was present, e.g., general ecological
benefits, appeals for waste treatment or
reduction in greenhouse gas emissions
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Table A1. Cont.

Cue Coding Rule: Coded as Signaling
Environmental Friendliness if . . . Example

Weight of the product relative to
packaging weight High product-to-packaging ratio

Number of packaging levels No more than one level to open

Number of packaging
waste pieces Only one waste piece
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Appendix B

Figure A1. Pictures of all collected packages.
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Abstract: The usefulness of food packaging is often questioned in the public debate about (ecological)
sustainability. While worldwide packaging-related CO2 emissions are accountable for approximately
5% of emissions, specific packaging solutions can reach significantly higher values depending on
use case and product group. Unlike other groups, greenhouse gas (GHG) emissions and life cycle
assessment (LCA) of cereal and confectionary products have not been the focus of comprehensive
reviews so far. Consequently, the present review first contextualizes packaging, sustainability and
related LCA methods and then depicts how cereal and confectionary packaging has been presented
in different LCA studies. The results reveal that only a few studies sufficiently include (primary,
secondary and tertiary) packaging in LCAs and when they do, the focus is mainly on the direct
(e.g., material used) rather than indirect environmental impacts (e.g., food losses and waste) of the
like. In addition, it is shown that the packaging of cereals and confectionary contributes on average
9.18% to GHG emissions of the entire food packaging system. Finally, recommendations on how to
improve packaging sustainability, how to better include packaging in LCAs and how to reflect this in
management-related activities are displayed.

Keywords: food; packaging; cereals; confectionary; snacks; life cycle assessment; LCA; environmental
impact; CO2 footprint; food losses and food waste

1. Introduction

The sustainability of food and, in particular, its packaging continues to be at the center
of public and political debate. In order to make objective and knowledge-based decisions, it
is of utmost importance to understand the requirements of a food product on its packaging
on the one hand and to be able to select the optimal packaging solution for the respective
purpose on the other hand. While the former has already been covered in the review
paper “Cereal and Confectionary Packaging: Background, Application and Shelf-Life
Extension” [1], the present review aims to address the important issue of sustainability and
assessment thereof.
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Recently, it has been shown and further substantiated by Crippa et al. that food
systems are accountable for a major share, namely 34%, of global anthropogenic green-
house gas (GHG) emissions (data representing 2015). The authors also showed that this
percentage predominantly originates from agriculture and land-use and land-use change
activities (71%). The remaining fraction (29%) represents activities along the food supply
chain such as processing, distribution (e.g., packaging, retail, transport), consumption and
corresponding end-of-life scenarios. Being of increased importance and use, packaging
resulted in a 5.4% share, which was calculated considering relevant materials and industries
(e.g., pulp and paper, aluminum, metal, glass). This value is slightly above the shares for
transportation (4.8%) and the cold chain (5%) [2].

The seemingly relatively small contribution of packaging to total GHG emissions in
relation to food products against the background of current discussions about packaging
and sustainability has also been shown by Poore and Nemecek [3]. The authors likewise
calculated a 5% share of packaging but also showed that the results for product groups
differed greatly from one another. For instance, alcoholic beverages, such as beer and wine,
exhibited packaging-related emissions of around 40% (with glass packaging as the main
driving impact factor), while fruit and vegetables showed packaging-related emissions of
around 10 to 20% [3]. This difference in the impact ratio between packaging and food for
different products has also been shown by other authors and studies [4–7]. For example,
Verghese et al. stated that packaging of meat, fish and eggs accounts for 2% of GHG
emissions, while packaging for dairy as well as fruits, vegetables and nuts account for
10 and 12%, respectively [6]. Heller et al. underlined this by visualizing that resource-
and emission-intensive food products, such as meat or milk, tend to have a high food-to-
packaging ratio, while less resource- and emission-intensive food products, such as leafy
greens, show a small ratio [7].

Especially for food products with a (very) high impact, these results point out the
importance of the protective function of packaging [6–10]. Optimizing and sometimes
increasing packaging can reduce food losses and waste along the food supply chain while
at the same time reducing the overall environmental impact [11]. For food products with
a low impact, on the other hand, more precise consideration must be given to which
packaging (e.g., material) should be used and which trade-offs must be considered [10–14].
Therefore, the sustainability (including ecological, economic and social dimensions) of
product packaging systems is the subject of current research and finds more and more
attention in policies and legislation [15–17].

Due to the great importance of high-impact foods (e.g., products of animal origin
such as meat and milk [18]) and foods with high food losses and waste (e.g., fruits and
vegetables), publications on these topics are a priority in the scientific literature. This
is reflected by different studies and reviews [3,18–22]. However, to the author’s best
knowledge, no comprehensive work taking into account the important group of cereal and
confectionary products [23–25], their packaging and related GHG emissions exists. This
shortcoming is also underlined by different authors [26–32]. Against this background, the
aim of the present review is to:

• Contextualize packaging and sustainability as well as sustainability assessment methods;
• Display and discuss how and to what extent food packaging is included in existing

life cycle assessments (LCAs) in the cereals and confectionary sector;
• Point out the environmental impact of cereal and confectionary packaging in relation

to the food product with a special focus on GHG emissions;
• Highlight improvement strategies to optimize (cereal and confectionary) packaging

systems as well as LCA of the same.

This provides a valuable basis for decision makers as well as practitioners in research,
development and innovation to take further steps towards sustainable food packaging.
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2. Packaging and Sustainability
2.1. Sustainable Packaging
2.1.1. Definition

Despite its common usage, the term “sustainable packaging” is defined and utilized
in different ways by various stakeholders along the food supply chain and beyond [33].
Accordingly, several approaches, frameworks and methodologies with differing foci, prin-
ciples, criteria and connected indicators can be found in the relevant literature [34]. These,
amongst others, encompass legal texts on packaging and packaging waste [35,36], guide-
lines for producers and retail focusing on specific topics such as design for recycling [37–41],
as well as more holistic packaging sustainability frameworks [42–45].

A condensed but comprehensive framework is that of the Sustainable Packaging
Alliance (Australia) [42]. This so-called Packaging Sustainability Framework defines a total
of four principles, namely that sustainable packaging must be (i) effective, (ii) efficient,
(iii) cyclic and (iv) safe. In this context, “effective” means that the respective packaging is fit
for purpose and fulfils its essential functions (e.g., containment, protection, communication,
convenience [46–48]) with as little effort as possible. “Efficient”, on the other hand, refers
to packaging that minimizes resource consumption (e.g., materials) as well as emissions
(e.g., CO2) along its life cycle and “cyclic” emphasizes that it is necessary to keep resources
in the biological (e.g., bio-based or biodegradable materials) or technical (e.g., recycling,
use of recycled materials) cycle. Furthermore, “safe” focuses on packaging that does not
pose a risk to people (e.g., migration of harmful substances from the packaging material to
the food product) or the environment (e.g., pollution) along its life cycle [42,43,45,49].

It is important to point out that the above four principles are closely interrelated and
that (increased) efforts in one area can lead to positive or negative changes in another [43].
The latter case and corresponding trade-offs are represented, for example, by the use of
multilayer flexible food packaging. While this often offers a high level of product protection
(e.g., barrier) with low material input and correspondingly low emissions (e.g., CO2), the
combination of different materials (e.g., different plastics, aluminium, paper) makes it
difficult to recycle them [50]. Another possible trade-off is the reduction or minimization of
packaging. While this is desirable in principle, underpackaging can lead to undermining
the effectiveness of a packaging system, resulting in increased food losses and/or waste
and corresponding environmental impacts. Overpackaging, on the other hand, also leads
to elevated environmental impacts due to the excess material used [43].

2.1.2. Development

Taking this into account, finding the optimum point (as little as possible, as much as
necessary) with balancing the above-mentioned principles is of the utmost interest in a
packaging (re)-design process. Since “THE” sustainable packaging is not a specific, existing
product that can be applied to any given (food) product, but rather a system that must be
constantly adapted to the changing needs of, for example, the (food) product, the value
chain, consumers and legal requirements, the resulting “sustainable” packaging solutions
can be as diverse as the initial factors [43].

Consequently, developing a successful packaging solution not only at the primary but
also at the secondary and tertiary packaging level [51] is a complex and critical undertaking
that requires dedication, investment and, most importantly, a holistic and collaborative
approach [43,48,52]. While holistic refers to life cycle thinking and assessment, collaborative
refers to pro-active and dedicated action of not only single actors but connected and
communicating companies, supply chains, science and research as well as stakeholders
such as governments or consumers. This allows the development of (eco)efficient and
effective solutions that enable the transition from a linear to a circular economy and show
benefits in multiple dimensions (ecologic, economic, social) [43,52–56].

To evaluate or compare different developed packaging solutions with regard to eco-
logical, economic and social aspects, different criteria, indicators, metrics and evaluation
methods can be used. While economic and social effects can be assessed using, for instance,
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Life Cycle Costing (LCC) [57–61] and Social Life Cycle Assessment [62–65], ecological
effects are usually assessed using a (full) Life Cycle Assessment (LCA) ([66–69], simplified
(or streamlined) LCA, non-LCA tools or scorecards (see also Figure 1) [70–72].
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2.1.3. Challenges

Sustainable packaging development frequently involves high production costs, long
development time and technical difficulties [43,54]. Therefore, many sustainable pack-
aging solutions are not implemented without significant sales increase or cost reduction.
Findings also show that sustainable packaging ambitions often stay on the firm’s strategic
level because companies might prioritize a product’s market potential and a limitation of
commercial risks over sustainability considerations on an operational level. As a result,
sustainable advances in packaging development frequently remain limited [73].

Companies’ sustainability commitment is also reduced if such packaging solutions’
commercial success is questionable or if it does not positively influence consumer be-
havior [53]. Unfortunately, from the consumer perspective, sustainable packaging does
not always refer to a truly sustainable solution but to a specific design, which evokes
explicitly or implicitly the perception of sustainability via its structure and its visual and
informational cues [74,75]. Moreover, consumer perception of sustainable packaging is
controversial: some consumers have a generally positive attitude toward sustainable pack-
aging [76,77], and others regard such packaging as an environmental villain due to the
way the media have recently communicated about packages. However, in general, they
have limited awareness, recognition and knowledge of the different sustainable functions
(such as labels, materials, disposal processes, and manufacturing technologies) of such
packaging solutions [78–80] and often focus their environmental concerns solely on the
packaging’s end-of-life [56]. They also associate sustainable packages with certain risks
(lower perceived quality, lower functionality, less attractiveness, perceived contamination),
which leads to lower perceived functionality and lower willingness to purchase [76,81].
Consumers can also be easily deceived by packaging communication [82], and some even
perceive sustainable claims as greenwashing, especially when these claims are not in line
with their subjective sustainable packaging expectations [80,83]. It is, therefore, impor-
tant to study and include consumer insights in sustainability packaging analysis and also
include other necessary steps to avoid failures [43].

126



Foods 2022, 11, 1347

2.2. Life Cycle Assessment

One of the first LCAs focusing on food packaging was initiated by the Midwest
Research Institute (MRI) for the Coca-Cola Company in 1969 [70,84–86]. In 1974, the same
institute conducted a follow up of this study for the United States Environmental Protection
Agency [87]. Similarly, Unilever has performed several LCA studies for various product
groups such as margarine and ice cream in the late 1980s. Since then, and in the context of
the need for more sustainable products and processes, numerous further studies have been
conducted in this research field [85–95]. Building on this, LCA has also increasingly found
its way into more than just industrial decision-making [96]. For instance, a comparative
LCA study on different beverage packaging formed the basis of the political decision of the
German Federal Ministry for the Environment with regard to the German deposit system
on disposable packaging (single-use deposit) in the early 2000s. However, since conditions
(e.g., legal framework, economy, inventory data) are not static but constantly adapting, the
study was repeated recently and is again influencing policy-making [97,98]. Being just one
example, it is expected that LCA will be more and more applied to improve policy- and
decision-making in the future (e.g., waste management policies) since it offers transparent
and valuable information about the actual sustainability of a product or process. However,
a sound methodology and expert knowledge in conducting such analyses is a prerequisite
to achieving meaningful output [99–101].

A full LCA should consider the following life cycle stages: raw material extraction
and preprocessing (cradle), transportation of processed materials to the manufacturing site,
production of components, assembly of the system, transportation to market (gate), use
phase and end-of-life with transportations of the used equipment to the intended waste
treatment plant, e.g., landfill (grave) or recycling/material recovery (back to cradle). An
LCA study can be: (i) partial, referring to some phases of the product’s lifecycle, i.e., cradle-
to-gate, (ii) semi-complete, including landfilling or partial recycling, i.e., cradle-to-grave
or (iii) complete, employing all life time phases and including material upscaling aspects
as described in the circular economy principles, i.e., cradle-to-cradle [34]. The Product
Environmental Footprint (PEF) is a multi-criteria method for modelling the potential
environmental performance of a product, and it can easily be inferred through the LCA
results, especially in cradle-grave or cradle-cradle approaches [102,103].

According to the guidance provided by the International Standardization Organization
(ISO) in ISO 14040 and ISO 14044, an LCA study is generally carried out by iterating
four distinct phases [66,67]:

In the first step, i.e., Goal and Scope, the objectives of the study are defined to clarify
the intended application and the reasons for the study, including the target audience.
Scope, on the other hand, describes the product system, as well as the functional unit
(FU) and the system’s boundaries. The selection of the FU is a basis for comparing similar
products. Thus, a typical FU relates to the overall product function rather than focusing
on a particular physical property, while it is normally time-bounded and can correlate the
expected duration of use and desired quality under certain circumstances. The meaningful
selection and definition of system boundaries is a crucial task as it determines the overall
type of the LCA, i.e., whether it is a cradle-to-gate, a cradle-to-grave or a cradle-to-cradle
approach [104].

During the second step, i.e., Life Cycle Inventory analysis (LCI), a comprehensive
inventory of energy, materials and environmental inputs-outputs is created, identifying
and quantifying all related data at every stage of the life cycle. The collection of data and
determination of total emissions and resource use take place alongside a detailed definition
of entailed production processes. All collected data are scaled based on the preset functional
unit for the studied system. Lack of data availability and quality is a typical drawback
and can usually refer to studies related to non-standardized procedures. Other inhibiting
factors are geographic variations regarding the quality of raw materials and energy sources,
production methods and relevant environmental impacts [105].
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The next and third step, i.e., Life Cycle Impact Assessment (LCIA), is the phase of an
LCA with particular respect to sustainability assessment. During the impact assessment,
the potential environmental impacts associated with identified inputs and outputs are
categorized into different categories. During LCIA, emissions and resource extractions are
translated into a limited number of environmental impact scores by means of so-called
characterization factors. There are two mainstream ways to derive these factors, i.e., at the
midpoint and at the endpoint level. Midpoint indicators focus on single environmental
problems, for example, climate change or acidification, while endpoint indicators present
environmental impacts on three higher aggregation levels, i.e., (i) effect on human health,
(ii) biodiversity and (iii) resource scarcity [106].

In the fourth step, i.e., Interpretation, the results of the inventory analysis and the
impact assessment are interpreted and combined in order to make a more informed decision.
During this phase, a comparison of the results with previous studies is made in order to
determine whether they are aligned with the literature. Furthermore, a sensitivity analysis
can be performed to validate the consistency of the findings. ISO standards provide a
general framework of an iterative nature. Thus, if the outcomes of the impact assessment
are incomplete for drawing conclusions, then the previous LCA steps must be repeated
until the final results support the initial goals of the study [107].

As LCA is by default a holistic method that accounts for multiple environmental
impact categories, carbon footprint analysis evaluates the GHG emissions generated by
a product, activity, or process that contributes to global warming, and it is a subset of a
complete LCA. Thus, it is always based on international standards such as ISO 14040/14044,
ISO 14067, PAS 2050, and the GHG Product Life Cycle Standard [66,67,108,109].

One important aspect of applying LCA in food packaging is to quantify the inherent
direct and indirect effects in order to assess the environmental sustainability of the sector.
Direct effects of packaging include impacts from the production and end-of-life of the
related materials. Additionally, indirect effects derive from life cycle losses and waste that
occur in different phases of the food supply chain [110].

3. Sustainability of Cereal and Confectionary Packaging
3.1. Literature Analysis

To display and discuss how and to which extent packaging is present in existing LCA
studies in the cereal and confectionary sector and to point out the environmental impact
(focus on GHG emissions) of the packaging in relation to the respective food product, a
literature search in different databases was conducted, similar to Molina-Besch et al. [111].
Firstly, and for the identification of relevant LCA studies, the keywords “Life Cycle Assess-
ment” and “Carbon Footprint” were used. Secondly, to identify relevant food products,
keywords given in the guidance document in Part E of Annex II of the regulation (EC) No
1333/2008 on food additives were used. (Sub)categories considered were: confectionary
products (cocoa and chocolate products, other confectionaries including breath-freshening
micro-sweets), cereals and cereal products (whole, broken or flaked grain, flours and other
milled products, breakfast cereals, pasta, noodles, batters, pre-cooked or processed cereals),
bakery wares (bread and rolls, fine bakery wares) as well as ready-to-eat savories and
snacks (potato-, cereal-, flour- or starch-based snacks, processed nuts) [112]. The first
keywords were combined with “or”. The second keywords were individually added using
“and”. Articles written in English and published since 2009 were considered for review. Of
these, relevant studies including food, packaging and related LCA results were analyzed in
detail. Where results (on packaging) were included in graphics (e.g., bar chart) but not in
numeric form, the online tool Web-Plot Digitizer was used to extract the data [113]. Further,
for each study, the percentage of packaging-related GHG emissions was taken from the
results or extracted (calculated) where necessary.

Based on the available data set, commonalities and differences between the studies
were investigated in a multi-step approach based on ISO 14040 and 14044: (i) goal and scope,
(ii) life cycle inventory, (iii) life cycle impact assessment and (iv) interpretation [66,67]. This
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stands in contrast to Molina-Besch et al., who focused primarily on (i) and (iv) [111]. Since
the present review not only aims to highlight how packaging is included in the studies but
also to point out improvement opportunities for packaging and assessment, the authors
also focused on LCA methodology, represented by (ii) and (iii).

As it is well known that the direct comparison of results from different LCA stud-
ies (e.g., due to different goals and scope, data used, cut-offs) is difficult [111,114,115],
the present study aims at rather comparing approaches, magnitudes and ranges than
exact values.

3.2. Results
3.2.1. Goal and Scope
Focus

In total, 28 LCA studies covering 108 products in the categories of confectionary,
cereals and cereal products, bakery wares and ready-to-eat savories and snacks fulfilled the
above-given criteria (see also Table 1). Within these studies, products from the confectionary
category (total 42%) and especially the sub-category of cocoa and chocolate products were
assessed most frequently (38%). On the contrary, the sub-category of other confectionaries,
including breath-freshening micro-sweets, only resulted in a low number of entries (4%).
Products covered were, for example, jelly and foam sweets as well as sugar and milk-
based confectionary. This focus on cocoa and chocolate products may be due to the high
economic relevance of cocoa [23,24] and is well in line with, for example, the findings of
Miah et al. [26], who stated that diverse confectionary products are underrepresented in
LCA studies and that chocolate products dominate the literature body.

Table 1. Reviewed cereal and confectionary life cycle assessment (LCA) studies (n = 28).

Category Sub-Category

LCAs *
n = 28

Products
n = 108 Greenhouse Gas Emissions

n % n %

Food-
Packaging

System
[kg CO2eq]

Packaging
[kg CO2eq]

Packaging
(%)

Confectionary

Cocoa and chocolate products 9 32 41 38 3.28 0.25 9.86

Other confectionary including
breath-freshening micro-sweets 2 7 4 4 2.80 0.16 4.68

Cereals and
cereal products

Whole, broken or flaked grain 2 7 9 8 12.53 0.14 1.25

Flours and other milled products
and starches 2 7 3 3 0.65 0.04 5.30

Breakfast cereals 2 7 4 4 0.87 0.15 19.68

Pasta 4 14 10 9 1.33 0.10 7.24

Bakery wares
Bread and rolls 5 18 20 19 1.03 0.04 4.37

Fine bakery wares 3 11 12 11 1.93 0.04 11.22

Ready-to-eat
savories and

snacks

Potato-, cereal-, flour- or
starch-based snacks 1 4 1 1 0.43 0.04 8.14

Processed nuts 1 4 4 4 1.87 0.33 20.10

Overall (average) 2.67 0.13 9.18

* Some LCA studies covered more than one (sub)category. Therefore, given numbers do not sum up to n = 28 or
100%.

A total of 24% of the products were located in the area of cereal and cereal products.
On the forefront in the sub-category of whole, broken or flaked grain (8%) was rice. For
the sub-category of flours and other milled products and starches (3%), oat, potato and
wheat were represented. Further, the sub-category of breakfast cereals (4%) was covered by
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one known brand’s products as well as porridge. The sub-category of pasta (9%) included
different products made from different raw materials. Interestingly, the category of bakery
wares (30%) showed an elevated number of packaged products in the sub-categories of
bread and rolls (e.g., (sliced) bread) (19%) as well as fine bakery wares (e.g., biscuits,
cakes) (11%).

Last but not least, the category ready-to-eat savories and snacks only displayed one
product example (5%), namely crisps, for the sub-category of potato-, cereal-, flour- or
starch-based snacks (1%) and some examples for the sub-category of processed nuts (e.g.,
pistachio) (4%).

Aim

Analyzing the studies with regard to packaging, it quickly becomes clear that the focus
(overall goal and scope) is mainly on the food products themselves. Molina-Besch et al. [111]
name these types of studies food LCAs, whereas studies with a focus on the impact of the
packaging system are called packaging LCAs. In total, 7 out of 28 studies explicitly men-
tioned packaging in one form or another in their aim. While some studies seem to mention
packaging in passing, others go more into detail. For example, Boakye-Yiadom et al. [116]
mentioned “environmental impacts associated with the production of a packaged choco-
late”, Cimini et al. [117] included “pasta in 0.5 kg polypropylene (PP) bags” in their aim,
and Volpe et al. [118] focused on “bags of” nuts. Büsser and Jungbluth [119], on the other
hand, aimed at analyzing “the environmental performance of packaging with respect to its
function within the life cycle of chocolate” and Espinoza-Orias et al. [120] included “ . . . the
influence on the carbon footprint of several parameters . . . including . . . type of packaging
(plastic and paper bags) . . . ”. Further, with an explicit focus not only on the direct but
also indirect effects of packaging, Svanes et al. [121] aimed to “ . . . establish environmental
hotspots; to examine the role of . . . packaging . . . and to identify potential measures to
reduce this wastage”, and Williams and Wikström [11] aimed to “ . . . analyze the potential
of decreasing environmental impact of five food items . . . through the development of
packaging that reduces food losses in the consumer phase”. These studies are, however,
exceptions and mirror the findings of Molina-Besch et al. [111], who likewise, but for a
wider product range, found that packaging is currently insufficiently considered in LCAs.

Functional Unit

The strong focus on the food product itself is also reflected by the functional units given;
slightly more than half of the authors do not even name packaging in this
regard [27,30,118,120–131]. Those who do [11,26,28,29,31,32,116,117,119,132–134] almost
exclusively (with the exception of (Nilsson et al. [132]) give the functional unit as “one
kilogram of product in the respective packaging”. This corresponds to a formulation as
laid down in the Product Category Rules (PCR) rules of the International Environmental
Product Declaration (EPD) system [31,135,136], as well as other sources [104,137].

In this context, EPDs, as such, which are based on LCAs, should also be discussed
in a short excurse. According to the definition of ISO 14025, these are so-called Type III
environmental declarations. Specifically, they are independently verified and registered
documents that make the environmental impact of products transparent and comparable
over their entire life cycle. Type I and II stand for third-party and self-declared eco-labels,
respectively [138,139]. Interestingly, the EPD Library (search criteria: product category
food & beverages; PCR bakery products) already contains more than 100 EPDs [140]. These
are highly relevant for the present review with regard to the categories of cereals and cereal
products as well as bakery wares, but outside the scope (e.g., scientific literature) defined
in chapter 3.1. Moreover, the EPDs are structured very similarly to each other. Accordingly,
these will not be analyzed in detail in the coming chapters but will be used for comparison
and discussion where appropriate.
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System/Scope

While a considerable amount of the studies reviewed followed a cradle-to-gate or a
gate-to-gate approach [116,118,119,122,123,125,127,131–133,141], the majority considered the
product life cycle in a cradle-to-grave approach [11,26–32,117,120,121,124,126,128–130,134].
The latter is a prerequisite for assessing not only the direct environmental effects of packaging
(impacts caused by production and end-of-life) but also the indirect environmental effects of
the same (influence on, e.g., food waste and transport efficiency), a research field gaining more
and more importance due to the high environmental impacts of food systems and the valuable
role of packaging in avoiding or reducing food losses and waste [19,43,111,142,143]. The
packaging-relevant direct and indirect effects in this context are: primary packaging (direct),
secondary and tertiary packaging (direct), transport from producer to retail (indirect), food
waste in transport, distribution and retail (indirect), food transport, storage and preparation
by households (indirect), food waste in households (indirect), packaging end-of-life (direct)
and food waste end-of-life (indirect) [111].

On closer examination of the studies with a cradle-to-grave approach, it becomes
apparent that some did not include all key LCA steps necessary to evaluate the indirect
effects of packaging at the point of sale or consumption. Transport (from producer to
retail as well as to households), however, was covered in almost all the studies in the
form of distance travelled. Factors influenced by the packaging, such as transport ef-
ficiency due to efficient and/or lighter packaging, on the other hand, were not in the
foreground [11,26–32,117,120,121,124,126,128–130,134]. Regarding food losses and waste
during transport, distribution and retail, Miah et al. [26], for example, gave information
on the percentage of waste generated at the different life cycle stages for confectionary.
Likewise, Sieti et al. [130] did the same for breakfast cereals. Cimini et al. [117] even named
package breakage as a reason for waste during distribution. Additionally, Svanes et al. [121]
explicitly calculated the direct and indirect effects of waste at the production, retail and
household level for bread and rolls. Further, information on food waste was included by
Espinoza-Orias et al. [120] for bread and rolls, Konstantas [29] for cakes, Miah et al. [26] for
confectionary, Cimini et al. [117] for pasta and Sieti et al. [130] for breakfast cereals, making
this the most-noticed form of indirect effects. Direct connection to the (packaging-related)
cause was again not in focus. Data were rather derived from reports instead of actual
conducted studies for the respective food product under consideration [120,144].

In the reviewed studies, considerations of end-of-life (e.g., recycling, landfill, incinera-
tion) were varied. Some studies excluded the end-of-life phase altogether [116,122,123,125,
127,128,131,133]. Some cited similar studies that excluded end-of-life due to many different
scenarios that needed to be considered, making it difficult for standardization and compari-
son [116]. The remaining studies included end-of-life in some respect, either as end-of-life
of packed food and/or end-of-life of the actual packaging solutions (often referenced as
simply post-consumer waste, but also as the full packaging system, including primary,
secondary and transport packaging). Though the end-of-life of packaging solutions was not
often regarded as very significant in the results (as compared to other life cycle phases), com-
mendably, some studies took a long and detailed look at the issue [117,120,121,129,130,132].
The inclusion and study of end-of-life scenarios are currently important, as with novel
emerging products and materials, established waste management systems are continuously
presented with new challenges to protect humans and the environment [145].

In terms of system boundaries, the picture is similar for EPDs. In principle, an attempt
is made to cover the entire life cycle in three successive steps, namely upstream (e.g.,
raw material production, packaging and auxiliary material production), core (e.g., food
production) and downstream (e.g., distribution up to shelf, primary packaging end-of-life).
While most EPDs are limited to the named examples (e.g., EPD on crispbread [146]), others
go beyond and include, for instance, domestic food losses or food preparation (e.g., cooking)
(e.g., EPD on pasta [147]).
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3.2.2. Life Cycle Inventory

Table 2 lists the LCA studies reviewed and gives a comprehensive overview of the
product (sub)categories, product names, the given packaging-related information, as well
as the percentage of packaging-related GHG emissions.

Table 2. Reviewed cereal and confectionary life cycle assessment (LCA) studies: information on
packaging and its percentage share of total greenhouse gas (GHG) emissions.

Category Sub-Category Product
Primary

Packaging
Level

Secondary
Packaging

Level

Tertiary
Packaging

Level
GHG [%] Ref.

Confectionery

Cocoa and
chocolate
products

Chocolate-
covered
hazelnut

Modified
atmosphere

in LDPE bag,
label

Box - 17.80
[118]

Chocolate-
covered
almond

Modified
atmosphere

in LDPE bag,
label

Box - 6.00

Dark
chocolate

Aluminum
foil,

cardboard
- - 13.02 [32]

Chocolate
(100%)

Aluminum
foil, paper - - 8.56 [122]

Malty
chocolates (in

bags)

Aluminum
foil

Corrugated
cardboard

boxes

LDPE
stretch-film,

LDPE
consumer

plastic bags

13.00

[28]

Chocolate-
coated
wafers

(contlines)

Aluminum
foil

Corrugated
cardboard

boxes

LDPE
stretch-film,

LDPE
consumer

plastic bags

8.00

Milk
chocolate
(molded)

Aluminum
foil

Corrugated
cardboard

boxes

LDPE
stretch-film,

LDPE
consumer

plastic bags

6.00

Milk
chocolate

Aluminum
foil, paper

- -

6.94

[119]

Dark
chocolate 11.90

White
chocolate 6.10

Chocolate
with sultanas 10.42
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Table 2. Cont.

Category Sub-Category Product Primary
Packaging Level

Secondary
Packaging

Level

Tertiary
Packaging

Level
GHG [%] Ref.

Milk chocolate
confectionary Aluminum foil Corrugated

board box

Not
considered

2.27

[26]
Dark chocolate
confectionary

PET tray,
corrugated
cardboard
component

Corrugated
board box 5.18

Milk chocolate
biscuit

confectionary
PP film Corrugated

board box 3.00

Dark chocolate PP

- -

4.71

[129]

Dark chocolate
Aluminum foil,

fiber-based layer
(cardboard)

24.87

Dark chocolate
Aluminum foil,

fiber-based layer
(Kraft paper)

18.82

Milk chocolate PP

- -

2.20

Milk chocolate
Aluminum foil,

fiber-based layer
(cardboard)

11.65

Milk chocolate
Aluminum foil,

fiber-based layer
(Kraft paper)

8.82

White chocolate PP

- -

2.26

White chocolate
Aluminum foil,

fiber-based layer
(cardboard)

11.94

White chocolate
Aluminum foil,

fiber-based layer
(Kraft paper)

9.04

Extra dark
chocolate, 65 g

strip

Paper covered
Aluminum foil,

paper sticker
Paper box Cardboard/

carton box

23.64

[116]

Dark chocolate,
65 g strip 23.35

Milk chocolate,
65 g strip 9.31

Flavored milk
chocolate, 65 g

strip
9.26
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Table 2. Cont.

Category Sub-Category Product
Primary

Packaging
Level

Secondary
Packaging

Level

Tertiary
Packaging

Level
GHG [%] Ref.

Extra dark chocolate,
100 g bar

Aluminum
foil)

Printed paper
wrapper

Cardboard/
carton box

12.12

Dark chocolate,
100 g bar 11.98

Milk chocolate,
100 g bar 4.77

Flavored milk
chocolate, 100 g bar 4.75

Extra dark chocolate,
300 g pouch

Paper
covered

aluminum
foil, paper

sticker

Paper box Cardboard/
carton box

13.94

Dark chocolate,
300 g pouch 13.77

Milk chocolate,
300 g pouch 5.49

Flavored milk
chocolate, 300 g pouch 5.46

Conventional
monoculture chocolate

(min. transport)

Aluminum
foil, paper

- -

8.71

[123]
based on
[32,122]

Conventional
agroforestry chocolate,

(min. transport)
11.84

Organic agroforestry
chocolate, (min.

transport)
13.24

Conventional
monoculture

chocolate, (max.
transport)

5.79

Conventional
agroforestry chocolate,

(max. transport)
7.03

Organic agroforestry
chocolate, (max.

transport)
7.50

Other confec-
tionaries,
including

breath-
freshening

micro-sweets

Jelly sweets PP bags
Not included Not included

8.75
[132]

Foam sweets PP container 1.88

Sugar confectionary Aluminum
foil, paper

Corrugated
board box Not

considered

5.26
[26]

Milk-based
confectionary PP film Corrugated

board box 2.85
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Table 2. Cont.

Category Sub-Category Product
Primary

Packaging
Level

Secondary
Packaging

Level

Tertiary
Packaging

Level

GHG
[%] Ref.

Cereals and
cereal

products

Whole, broken or
flaked grain

Rice (IT) Plastic bag

- -

1,95

[124]

Rice organic (IT) 1.33

Rice (US)

Cardboard box

0.36

Rice parboiled
(US) 0.91

Rice upland
(CH) 1.82

Minimal tillage
white rice

LDPE bags - -

1.46

[125]

Minimal tillage
brown rice 1.82

Organic
cultivation white

rice
0.62

Organic
cultivation
brown rice

1.02

Flours and other
milled products

and starches

Oatmeal
- - -

6.02
[126]

Potato flour 7.69

Wheat flour - - - 2.17
[141]

based on
[148]

Breakfast cereals

Breakfast cereals

Printed board
folding-box,

HDPE
bag/liner

Corrugated-
board box,

HDPE stretch
film/wrap

Corrugated
pallet layer

pads,
Wooden

pallet

15.00 [27]

Dry ready-made
porridge

LDPE bag,
cardboard box
(“bag in box”)

Not
considered

Not
considered

9.93

[130]
Wet ready-made

porridge

Glass jar, cab
(aluminum and

plastics)
38.02

Wet ready-made
porridge
(scenario)

Pouch, cap 15.77

Pasta

Dried short pasta
0.5 kg

Re-closeable
PP bag

Carton,
adhesive

label, scotch
tape

Stretch and
shrink film,
label, EPAL
wood pallet,

different
layers of
cartons

5.90

[117]

Dried long pasta
0.5 kg

Re-closeable
PP bag 3.40

Dried short pasta
0.5 kg

Paperboard
box 13.90

Dried long pasta
0.5 kg

Paperboard
box 9.40

Dried short pasta
3 kg PE bag 8.20
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Table 2. Cont.

Category Sub-Category Product
Primary

Packaging
Level

Secondary
Packaging

Level

Tertiary
Packaging

Level

GHG
[%] Ref.

Dried long pasta
3 kg PE bag 3.10

Pasta Paper
Cardboard

paper, plastic
film

Corrugated
board 1.00 [133]

Pasta (wheat, 0%
straw)

Low-density
PET film,

cardboard
box, printing

Corrugated
board, PP

film
Pallet

10.00

[127]
Pasta (wheat, 80%

straw) 10.20

Pasta (egg) - - Pallet 7.26
[128]

based on
[149]

Bakery wares

Bread and rolls

White bread
(medium slices,

40 g)

PE bag

- -

1.61

[120]

Wholemeal bread
(medium slices,

40 g)
1.73

White bread (thick
slices, 57.5 g) 1.67

Whole meal bread
(thick slices, 57.5 g) 1.80

White bread,
medium slices
(generic study)

2.73

Wholemeal bread,
medium slices
(generic study)

2.91

Brown bread,
medium slices 2.84

White bread, thick
slices (generic

study)
2.86

Wholemeal bread,
thick slices

(generic study)
3.07

Brown bread, thick
slices (generic

study)
2.99

White bread
(medium slices,

40 g)
(generic study)

5.31
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Table 2. Cont.

Category Sub-Category Product
Primary

Packaging
Level

Secondary
Packaging

Level

Tertiary
Packaging

Level
GHG [%] Ref.

Wholemeal
bread

(medium
slices, 40 g)

(generic
study)

Wax coated
paper bag

5.66

Brown bread,
medium

slices
(generic
study)

5.51

White bread
(thick slices,

57.5 g)
(generic
study)

5.56

Whole meal
bread (thick
slices, 57.5 g)

(generic
study)

5.95

Brown bread,
thick slices

(generic
study)

5.80

Bread
(wheat)

Paper bag
(paper and
polylactide)

- - 11.58 [131]

Rye bread LDPE bag,
plastic clip

Returnable
plastic box - 6.10

[134]
based on

[11]

Bread PET and
paper HDPE box

HDPE trolley,
extra

packaging
used by

consumers

7.07 [121]

Bread LDPE bag, PS
clip

Returnable
plastic box - 4.59 [11]

Fine bakery
wares

Biscuits

Tray, wrap,
cardboard

case, plastic
film

- - 17.62 [31]

Crackers PP film

Cardboard
box

LDPE film,
LDPE

shopping bag
7.00

[30]
Low

fat/sugar
biscuits

PP film
LDPE film,

LDPE
shopping bag

6.00
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Table 2. Cont.

Category Sub-Category Product
Primary

Packaging
Level

Secondary
Packaging

Level

Tertiary
Packaging

Level
GHG [%] Ref.

Semi-sweet
biscuits PP film

LDPE film,
LDPE

shopping bag
6.00

Chocolate-
coated
biscuits

PP film
LDPE film,

LDPE
shopping bag

4.00

Sandwich
(Chocolate

cream)
biscuits Metallized

(aluminum)
PP film

Cardboard
box

LDPE film,
LDPE

shopping bag

8.00

Sandwich
(vanilla
cream)
biscuits

7.00

Whole cakes PP, cardboard
folding box Cardboard

LDPE wrap,
consumer
shopping

bags

7.00

Cake slices
Cardboard
folding box,

LDPE
Cardboard

LDPE wrap,
consumer
shopping

bags

19.00

[29]

Apple pie

Cardboard
folding box,

LDPE,
aluminum

foil

Cardboard

LDPE wrap,
consumer
shopping

bags

24.00

Cupcakes
Cardboard
folding box,
LDPE, paper

Cardboard

LDPE wrap,
consumer
shopping

bags

24.00

Cheesecake
PP, cardboard
folding box,

LDPE
Cardboard

LDPE wrap,
consumer
shopping

bags

5.00

Ready-to-eat
savories and

snacks

Potato-, cereal-,
flour- or

starch-based
snacks

Crisps

OPP and
(aluminum)
metallized

OPP

Not included Not included 8.14 [132]

Processed nuts

Pistachio
Modified

atmosphere
in LDPE bag,

label

Box -

12.80

[118]
Almond 12.90

Hazelnut 29.80

Peanut 24.90

Packaging

Focusing solely on packaging, in the category of confectionaries and the sub-category
of cocoa and chocolate products, the primary level of packaging was in most cases alu-
minum foil [26,28,32,116,119,122,123,129] or combinations of aluminum foil with fiber-
based packaging materials like paper [26,116,119,122,123,129] and board [26,32,129]. In
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some packages, additional packaging aids such as paper stickers were used [116], and in-
formation on finishing (e.g., print) [116] was given. Plastic packaging was less prominently
represented. Found examples included chocolate-covered products (nuts) packaged in
labelled plastic (low-density polyethylene (LDPE)) bags containing a modified atmosphere
based on N2 [118], dark chocolate confectionary in a polyethylene terephthalate (PET) tray
including a (corrugated) cardboard component, milk chocolate biscuit confectionary [26], as
well as different chocolates [129] packaged in polypropylene (PP). Regarding the primary
packaging concepts presented, product-typical solutions aimed at maintaining the product
quality were given throughout. For example, the necessary barrier functions against light,
oxygen, water vapor as well as aroma were met in almost all cases. In the cases where
only plastic packaging (e.g., milk chocolate biscuit confectionary [26]; dark chocolate [129])
was mentioned and not further specified if a light barrier [150] in the form of a colored
material or a secondary packaging level made of, e.g., cardboard was present, product
quality and thus shelf-life may be potentially impaired [46]. The secondary packaging level
of other products was exclusively fiber-based packaging, namely (corrugated) cardboard
boxes [26,28,118], paper wrappers or boxes [116].

In the sub-category of other confectionaries, including breath-freshening micro-sweets,
primary packaging concepts were similar to those given above and met product require-
ments which mainly covered protection from moisture uptake or loss [46]. Jelly and foam
sweets [132], as well as milk-based confectionaries, were packaged in PP, while sugar
confectionaries were packaged in aluminum foil and paper [26]. Secondary levels, where
mentioned, were paper [26].

Cereals and cereal products, including the four sub-categories of whole, broken or
flaked grain, flours and other milled products and starches, breakfast cereals as well as pasta,
frequently used [46] plastic [117,124,125] and fiber-based [124,133] primary packaging
concepts or a combination thereof [27,127,128,130]. All packaging concepts given aim
to protect low-moisture or dried products (especially, e.g., breakfast cereals [27]) with
low fat content from mainly water vapor, aroma, mechanical damage or oxidation [47].
In the case of ready-made wet porridge, a glass jar with an aluminum-plastic lid and
alternatively a multilayer pouch with a cap was mentioned [130]. Secondary packaging
levels were not thoroughly described, but if mentioned, they were mainly corrugated
cardboard boxes [27,127,133] or cartons [117]. Additionally, high-density polyethylene
(HDPE) [27], PP [127] or other unspecified plastic films [133] and labels [117] were named.
One study even listed scotch tape used for closing cartons [117].

Comparing this with the EPDs found for this product group, one can see a strong
overlap of packaging concepts. Flours and other milled products, for example, are likewise
packaged in fiber-based solutions (paper bags) [151,152]. Additionally, bulk packaging
(paper sacks, big plastic bags) is mentioned [153]. Breakfast cereals are packaged in plastic
bags in paper box solutions [154], and pasta is packaged in either plastic [155–167], card-
board [156,157,168] or a combination thereof [147,157,158,169,170]. Additional packaging
levels, where given, frequently included cardboard boxes, interlayers, pallets and plastic
(stretch) films [147,154,155,158–162,165–170].

The shelf-life of bakery wares is significantly influenced by water exchange processes
as well as interlinked structural changes, aroma uptake and (microbial) spoilage [46,47].
To limit this and prolong shelf-life, products in the sub-category of bread and rolls were
primarily packaged in polyethylene (PE) bags [120], LDPE bags with (polystyrene (PS))
clips [11,134] or (wax-coated) paper bags [120]. Further, material combinations such as
paper and polylactide (PLA) [131] or paper and PET [121] were used. Secondary packaging
was (HDPE [121]) plastic boxes. In two sequential studies, it was stated that these were
returnable [11,134].

The EPDs belonging to this product category, on the other hand, show only one pack-
aging concept, namely that of a plastic bag with an associated clip. Additional packaging
levels again include cardboard boxes and plastic films [171–183].
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The sub-group of fine bakery wares showed a more diverse and elaborated packaging
spectrum. While primary packaging for some biscuits was solely PP or a metallized PP
film [30], others were packaged in multiple levels [29,31]. The latter may be due to higher
product requirements in terms of quality. For example, cream fillings of biscuits as well
as cakes [29,30] exhibit higher moisture and fat content and thus spoil more easily [46,47].
Additionally, elevated packaging [29,31] may be due to the fact that these products are more
hedonistic than, e.g., cereal products such as breakfast cereals [184]. Secondary packaging
in all given cases was cardboard/cardboard boxes [29,30].

The more diverse and elaborated packaging spectrum is also reflected in the EPDs.
Here, different multilayer materials with or without paper are described. Addition-
ally, different combinations of plastic or paper board trays, films, banderoles and/or
boxes are given. Additional packaging layers are comparable to the above-mentioned
ones [146,185–217].

Last but not least, the category of ready-to-eat savories and snacks, including potato-,
cereal-, flour- or starch-based snacks using the example of crisps, were primarily packaged
in a multilayer film made of oriented polypropylene (OPP) and metallized OPP [132], a
common solution found in this category due to the superior gas and light barrier allowing
stable product quality in terms of, e.g., crispness and lipid oxidation (rancidity) [46,47].
Processed nuts were packaged in LDPE bags with a label. Additionally, a modified atmo-
sphere was applied [118] to protect the oxidation-sensitive products [46,47]. Secondary
packaging (box, unspecified) was only given for the last-mentioned product [118].

Insofar as stated, tertiary packaging of all considered product (sub)categories was
mainly represented by plastic materials such as (LDPE) (stretch-)films [28–30,117] and
shrink-films [117] as well as (wooden) pallets [27,127,128]. Further materials described were
cardboard/carton boxes [116], corrugated pallet layer pads [27] and labels [117]. In one case,
an HDPE trolley was given [121]. Besides this, some authors even calculated consumer
(plastic) bags in [28,30,121]. However, for the majority of products, no information on
tertiary packaging levels was available.

Summing up, it can be seen from the reviewed studies taken together in Tables 1 and 2
that predominantly plastic and aluminum packaging solutions were used in direct product
contact. Further, it can be observed that packaging-specific information is not always
given and that the detail of the same varies remarkably. Regarding the packaging levels,
most authors give information on the primary packaging level, whereas secondary and
especially tertiary levels are less frequently given [31,32,119,120,122–126,128–132,141]. In
some cases, secondary and/or tertiary levels are even intentionally excluded [26,130,132].
Miah et al. [26], for example, justify not considering tertiary packaging (cut-off), for example,
by the low weight percentage that comes from the tertiary packaging. Similarly, so do
Sieti et al. [130]. Consequently, in many cases, only the primary packaging, and not the
whole packaging system, is analyzed. This fact is also shown by Molina-Besch et al. [111].
Interestingly, different authors also seem to delineate packaging levels differently. For
example, some authors include stretch films, which are often used to secure pallets [48],
in secondary packaging [27,127,133], whereas others include them in tertiary packaging
levels [28]. Additionally and interestingly, the EPDs under consideration distinguish
between primary packaging and packaging for transport and do not go into detail about
secondary/tertiary packaging levels (e.g., EPD on American sandwich [175]).

Furthermore, the level of detail of the information is deviating strongly. While some au-
thors only mention the material, others include further information on, for instance, packag-
ing containers (e.g., bag, tray, foil) [11,26–32,116–120,122–125,127–129,131–134], packaging
aids (e.g., labels, adhesive tape, clips) [11,27,116–118,134], packaging
weight [26–30,32,116,122,123,127,129,132,133], or dimensions [27,116], material composition
(e.g., recycled content) [27,28,32,131], multilayer structure [27,30,132], usage of modified
atmosphere packaging [118] or finishing processes such as printing [27,127]. EPDs usually
reduce the information to the material used (e.g., EPD on crispbread [187]).
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In some cases, information is directly included in the scientific paper, while in other cases, it
is given as the supplementary material of the studies [26,28–30,32,117,118,123,127,129,130,134].
In addition, it is noticeable that packaging-specific information is often not given condensed at
the beginning of the paper (e.g., materials and methods section, life cycle inventory) but spread
over the text. Moreover, differences were also notable with regard to the data source. While
some authors used primary data (e.g., specifications, information from companies), others used
secondary data or based their calculations on assumptions. The most detailed information on
packaging was found in the study by Cimini et al. [117].

Packaging End-of-Life

Regarding the packaging end-of-life, particularly waste management, country-specific
scenarios are most frequently considered in studies where packaging (material) is men-
tioned and a cradle-to-grave approach is followed. This applies to, for example, rates of
recycling, incineration or landfilling. For instance, Konstantas et al. [28] focused on choco-
late production and consumption in the United Kingdom and included post-consumer
waste management activities for the corrugated cardboard (recycling > incineration with
energy recovery), aluminum (recycling > landfill) and plastic packaging (landfill > in-
cineration with/without energy recovery) components. Additionally, efficiencies of the
corrugated board and aluminum recycling processes were counted in. Further, authors who
include disposal routes are, inter alia, Miah et al. [26] (United Kingdom), Bianchi et al. [129]
and Cimini et al. [117] (Italy). Further, EPDs usually include primary packaging end-of-life
(e.g., EPD on durum wheat semolina [151]).

Interestingly, most of the statements in the studies under review, as well as EPDs,
are made based on, for example, reports on the national recycling rates of (packaging)
materials (e.g., Cimini et al. [117,218]). The actual recyclability of the specific packaging
solutions is, however, hardly addressed or analyzed in the reviewed studies [130,132]. This,
however, is a knowledge field gaining importance and momentum in recent years [50],
which is accompanied by different (e.g., design for recycling) guidelines [41], instruments
and certificates (e.g., cyclos-HTP [219]). This becomes interesting, for example, in the case of
very small packaging components or multilayer materials, for which the necessary sorting
and recycling facilities often are not applied or even do not exist to date [52]. Accordingly,
it is necessary to discuss whether the specified end-of-life scenarios are actually realistic
and to what extent the results change.

Data Quality

It is well known that an LCA is only as reliable as the sources and dataset base it is
built upon. Multiple sources and handbooks on LCA even state that data quality may
largely determine LCA results [220]. In LCA, there are two main categories of data: pri-
mary and secondary. While primary data refers to actual data collected from sources of
the investigated life cycle step (farmer, manufacturer, distributor etc.), secondary data
refers to information from literature and databases. Quality thereof is, among other factors,
determined by the recentness of the data and the model, geographical coverage, variabil-
ity, representativeness and reproducibility [43,144]. The investigated studies took varied
approaches to data quality issues. The sources for packaging LCA data were secondary
in the majority of studies [11,26–30,32,116,118,120,122,125,128–130,134,141], whereas the
remaining studies used primary and a mixture of primary and secondary data for pack-
aging [31,117,121,123,126,127,131–133]. The actual sources of primary data were in-depth
interviews and questionnaires with packaging producers, and for secondary data, the
sources were the Ecoinvent and GaBi databases. Two of the studies were reviews that
used published reports and results of other studies (published in journals), including their
supplementary materials [11,141].

Espinoza-Orias et al. [120] and Jensen and Arlbjorn [134] took up the topic of data
quality and usability of the like for sustainability assessment in the product category of
bakery wares, specifically in the sub-category bread and rolls. The former authors even
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compared calculations between mainly primary and secondary sourced data (generic
study). Other studies worth commenting on from the perspective of their attention to
data quality are Usva et al. [126], who created a whole set of criteria for data quality and
development and explained them fully in the text, as well as Cimini et al. [117], who used
PAS2050 requirements for data quality, including geographic and time scope as well as
technology references. This is in line with the CEN/TR 13910:2010 report on criteria and
methodologies for LCA of packaging, which mentions the importance of giving special
attention to time, geography and technology aspects within the data collection phase of
LCAs [221].

3.2.3. Life Cycle Impact Assessment
Impact Assessment Method and Impact Categories Used

As selected for, all of the examined studies assessed at least CO2 emissions/global warm-
ing potential (GWP)/carbon footprint of the food packaging systems [118,120,124,125,128,133,
134,141]. In most cases, several other impact categories were also included. Examples are
ozone depletion, fossil fuel depletion, terrestrial acidification, freshwater eutrophication, ma-
rine eutrophication and human toxicity [11,26–32,116,117,119,121–123,126,127,129–132]. The
chosen impact categories depended on the used assessment method (e.g., ISO 14044 [67]) and
the focus of the study in general. Using the above example of Espinoza-Orias et al. [120],
two methodological approaches, namely PAS 2050 and ISO 14044 [67,108], were used. The
former was used because it lays a focus on primary data, and the latter was used because
the use of secondary data is allowed more. The aim was to compare the approaches and
identify their influence on LCA results. It can be seen from this concrete example that the
comparability of the studies is neither consistently given nor envisaged in this paper due to
different scopes and applied assessment methods.

While carbon footprint is also covered by EPDs, other impact descriptive categories
are, for instance, ecological footprint as well as water footprint (e.g., EPD on breakfast
cereals [154]).

Sensitivity/Scenario Analysis

Of the present studies, only a few authors did not conduct a sensitivity/scenario
analysis [122,124–126,128,132,141]. The others used this analysis to check for the robust-
ness/generalizability of their results by alternating input data such as country of produc-
tion [11,30,32,116,117,119,120,123,127,129,131,133,134]. Contrary to expectations, only a
handful of studies included packaging in one or the other way in their sensitivity anal-
ysis [26–29,31,118,130]. For example, Volpe et al. [118] conducted an uncertainty and
sensitivity analysis and concluded that abroad consumer markets and thus the final desti-
nation of (glass) packaging affect the LCA output (carbon footprint) significantly. However,
the data for glass refers to nut spread cream packaged in a glass jar, which was excluded
from the present review due to the product group exclusion reasons. Details for plastic
bags used for the other products included in the present review were not given. Further-
more, Miah et al. [26] alternated packaging materials in an improvement analysis. Here,
aluminum and PP were substituted with recycled material, paper with unbleached paper,
and corrugated board with white lined board, while PET stayed unchanged. This led to
“ . . . a mix change in total environmental impact across all five confectionary products
. . . ” and, on average (across all confectionary products analyzed), an increase in GWP.
Jeswani et al. [27], in the other case, exchanged some of the carton boxes with standalone
HDPE bags in a hypothetical scenario, which resulted in a lowering of GWP. Additionally,
Noya et al. [31] analyzed alternative waste management practices for packaging materials
(increased recycling rates) with the result that the environmental burdens for the global
process decreased (including climate change). Significance was, however, shown only for
products with higher packaging requirements (plastic and cardboard). Last but not least,
Konstantas et al. [29] focused on packaging losses (2 to 10%) in the manufacturing process
and concluded that the results are not sensitive to packaging losses. Next to packaging, it
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can be mentioned that Miah et al. [26] and Noya et al. [31] also included food waste (reduc-
tion) in their analysis but did not interlink this with packaging (re)design. Surprisingly,
although Williams and Wikström [11] had packaging embedded in their target, they did
not conduct a corresponding sensitivity/scenario analysis.

3.2.4. Interpretation
Environmental Impacts and Mitigation Measures

While Table 2 exhibits values of packaging-related CO2 emissions of different cereal
and confectionary products on a single food item level, Table 1 provides an overview of
product (sub) category-related emissions. As can be seen, single values range from 0.36 to
38.02% and in total, average packaging-related CO2 emissions account for 9.18%. Despite
the fact that different studies are hardly comparable due to, for example, different aims,
scope, system boundaries and input data, it becomes apparent that the average value lies
clearly above the estimated general global values of about 5% by Crippa et al. [2] and Poore
and Nemecek [3]. However, the values well reflect the wide possible variation previously
found by, among others, Poore and Nemecek [3], Verghese et al. [6] and Heller et al. [7].
When going into detail about the different (sub)categories, interesting tendencies and
hotspots can be found. These are discussed in the following paragraphs.

In the category of confectionary and, further, in the sub-categories of cocoa and
chocolate products as well as other confectionaries, including breath-freshening micro-
sweets, where average CO2 emissions (see Table 1) are 9.86 and 4.68%, respectively, the
authors uni sono indicate that (raw)material sourcing is the main environmental impact
driver. The provision and, in particular, the agricultural production of cocoa derivates, milk
powder and sugar can be highlighted. This is also reflected by the environmental impacts
of the respective products (Table 1). Boakye-Yiadom et al. [116] offer an illustrative example,
where milk chocolate yielded significantly higher than dark or extra dark chocolate due to
the high impact of the animal-derived food ingredients. Further, associated manufacturing
processes and (fossil) energy consumption as well as (international) transport are ranked
particularly high in the studies under review [26,28,32,116,118,119,123,129,132]. Further,
reduction of (food)waste is mentioned as one way to cut carbon emissions [26,132]. In
relation to packaging, behind the above-mentioned factors, significance has also been
reported by different authors [26,28,116,118,119,129]. In this context, the main focus is on
material choice [116,118,129]. In their work, Bianchi et al. [129] were able to show that
a single PP layer is better than a combination of commonly used aluminum/fiber-based
packaging solutions. Material (aluminum) substitution, if possible, is also on the agenda
of Boakye-Yiadom et al. [116], who alternatively recommend using recycled or weight-
reduced packaging solutions. Due to a lack of data, especially regarding thematic coverage,
the studies [26,28,116,119] as well as Pérez-Neira et al. [123] do not go into detail about
packaging but mention the importance of packaging optimization. Last but not least,
collaboration with science and industry to develop packaging materials and solutions with
lower impact were discussed by Miah et al. [26] and Boakye-Yiadom et al. [116].

Turning to cereals and cereal products, one can see that the average packaging-related
CO2 emissions from whole, broken or flaked grain, flours and other milled products and
starches, breakfast cereals as well as pasta are 1.25, 5.30, 19.68 and 7.24% (see Table 1),
respectively. The significantly higher value for breakfast cereals is justified by the fact that
wet porridge in a single-use glass jar was included in one study [130]. This is a packaging
solution known for its high environmental impact, mainly due to very high process temper-
atures and, thus, energy needed in the production of the same [43]. Accordingly, the authors
suggest replacing this with a lightweight plastic packaging solution (pouch), which exhibits
15.77 instead of 38.02% with regard to CO2 on a single product level [130]. A further change
in material in the sub-category of breakfast cereals was proposed by Jeswani et al. [27],
who found that replacing the well-known plastic bag and carton box combination for break-
fast cereals with (standalone) plastic packaging (bags or pouches) could reduce carbon
emissions. A possible preference for plastic packaging (PE bags) instead of paperboard
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boxes was also communicated by Cimini et al. [117] for dried pasta. The same authors also
highlighted the correlation between high packaging density and the reduced packaging
and transportation need for long pasta (e.g., spaghetti) in comparison with short pasta (e.g.,
spiral-shaped) due to the different shape and thus volume of pasta per functional unit.
Furthermore, in the broader sense, relevant findings of packaging included the necessity
to find the right trade-off between packaging function and environmental impact [141],
to combine and prioritize actions [27,117], to engage relevant stakeholders (industry and
government) to find best-practices and standards (e.g., packaging, types, mass reduction,
recyclability) [130] and to intensify LCA applications and transparently communicate the
results thereof (e.g., labelling) [124,141]. All in all, the packaging focus in this product
category was less distinct than in the previous one, and the emphasis was mainly on the
optimization of agricultural production and the provision of products [27,117,124–127,141],
reformulation of recipes [128,130] and changing consumer habits. Here, for instance, the
cooking of pasta [117,127], the consumption of cereal products with (cow’s) milk [27] or
the use of ingredients of animal origin (egg, milk) [128,130] were related to higher impacts.

Since no EPDs for whole, broken or flaked grain are available to date [140], only com-
parisons of flours and other milled products and starches [151–153], breakfast cereals [154]
and pasta [147,155–170] can be made at this point. Here, the average values are found
to be 3.22, 12.37 and 8.56%, respectively. Although, as stated above, direct comparison
is difficult, interestingly, a similar ranking can be identified. Therefore, flours and other
milled products and starches score the lowest, while pasta and breakfast cereals, in ascend-
ing order, score higher. A possible explanation for this is the level of complexity of the
packaging solutions. While milled, powdery products are densely packaged in simple bags,
more volume-taking pasta is packaged in more stable and elaborately designed packaging
solutions partly combining different materials. Breakfast cereals, in the present case, exhibit
even higher packaging effort with a plastic bag and an additional cardboard box.

In the case of bakery wares, such as bread and rolls, as well as fine bakery wares, an
average contribution of packaging to the CO2 emissions of 4.37 and 11.22% was found
(Table 1). As expected, raw material (e.g., wheat, milk, palm oil, sugar) sourcing is the main
environmental impact driver [29–31,120,121,131,134]. This is (not in strict chronological
order) most often followed by processing and correlated energy use [29,30,131,134] as well
as consumption (e.g., refrigeration, toasting) [120,134], although Svanes et al. [121] achieved
a different result here. Further, waste at retail [121] and consumption level [120,121] as well
as transport [30,31,120,131,134] and packaging are mentioned. The latter again played a
less important role in other selected studies [29,30,120,121,131]. Of the packaging-related
impacts, Konstantas et al. [30] named primary packaging as the most contributing factor.
Several mitigation measures similar to the above product categories (e.g., efficient raw
material sourcing) are given in the reviewed studies [11,29–31,120,121,131,134]. Regarding
packaging, four main points were discussed by the authors, namely, portion size [120,121],
packaging re-design [11,121] and light-weighting [29] as well as proper end-of-life man-
agement [31,134]. In the case of right-sizing portions, Espinoza-Orias et al. [120] as well
as Svanes et al. [121] proposed that smaller sizes of bread (e.g., loafs) would reduce the
amount of wasted bread (due to, e.g., spoilage) at the consumption stage but at the same
time increase the need for packaging which, in the case of reduced food waste, still could
lead to an environmental benefit–a finding that has already been shown in other contexts.
Packaging re-design, on the other hand, included the substitution of a PET/paper packag-
ing material with a material based on cellulose fibers and a perforated paper bag coated
with PE on the inner side. While the former alteration allowed the bread to be kept fresher
for one day, the latter solution allowed the product to be perceived as fresh even four days
after production, which could lead to an environmental benefit since the impacts of produc-
ing the packaging alternatives are almost the same as with the packaging in comparison.
The authors, who laid a strong focus on indirect packaging effects in their work, pointed
out that further (large-scale) tests and the inclusion thereof in LCAs would be necessary to
validate the results [121]. Studies on shelf-life extension strategies and waste prevention
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were also asked for by Williams and Wikström [11], who additionally highlighted that
good product packaging should not encourage consumers to re-pack their products at
home. This is a measure that could avoid unneeded extra packaging material. The latter
also represents a recent research field where the understanding of consumer habits and
social norms are focused, and food and packaging researchers are asked to more closely
collaborate with social sciences and humanities [222]. Turning to the light-weighting of
packaging, Konstantas et al. [29] calculated in their study on different cakes that a material
reduction of 30% could lead to a significant drop in the GWP of cakes (except for whole
cakes and cheesecakes). Food safety and shelf-life, however, must not be jeopardized as
a result. The topic of end-of-life (improved waste management strategies and recycling
rates [31,134]) was discussed by Jensen and Arlbjorn [134], who pointed out explicitly that
hotspots should not only be identified on the basis of their impacts but also on the basis of
their potential for change and that the awareness for possible burden shifting from one life
cycle stage or impact category to another by just focusing on, for example, GWP values,
should be kept at a high level.

Comparing the values found for the category of bakery wares and the sub-categories
bread and rolls [171–183] as well as fine bakery wares [146,185–217] with the EPDs, values
of 17.03 and 14.86% were found. In both cases, the values are higher than the ones from
the studies under review. Possible causes for this may be, amongst others, the packaging
material or the database used. The latter is frequently given to be mainly based on primary
data. In the case of Italian bread (pagnotta), for example, it is stated that generic data
contributes less than 10% to the calculation of environmental performance [182].

Lastly, in the category of ready-to-eat savories and snacks, which include potato-,
cereal-, flour-, or starch-based snacks as well as processed nuts, the average contributions
of packaging to the CO2 emissions were 8.14 and 20.10% (Table 1). Since these prod-
ucts were also covered by the already discussed research from Nilsson et al. [132] and
Volpe et al. [118] in the product category of confectionary products, no further detail on
packaging can be named at this point.

Significance of the Results

In their parallel (mainly primary/secondary data) studies on bakery wares (loaves of
sliced bread), Espinoza-Orias et al. [120] conclude that data quality is key for not only the
accurateness of the LCA results but also for honest sustainability communication. While
secondary LCI data may be useful for rather uncomplicated (company) internal detection
of hotspots or projections at the (inter)national level, high-quality primary data is needed
for communication to consumers via, e.g., carbon labelling [138]. Similarly, Jensen and
Arlbjorn [134] conclude that high-quality data is needed to achieve robust results.

In relation to impact assessment, Williams and Wikström [11] address food losses and
food waste as well as packaging optimization in their conclusion. Here, they call for the
inclusion of these indirect packaging impacts in food and packaging LCAs to examine how
waste and, in consequence, negative environmental impacts can be diminished. Further,
they highlight that legal texts should more strongly include the topic of food losses and
food waste prevention by appropriate packaging solutions.

When talking not only about one impact category (e.g., GWP), a multi-criteria decision
analysis (MCDA) as used, for example, by Miah et al. [26] can be helpful. This allows to
compare different environmental impact categories together and to ease decision-making
and benchmarking. Accordingly, MCDA is increasingly being used in LCA [223].

4. Improvement Strategies

As described at the outset, food systems are responsible for a large proportion of
environmental impacts, especially GHG emissions, worldwide [2]. Increasing efficiency
in food production and, above all, reducing food losses and waste can, therefore, directly
contribute to lowering the global footprint [19,224]. In the last decade, the focus has
therefore been on targeting, measuring and reducing GHG emissions. Along with that,
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efforts by different stakeholders have been conducted or started, and respective policies
have been outlined [52,225]. Packaging is playing an increasingly important role in this
context. While efforts initially focused on the reduction of the direct environmental impacts
of packaging (e.g., material use), today, the focus is increasingly on the indirect impact
(e.g., reduction of food waste), as it has been recognized that this has a potential lever-
age effect [13,34,52,110,226,227]. However, the actual inclusion of the indirect impact in
research, development and innovation activities lags behind [111], as has also been shown
by the present review. Accordingly, strategies for the acceleration of the implementation
are needed. In this context, Wikström et al. [52] elaborated a research agenda including
5 packaging-related issues. These include: (i) quantitatively understanding packaging’s
diverse functions and the influence on food losses and waste in the context of the (in-
ter)national food system, (ii) more thoroughly understanding trade-offs between packaging
and food losses and food waste, (iii) further improving representation thereof in LCA and
(iv) designing processes and related methods as well as (v) setting stakeholder incentives
such as profitable business models. To support this transition, the following text aims
at aggregating possible points of action in the area of packaging, LCA and management
beyond the topic of cereal and confectionary packaging.

4.1. Packaging

Starting with packaging, recommendations or suggestions found in this and other
studies and texts can be very well set in the context of the existing Packaging Sustainability
Framework with its four principles (effective, efficient, cyclic, safe) [42,43] (see also Table 3).
This may act as a basis for future improvement regarding the reduction of the direct and
indirect environmental impacts of food packaging. However, it must be clearly pointed
out that there may be trade-offs and that verification of the respective product packaging
system is essential [42,43].

Table 3. Recommendations for improving the sustainability of food packaging based on the structure
given by [36,46].

Sustainable
Packaging Principle Recommendation Reference

Effective

Usage of packaging fit for purpose [43,44,46]
Provision of appropriate shelf-life [43,111] based on [228–230]

Employment of shelf-life extension strategies [11,231]
Avoidance of over-engineering [43]

Holistically integrate primary, secondary and tertiary packaging levels [43]
Provide packaging with high consumer value [10,11,43,111] based on [229]

Target-group oriented packaging with consumer value [10,11,43,111] based on [229]
Right-sized portions [111,120,121] based on [120,228,229]

Provide clear and understandable communication [11,37,43]

Efficient

Optimize packaging with regard to function and environmental impact [26,28,29,37,43,111,116,119,123,141] based on
[27,232–245]

Rethink material choice and packaging design [10,27,43,111,116–118,121,129,130] based on
[27,120,233,235,236,238,240,244,246–251]

Increase transport efficiency [43,111,141] based on [232,237,244]
Decrease energy demand along the supply chain (e.g., process

and transport) [43,111] based on [243]
Focus on renewable resources (materials and energy)

Cyclic

Avoid unneeded packaging [111] based on [252]
Prevent and reduce food and packaging waste along the supply chain [26,43,111,132] based on [242];

Use reusable, returnable or refillable (primary, secondary, tertiary)
packaging solutions [43,111] based on [240,246,252,253]

Design packaging for recycling [35,37,39,41,43]

Design packaging from recycling [37,43,111,116] based on [230,231,244,248,249]
Use bio-based and/or bio-degradable materials [37,43,44,111]

Assure proper end-of-life management [31,43,134]
Promote a circular economy [35,36],

Safe
Focus clean production [35,37,43,44]

Install ecological stewardship [37,43]
Reduce possibility for litter formation [43]
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Going into detail about the effectiveness of food packaging and analyzing the findings
with regard to packaging that is fit for its purpose and, thus, is satisfactorily fulfilling its
containment, protection, communication and convenience function [43,44,46,47], one can
see that authors currently lay a focus on protection and convenience. Regarding protection,
which is enabled by the often-overseen basis function of containment [46,47], the provision
of an appropriate or prolonged shelf life is frequently mentioned [43,111,228–230]. In this
context, the application of well-established and modern shelf-life extension practices [11],
such as modified atmosphere packaging (MAP) [46,254] or active and intelligent packaging
solutions (AIP) [46,47,255–257], can be named. Attention, however, should be paid to the
possible over-engineering of packaging and not losing a holistic view of the packaging
system. With regard to over-engineering, it may be reasonable to re-assess the actual prod-
uct requirements and avoid unneeded packaging, as well as reduce packaging complexity
or components, where possible. This can be supported by, for example, market research
or research on consumption patterns [43]. With regard to a holistic view, the interlinkage
between primary, secondary and tertiary packaging must be considered, since changes
on one level may also necessitate changes on other levels. For instance, a reduced or
less mechanically stable primary packaging (material) may induce the need to design the
secondary or tertiary packaging to be more stable [43,111]. With respect to the convenience
aspect of packaging, several authors take up the topic of developing packaging with a high
consumer value or target group orientation. This includes, inter alia, packaging that is easy
to open, reclosable or easy to empty and, in general, does not frustrate or even encourage
consumers to re-pack products at home [10,11,43,46,111,223,258]. A point emphasized
several times is also the right-sizing of portions to avoid food waste at the consumer level.
This is a measure that, despite the increased packaging effort, can lead to a lower total
environmental impact [111,120,121,228]. Next, the communication function of packaging,
which has been somewhat overlooked by studies, could additionally play a significant
role in food waste prevention in the future, as it can have a considerable influence on
consumer behavior [12,33,259,260]. Examples of implementation would be easy to read
and understand directions on how to store, prepare and use products or information
on how to interpret best-before or consume-by dates, as well as how to dispose of the
packaging [11,37,38,43].

Turning to the cluster of recommendations on efficiency, it can be seen that in the
past, an emphasis was placed on this topic by many authors and that three hotspots are
reoccurring. These are packaging itself, transport and energy. In the case of packaging,
the majority of authors are looking for a sweet spot, a point where minimal packaging is
used, but at the same time, the quality of the product is not affected. The same applies to
product waste. In this context, however, it is necessary to mention that the impetus should
come from the area of optimization rather than the pure minimization or elimination of
packaging. This is reported to be a target-oriented approach to find a satisfactory balance
between effort and impact [28,29,37,43,111,116,119,123,141,144,261]. Further emphasis in
the scientific literature is laid on material choice or substitution as well as the (re)design
of product-packaging systems. For example, some authors change traditional packaging
concepts such as a bag in a box to a free-standing plastic bag or a glass jar to a plastic
pouch. (Re)design examples, on the other hand, are packages exhibiting a perforation,
a wide neck or that stand upside-down. All are attempts to increase the efficiency of
product emptying and thus product waste, which may also be achieved by altering the
product itself (e.g., rheology) [11,27,43,111,116–118,120,121,129,130]. Further, the use of, for
example, concentrated products is discussed. This can also lead to reduced packaging effort.
The latter is also of interest for transport efficiency. Here, packaging weight, avoidance of
void volume and stack-ability stand in direct correlation to transport efforts (e.g., frequency)
and thus impacts. The measures applied are, next to packaging weight, the packaging-to-
product ratio, cube utilization (volume) and pallet utilization. Alternatively, and where
possible, bulk shipping could also be a way to increase efficiency [43,111,141,261]. With
respect to energy, choosing materials with low embodied energy and further increasing
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the efficiency of production processes and transport as well as detachment from fossil
energy sources can be named. In addition to this, the consumer stage should not be
underestimated. Here, a product-packaging system that does not need to be, for example,
stored under refrigerated conditions or long-life packaging (e.g., aseptic packaging) may
have advantages compared to other solutions [43,111].

As for the other areas, for cyclic packaging, different recommendations are given in
the scientific literature. Clustering and (potentially) ranking them could be a valuable
approach to link them with the well-established waste hierarchy, which is laid down by
the EU Waste Framework Directive. Here, waste prevention as well as (preparing for)
reuse are the most favored options. Behind this, recycling (including the technical and
biological cycle) and energy recovery are mentioned. The least preferred option should
be waste disposal through a landfill [36]. Through clustering, it becomes clear that most
of the points discussed by different authors already focus on the upper part of the waste
hierarchy. While the prevention of waste has already been discussed in the paragraphs
above, reuse strategies given include reusable, returnable and refillable solutions not only
at the primary packaging levels but also at the secondary or tertiary levels. Examples are
(plastic) trays and crates, molded plastic containers for specialty products, (beer) kegs,
intermediate bulk containers, roll cages or (wooden or plastic) pallets. It is important to
consider that strategies may work in one case but not in another. Therefore, it is necessary
to identify if the respective business-to-business or business-to-consumer case allows for
such solutions. Situations where this often works well are those where short distribution
distances, frequent deliveries, a small number of parties or company-owned vehicles are
present. Therefore, a (custom) closed-loop system can be maintained [43,111]. Where reuse
is not possible but waste is still generated, the collection, sorting, and forwarding of the
respective waste fractions for recycling should be the main target [36,262]. To support
this, the past years have shown a steep increase in guidelines focusing on design for
recycling [37,39,41,43,261,263]. While these today focus mainly on mechanical recycling,
chemical recycling may also be in focus in the upcoming years. A constant point of
discussion is, however, the trade-off between lightweight multilayer materials exhibiting a
small environmental footprint and their recyclability [50,264]. Next to designs for recycling,
designs from recycling are increasingly the focus of science and industry since they are
often associated with reduced primary material and energy consumption. The use includes
materials of all categories, such as glass, metal, paper and board, as well as plastic. In the
latter case, it must be, however, highlighted that at the moment, mainly recycled PET is
used as primary food packaging material. Most approval processes for, e.g., PE and PP are
still pending due to safety concerns [50,265]. Another trend in the past years is the increased
production and use of bio-based and/or bio-degradable materials (e.g., polymers) [266].
The latter may be used in scenarios where entry into the environment is foreseeable. This
could be either in the form of controlled (home or industrial) composting or in the form
of uncontrolled littering. This could, in certain circumstances, reduce the amount of food
waste going to landfill. While there is still a debate about the actual advantages (e.g.,
lower carbon footprint, material properties, bio-degradability) and disadvantages (e.g.,
agricultural impacts, competition with food production, end-of-life management, costs)
of bio-plastics in different fields of applications [267], it is well agreed that all materials,
regardless the material type, should be kept in the circle as long as possible and that
proper end-of-life management is needed to reduce environmental impacts. Therefore, the
transformation from a linear to a recycling and ultimately to a circular economy can be
accelerated [35,36,262,268,269].

Last but not least, the area of safe packaging seems not to be in the forefront focus of
the reviewed literature since the effects are mainly noticeable in other impact categories
than GHG emissions. What can be said is, however, that the avoidance of hazardous
substances (including GHG active substances) as well as cleaner production (e.g., avoid-
ance of volatile organic components) can, next to ecological stewardship and litter reduc-
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tion (e.g., small parts of packaging), support the transition towards a more sustainable
future [35,37,43,44,261,268].

4.2. Life Cycle Assessment

In the past, a large number of LCAs were carried out in the food sector. It is clear
that not every issue requires the inclusion of packaging. However, where packaging
has been included in LCAs in one way or another, this often has not been sufficiently
addressed [13,111]. The following paragraphs, therefore, aim to provide suggestions that
show the potential to improve the quality of future studies and the validity of packaging-
related conclusions drawn from them. To structure this, the multi-step approach based
on ISO 14040 and 14044, (i) goal and scope, (ii) life cycle inventory, (iii) life cycle impact
assessment and (iv) interpretation, is used again for this purpose [66,67] (see also Table 4).

Table 4. Recommendations for improving food packaging life cycle assessments (LCAs) based on the
structure given by [66,67].

Life Cycle Assessment Stage Recommendation Reference

Goal and scope

Holistic representation of the food
packaging system [43,111]

Inclusion of all packaging levels [43,111]
Inclusion of direct and indirect

packaging effects [43,52,111]

Awareness of interrelation [43,111]
Integration of Circular Economy
principles within the goal and
scope of food packaging LCAs

[270–272]

Special attention to time,
geography and

technology aspects
[130,221,273]

Life cycle inventory

Focus on appropriate and
reasonable high-quality data

and software
[43,52,120,134,144]

Provision of data transparency
and consistency [274]

Usage of common language
(definitions) [51]

Inclusion of details on packaging [41]
Inclusion of actual packaging

recyclability and recycling quotas [39,41]

Inclusion of food and
packaging waste [111]

Inclusion of consumer attitudes
and behavior [111]

Life cycle impact assessment
Use and build upon standards [66,67,102]

Include sensitivity or
scenario analyses

[52,66,67,111] based on
[12,13,275]

Interpretation

Discuss limitations [43,52,111]
Address trade-offs and

burden-shifting [31,134]

Use multi-criteria decision
analysis (MCDA) [31,134]

Only give sufficiently
substantiated recommendations [52,138]

Starting with the goal and scope of a packaging-related LCA, it has to be stressed
that the holistic representation of the entire food packaging system is a prerequisite for all
further steps. This means that packaging relevant points beyond production and waste
management have to be included. These are, for example, indirect effects such as food waste
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or transport efficiency along the supply chain. Further, all packaging levels, from primary
to tertiary packaging, should be considered, and awareness of their interrelationship should
be given. This is relevant, for example, in comparative studies where different packaging
variants are included [43,111,221].

Another issue that is worth addressing is the increasingly important concept of the
Circular Economy. A new legislative initiative undertaken by the European Commission in
adopting the Circular Economy Action Plan in 2015 had a significant impact on the field of
packaging. This initiative led to changes in existing directives and the imposition of stricter
rules as well as the introduction of the Product Environmental Footprint (PEF) circularity
formula [270].

Further, the CEN/TR 13910:2010 report on criteria and methodologies for LCAs of
packaging also mentions the importance of time, geography and technology aspects within
the goal and scope definition as well as data collection phases of LCA. These time and
technology aspects are important due to the characteristically short life cycle of packaging
(e.g., design changes). The geographical aspect considers different supply chains across
several countries and continents [221].

Building upon this sharpened approach, it is further necessary to increase efforts in
the area of life cycle inventory to achieve meaningful results. First and foremost, data
quality can be mentioned here [43,120,134]. Although it is well-known that data gathering
can be quite resource-intensive (e.g., time, budget), ideally, primary data (e.g., directly
(on-site) collected data) should be used. However, if not otherwise possible, secondary
data (e.g., database, reports, statistics) may also be taken. Furthermore, in some cases,
assumptions may be necessary [43,52,120,134]. With secondary data selection, there is
also another issue. LCA software very often comes bundled with specific databases, and
there is evidence that the choice of software used for environmental analysis can affect
the relative comparisons between differing package system options and, therefore, the
decisions that will be made. This effect is magnified by the natural inclination of the user
to employ data sets that are “convenient” when using specific software packages [276].
Regardless of the source, however, it is helpful to present the information in the studies
themselves or in the appendix in a transparent and bundled manner in order to promote
the progress of the research field as well as comparability. This is a point that is increasingly
requested by different stakeholders and encouraged by scientific journals on LCA such as
The International Journal of Life Cycle Assessment and Environmental Impact Assessment
Review [220,277]. Moreover, care should be taken to use widely accepted definitions (e.g.,
ISO standards) to avoid the misinterpretation of, for example, packaging levels [51].

In relation to primary, secondary and tertiary packaging, it is advisable to collect
information that exceeds the one on the base material used. This refers to information on
the packaging material (e.g., exact material, size, additives, barrier, color, print), packaging
aids (e.g., closure, liner, gasket, valve) and decorations (e.g., labels, adhesives, decoration,
size) [41] as well as any other relevant points such as modified atmosphere packaging
(MAP) [46,254] or active and intelligent packaging (AIP) [46,47,255–257]. Although, at
first glance, it may seem a bit far-fetched, addressing these points helps to assess the
actual recyclability of a packaging solution in a target market or region (e.g., by using
(inter)national guidelines) and potentially point out improvement possibilities [39,263].
Looking at the markets in more detail, it should be noted that some (federal) states have
different collection, sorting and recycling practices, which means that recovery rates may
differ in some cases from the average values for a country [278]. Accordingly, more focus
should be placed on these currently rather underrepresented points to further increase the
validity of LCA results.

Further, more attention should be paid to food and packaging waste generated at
different supply chain stages (e.g., production waste, loss during transport and retail) and
where the remainder of this waste is. Especially in efficiency-driven countries, data up to
retail is often available. At the consumer level, however, the data situation is often less
satisfactory. Therefore, more attention should be paid to better understanding consumer
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behavior and attitudes in the future. Points of interest could be consumers’ preference for
food/packaging, un/re-packing habits, storage and use of products, food waste as well
as engagement in separation and disposal of packaging and preference for, e.g., bio-based
and biodegradable/compostable packaging materials [56,111].

Turning to the LCIA, it can be reiterated that existing (e.g., ISO) and recently de-
veloped standards (e.g., PEF) provide a solid basis for the calculation of environmental
impacts [66,67,102,103]. In the context of these, sensitivity or scenario analyses are men-
tioned, as they are a method to check for the validity of results or to describe possible
variations/situations [66,67]. Applying this supports the authors if, for instance, different
assumptions have to be made or the importance of different packaging attributes is to be
tested [52,111]. A possible approach in relation to, for example, food waste originating
from different packaging solutions would be the following: (i) examination of the situation
(e.g., amount, reason) and gathering of supporting primary (e.g., experiments) or secondary
data (e.g., literature), (ii) identification, definition and evaluation (e.g., experiments) of
influencing packaging attributes, (iii) scenario development (e.g., alteration of packaging
size) and evaluation as well as (iv) calculation and interpretation of results [52] based
on [12,13,275].

Last but not least, interpretation of results has the potential to be improved in future
LCAs. Depending on whether the respective study has a packaging focus (packaging LCA)
or not (food LCA), different recommendations can be found in the literature. For packaging
LCAs, awareness about limitations (even implicit ones) of the conducted study as well as
transparent reflection thereof in the corresponding discussion can be highlighted [43,52,111].
This should include, once more, currently underrepresented points such as interdepen-
dencies of packaging levels, consumers or waste-related issues [52,111,221]. Furthermore,
trade-offs and possible burden-shifting can be addressed using, for example, single-score
values or multi-criteria decision analysis (MCDA) [31,134]. Where such critical discourse
is, e.g., due to space limitation, not possible, giving recommendations or directions for
packaging (re)design should therefore be refrained from. On the contrary, it would be
more beneficial to underline the need for further research. The latter also applies to food
LCAs [111].

4.3. Management

When it comes to promoting sustainable food packaging systems, different challenges
and opportunities exist. The challenges include, for example, established economic systems
that are traditionally strongly oriented toward growth and profit and are slow to implement
necessary changes. In addition, there is often a need for improved holistic sustainability
awareness, networking and exchange with the economic environment. This finds reflection
until the single company and department level [43,52].

In order to more easily overcome the activation energy required for a change, various
catalytic measures can be adopted on different levels (see also Table 5). At a meta or policy
level, which rather reflects a top-down approach, incentives [52,111] such as corresponding
legal frameworks, facilitation for exemplary companies [15,268,279], as well as support or
funding for research, development and innovation can be named [222,280]. This motivates
companies along the food supply chain to develop new business models in which saving
resources and reducing or avoiding food losses and food waste are valued and gains and
risks are shared equally [52]. Further impetus provides strong engagement and the cross-
linking of relevant stakeholders (e.g., industry, government [130]) to promote best practices
(e.g., recyclable packaging), standards, as well as an open (science) approach [274,281,282].
Education offensives at different levels are also seen as helpful. Therefore, for example,
more and more schools and universities include packaging in their curricula [283].
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Table 5. Recommendations for management-related activities to promote sustainable packaging.

Recommendation Reference

Give incentives [52]
Develop new business models [52]

Engage and connect stakeholders [130]
Follow an open (science) approach and promote best practices

and standards [274,284]

Promote education [283]
Develop companies to sustaining corporations [43,285]
Strengthen collaboration and communication [26,116,130]

Avoid double efforts [26,116,130]
Identification of environmental hotspots and potentials for change [27,117]

Combine and prioritize actions [27,117]
Extensively test (re)designed packaging solutions [43,46–48]

Communicate sustainability aspects transparently and provide evidence [121,138]
Avoid misleading or greenwashing [124,141,286]

Next to this, the bottom-up approach also bears huge innovation potential. In par-
ticular, a lot can be expected from companies that, with reference to the sustainability
phase model, have already left the phases of rejection, non-responsiveness, compliance
and efficiency behind them and are already operating at the levels of strategic proactivity
and a sustaining corporation [43,285,287]. As above, the cooperative approach should be
emphasized here. For instance, science and industry can collaborate to develop improved
food and packaging solutions, or communication along the supply chain can promote
overall sustainability and avoid double efforts [26,43,116,130].

At the company level, the management of sustainable packaging development should
target the identification of environmental hotspots and potentials for change (see also
Section 4.2) as well as combining and prioritizing actions (see also Section 4.1) [27,117].
Here, it is especially important that supposedly more sustainable packaging approaches or
solutions are also tested extensively (e.g., packaging performance, product quality, shelf
life and waste, consumer attitudes and handling, environmental impact) in order to ulti-
mately bring a product onto the market that is successful in all dimensions [43,46–48,70].
In times like these, when different consumers and other stakeholders are becoming in-
creasingly aware of the sustainability of food packaging [74], it is vital to communicate
the developments made in a transparent manner and provide factual information about
the sustainability aspects of packaging. Explicit (e.g., text, labels, certificates) and implicit
(e.g., pictures and graphics, colors, haptics, font, shape) communication thereby can take
place through a variety of channels [56]. This can include, for example, on the packaging
itself, but also on websites or various other advertising channels [121,138,140]. Whichever
way is used to communicate, it is particularly important that there is no misleading or
greenwashing [124,138,141,259,286] in this context, which is picked up in a recent initiative
on substantiating green claims by the European Union [255,288,289].

5. Conclusions

In the past, it has been shown that packaging can have positive environmental effects,
especially when it protects resource-intensive food products and thus prevents losses and
waste of the same. This is an essential point when it comes to reducing GHG emissions
associated with the global food supply chain. In the present review with a focus on
LCA studies, it was shown that the average contribution of packaging to the overall
footprint of the product packaging system is 9.18% for the product group of cereals and
confectionery, which has not been the explicit focus of scientific literature to date. This
value is approximately twice as high as the estimated value for global GHG emissions for
packaging but fits in well with previous dimensions for packaging of various food groups,
which range from a few percent to more than one-third. In this context, however, it must
be emphatically pointed out that direct comparisons in this area are not permissible or are
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difficult to carry out, as the studies differ greatly in some cases. The results can therefore be
seen more as a size estimate.

In addition, the present review provided valuable information about the type and
quality with which packaging has been included in analyses so far. In particular, it showed
that packaging was often not in focus, and if it was, it was often not sufficiently included at
all levels (primary, secondary and tertiary). It also showed that mainly direct (e.g., material)
and not indirect impacts (e.g., food waste, transport efficiency) were considered and that
data quality and presentation could be improved.

Based on these evaluations and including further literature, recommendations for
the sustainable design of food packaging, its analysis by means of LCA and innovation-
supporting management could be given. In the area of packaging, it can be particularly
emphasized that packaging must be designed to be effective, efficient, recyclable and
safe, and that interrelationships between the individual packaging levels must always be
considered. With LCA, on the other hand, it is necessary not to lose sight of packaging
from the beginning, including the definition of the goal and the scope, through the LCI
process over LCIA to the interpretation and issue of recommendations. In addition, to
obtain accurate results, primary data should be used whenever possible, while secondary
data are recommended for a rough estimate of influences. LCA practitioners should also
refrain from issuing packaging-related recommendations if these have not previously been
sufficiently included in the studies. In this case, the reference to the need for further
studies is more appropriate. Last but not least, the management-related part dealt with
how innovation can be fueled at different levels and showed that collaboration as well as
transparent and honest communication of sustainability aspects within the supply chain
and towards the consumer is a key instrument for realizing sustainability at all levels.

Against this background, the authors see considerable research and development
potential in the areas of better coverage of the cereal and confectionary product group,
optimization of packaging and evaluation of the actual influence of the same, the mean-
ingful design of LCAs, the demonstration of indirect packaging effects along the supply
chain, new business models and models for cooperation as well as communication of
sustainability aspects.
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Abstract: Tracing food products along the entire supply chain is important for achieving better
management of food products. Traditionally, centralized traceability systems have been developed
for such purposes. One major drawback of this approach is that different users of the supply chain
have their own systems with their own complexities and distinct features; thus, the interaction among
them creates challenges when implementing a single centralized system. Therefore, a decentralized
traceability system is favorable for tracing food products along the supply chain. In this study, we
develop a supply chain traceability system framework based on blockchain and radio frequency
identification (RFID) technology. The system consists of a decentralized blockchain-enabled data
storage platform for data management and an RFID system at the packaging level for data collection
and storage. We applied a consortium blockchain to the application. Fabric 2.0 in Hyperledger
was chosen as the development platform. The proposed blockchain-enabled platform can provide
decentralized data management and its underlying algorithm can guarantee data security. The
system includes a creatively designed blockchain-enabled data structure in the RFID tag. When
people scan the tag, the relevant information is written in the tag as a block linked to the previous
blocks; simultaneously, the information is transmitted to the blockchain platform and recorded on
the platform. No battery is required and the system works when there is an RFID reader nearby. The
usage conditions included shipment, stocking, and storage. The RFID tag can be directly attached to
paper packaging. This approach embeds the blockchain technique into the RFID tag and develops
a corresponding system. The new traceability system has the potential to simplify the tracking of
products and can be scaled for industrial use.

Keywords: blockchain; RFID; food package; food supply chain

1. Introduction

People often have contact with food products in their daily lives and food quality is a
universal concern. Food quality problems also lead to serious social issues. Some examples
of the most serious incidents include milk powder contaminated with melamine, pork
contaminated with clenbuterol, Sudan dyes found in duck eggs, and recycled gutter oil
used in cooking [1]. Most fresh food products are perishable. Their quality is sensitive to
temperature and other environmental factors. Incorrect storage or transportation usually
results in considerable economic loss to the corresponding companies. For example, 25–30%
of food losses and damages are caused by inadequate transportation and distribution
facilities such as cold storage units, dedicated fleets, and cold trucks [2]. In a report
published by the United Nations, the National Development and Reform Commission [3]
estimated that every year approximately one-third of all food items are lost globally with
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a value of approximately $8.3 billion. Consequently, tracing and tracking food products
along the supply chain is an important topic for researchers.

The Internet of Things (IoT) technologies are immensely helpful in the food supply
chain [4,5]. Radio frequency identification (RFID) is one of the most popular techniques.
RFID has been increasingly used in logistics and supply chain management, because it can
increase the efficiency of data input [6]. Between 2005 and 2006, an electronic pedigree
(ePedigree) was proposed. It is an electronic document that provides data on the history
of a particular product item. Therefore, RFID technology allows the tracking of items in
real-time across the supply chain. This makes it easier to identify and trace products [7,8].
Jedermann, R. et al., developed a real-time autonomous sensor system for monitoring
products when they were being transported [9]. Woo, S. H. et al., proposed an activity
product state tracking system architecture for tracking products even when they were in a
box or container [10].

With the widespread use of RFID, many researchers have designed systems to enhance
food safety management. Abad, E. et al., developed an RFID-based system for the tracking
and cold-chain monitoring of food [11]. The ePedigree was advocated to gain full supply
chain visibility with detailed trace and track information. In another study, Wang, L. et al.,
proposed a system called the “supply-chain pedigree” [12].

Recently, the quick response (QR) code has also become a popular technology in
traceability systems. Compared with barcodes, QR codes have a larger storage capacity
without increasing costs. Compared with RFID, the cost of implementation of a QR code
system is lower. People can easily obtain product information by scanning the code using a
smartphone. There is no need to invest in dedicated reading devices such as RFID readers.
For this application, Dong, Y. et al., applied QR codes to analyze China’s leafy vegetable
supply chain [13]. Xu, Z. and Gao, H. M. used QR code technology to build a white guard
traceability system for SHUNZI Vegetable Cooperatives in order to achieve farm-to-table
whole process recordability and traceability [14]. Peng, Y. et al., presented a QR code based
tracing method for a meat quality tracing system [15]. Li, Z. et al., combined RFID and QR
code techniques together to realize real-time tracking and tracing for a prepackaged food
supply chain [16].

Many approaches provide interactive and dynamic explorations for the public and
governments to explore the information in each part of the food chain and provide easy
implementation of hazard analysis and critical control points in the food industry. One
major drawback of these approaches is the complexity and distinct features in the individual
systems from different users/customers owing to the different requirements, facilities, and
conditions among them, resulting in difficulty in adopting a centralized system for all
customers. The emerging blockchain technique can help improve this situation.

Blockchain was first proposed by Nakamoto, S. in 2008 [17]. The well-known cryp-
tocurrency Bitcoin was created based on this technique. A blockchain is a distributed
database. It comprises a series of orderly blocks that are chained together. Data are stored
in blocks such as the ledger [18]. One defining characteristic of blockchain is decentraliza-
tion. Many researchers have noticed this advantage and have applied it in supply chain
management [19–21], including the food supply chain [22–25]. However, most studies
have ignored data collection. Different companies still need to upload information to
a centralized platform. Thus, a practical model incorporating decentralization has not
been demonstrated.

In summary, it is necessary to trace and track food products along the supply chain.
In recent years, several types of approaches to achieve this goal have been developed.
However, each company has its own system, which makes it difficult to implement a
traceability system for all the stakeholders along the supply chain. Any missing data in
the links in the supply chain makes product tracing inaccurate. The integration of RFID
and blockchain techniques in food packaging can help the implementation of a traceability
system with different stakeholders; consequently, the objective of this study is to develop
a packaging system framework for tracing and tracking food supply chains based on
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blockchain and RFID technologies. The system consists of a decentralized blockchain-
enabled data storage platform for data management and an RFID system for data collection
and storage. It works when there is an RFID reader nearby. The usage conditions include
shipment, stocking, and storage. The new traceability system makes tracing and tracking
products much easier and cheaper.

The remainder of this paper is organized as follows: Section 2 briefly reviews previous
research on blockchain and RFID techniques in supply chains and food supply chains, in
Section 3, the entire framework of the proposed system is introduced, Section 4 presents
a case study to demonstrate the workflow of the proposed system, Section 5 presents the
research conclusions and provides an outlook for future work.

2. Literature Review

The extensive research interest in blockchain began in 2018. We looked at research
records covering the last five years (2017–September 2021) using keyword searches such as
“blockchain”, “blockchain + supply chain”, and “blockchain + food” to explore the Web
of Science database. The results are listed in Table 1a. We also calculated the percentages
of the publications with the latter two keywords in the publications with the keyword
“blockchain”. The results are listed in Table 1b. The publication trends are shown in Figure 1.
We can see that there is an increasing interest in blockchain research. Studies applying
this technique to supply chains and food areas are increasing yearly. This means that
researchers have noticed that this emerging technique has the potential to bring benefits to
these areas. However, the limited number of publications suggests that the current studies
remain in the early stages.

Table 1. (a) Absolute numbers of recent publications regarding blockchain and relevant applications,
(b) percentages of recent publications about blockchain computing related to food or supply chains
(based on keyword search).

(a)

Keywords 2017 2018 2019 2020 January–September 2021

Blockchain 743 2933 8144 13,685 8811
Blockchain + Supply Chain 31 125 379 620 508

Blockchain + Food 6 33 91 173 128

(b)

Keywords 2017 2018 2019 2020 January–September 2021

Blockchain + Supply Chain 4.17% 4.26% 4.65% 4.53% 5.77%
Blockchain + Food 0.81% 1.13% 1.12% 1.26% 1.45%

Decentralization makes blockchain technology attractive to researchers aiming to
apply it to the supply chain, but there is little research to apply blockchain in supply chain
management [26–29]. Smart contracts and consensus algorithms need to be redesigned for
blockchain applications in supply chains [30–32]. Based on these studies, there are also
some successful cases of blockchain applications in the supply chain. Wang et al., built a
novel blockchain-based information management framework for a precast supply chain,
thereby extending the applications of blockchain in the domain of construction supply
chains [33]. Ho, G. T. et al., proposed a blockchain-based system for the accurate recording
of aircraft spare parts traceability data with organizational consensus and validation using
Hyperledger Fabric [34]. Omar, I. A. et al., presented a blockchain-based approach using
Ethereum smart contracts and decentralized storage systems to transform vendor-managed
inventory supply chain operations [35].

Insofar as studies targeting the food supply chain are concerned [36–39], among
these studies how to apply blockchain for food traceability in the supply chain is a hot
topic. Lin, Q. et al., designed a decentralized traceability system for food safety problems
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based on blockchain and an electronic product code information services network [40].
Tsang, Y. P. et al., proposed a blockchain–IoT based food traceability system that integrates
a blockchain, IoT technology, and fuzzy logic for managing perishable food. A new
consensus mechanism for considering the shipment transit time, stakeholder assessment,
and shipment volume was developed to address the needs for food traceability, weight
minimization, and vaporization characteristics [41]. Powell, W. et al., analyzed an ongoing
beef supply chain project integrating the blockchain and IoT for supply chain event tracking
and beef provenance assurance and proposed two solutions for increasing data integrity
and trust in the blockchain and IoT-enabled food supply chain [42].
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The aforementioned studies primarily focused on data management. However, data
collection is also important for supply chain management. As stated in Section 1, RFID
and QR codes are currently two popular techniques used in tracing and tracking systems
to increase the efficiency of data input. Therefore, some studies have considered hybrid
RFID approaches, QR codes, IOT techniques, and blockchains. Lakshmi, G. V. et al., used
QR codes and a blockchain for inventory management [43]. Baralla, G. et al., developed a
generic agri-food supply chain traceability system based on blockchain technology using
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Hyperledger Sawtooth. The system acquired data simply through a QR code scan [44]. Dey,
S. et al., proposed a blockchain-technology-based framework, which made food product
information easily accessible, traceable, and verifiable by consumers and producers by
using QR codes to embed the information [45]. Bencic, F. M. et al., proposed a smart tag,
called a DL-tag, which is used to track products during their lifecycle. The tags contain
QR codes and the system implements a blockchain [46]. Compared with RFID, the cost of
deploying a QR code system is much lower. However, the main drawback of QR codes is
that they are easy to physically duplicate or destroy. There are safety risks in food supply
chain management, where food safety is the main concern. In view of these different
concerns, and in light of the current literature, we focused this research on a combination
of blockchain and RFID technologies.

Feng, T. first utilized RFID and blockchain techniques to develop an agri-food supply
chain traceability system framework. The system could realize traceability with trusted
information across the entire agri-food supply chain, thereby effectively guaranteeing
food safety by gathering, transferring, and sharing the relevant data in the production,
processing, warehousing, distribution, and selling stages [47]. Meanwhile, the same author
proposed the concept of “BigchainDB” [48], aiming to improve performance by applying
blockchain for high-volume data storage. Helo, P. and Shamsuzzoha, H. M. considered the
challenges of tracing and tracking in multi-company project environments. They proposed
a pilot system formed by the combination of RFID, IoT, and blockchain technologies for
real-time tracking and tracing of logistics and supply chains [49]. Mondal, S. et al., pro-
posed a blockchain-inspired IoT architecture for creating a transparent food supply chain.
The architecture was realized by integrating an RFID-based sensor at the physical layer
and a blockchain at the cyber layer [50]. Mazzei, D. et al., described the implementation
of a portable, platform-agnostic, secured blockchain tokenizer for industrial IoT trustless
applications. The system was designed, implemented, and tested in two supply chain
scenarios [51]. Sfa, A. et al., proposed two blockchain-based decentralized mutual authenti-
cation protocols for IoT systems. Moreover, combining blockchain with RFID can also help
anti-counterfeiting efforts in the supply chain as these tags can be easily cloned in the post
supply chain [52]. Toyoda, K. et al., proposed a novel product ownership management
system for anti-counterfeiting RFID-attached products [53].

From the review, it can be found that most studies have considered the use of RFID for
data collection, and blockchain for uploaded data processing and storage. In fact, these two
techniques are generally used separately and only in the supply chain. Based on previous
studies, this research focused on improving food packaging. We propose a traceability
system framework for supply chain management. The system integrates blockchain with
RFID much more deeply at the package level. The detailed design of the system is described
in the following sections.

3. Traceability System Design

Figure 2 illustrates the application scenarios of the system. The system has three main
parts. One part comprises blockchain-enabled RFID tags attached to the product packaging.
The blockchain-enabled RFID tags follow the products along the entire supply chain. The
relevant product information, transactions, storage, and delivery status are all recorded.
Some tags can be coupled with sensors to measure and record environmental conditions.
When the RFID tags are read by the RFID readers at each link of the supply chain, the
information is transmitted to the blockchain light nodes. These comprise the second part
of the system. The light nodes are integrated with the RFID readers. They are responsible
for the communication and verification of RFID tags. Owing to the limited capacity of the
RFID reader, the light node does not store all the ledgers. In addition, cross-validation is
performed to guarantee safety. The approach is described in Section 3.3. The third part of
the system comprises a blockchain platform. This platform stores all the ledgers. It also
contains a designed consensus mechanism for making decisions on how to record ledgers.
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Users are also provided with an interface for product information inquiry. Figure 3 shows
the relationship between these three parts, along with the system architecture.

Figure 2. Application scenarios of the traceability system.

Figure 3. Traceability system architecture (The color is used to distinguish the blocks from different
sessions in the supply chain.).
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3.1. System Architecture

As presented in Figure 3, the system comprises three parts: the RFID tags, RFID
reader, and backend blockchain platform. A simple blockchain is contained in a blockchain-
enabled RFID tag. Each time the tag passes a reader, a block is generated. The information
written in the tag and the hash value of the previous block are calculated using the SHA-256
algorithm. The result is also written in the tag as the hash value of the current block. In this
way, the blocks are individually linked. The second part is an RFID reader. Similar to the
role of the normal RFID system, the RFID reader builds communication between the RFID
tags and the backend system. In addition to the basic functions of a normal RFID reader,
the reader in this blockchain-based traceability system contains a blockchain layer to justify
whether the tag is a blockchain-enabled tag and for deciding what information should be
written on the tag after encryption. An encryption module is also included in the RFID
reader and is used to calculate the hash value of the input information. Finally, the RFID
reader sends the information that the reader writes to the backend blockchain platform.
The reader also stores parts of the ledgers of the blockchain platform as a light blockchain
node. The third part is the blockchain platform. All the ledgers are stored on it. The main
functions of the platform are data management and verification. A user application linked
to the blockchain platform was also designed. Its main purpose is to provide a convenient
user interface for inquiries regarding food product supply chain information.

3.2. Blockchain-Enabled Radio Frequency Identification (RFID) Tag Design

This is the base of the system. As stated in Section 2, in most previous studies
integrating RFID and blockchain, RFID tags were only used to collect data. In this study,
the RFID tags contain a blockchain data structure. The tags must be attached to all the
products in the entire supply chain. When the reader reads a tag, the information is recorded
and a block is formed. The blocks form a chain and are stored in the tags; consequently,
people only need to scan the tags. Then, they can obtain all the information regarding the
product and what it has experienced from source to destination. There is no need for a
central database or system for management because all the information users might need
is stored in the RFID tags. Moreover, the blockchain structure guarantees data safety. If
anyone wanted to modify it, it would have to be modified from the beginning.

With the explosion of chip technologies, the storage space in RFID tags has experi-
enced exponential growth; consequently, it is possible for RFID tags to store all product
information and transaction records, that is, much more than a mere ID number. Further-
more, the safety mechanism of an RFID system uses a hash chain scheme, as shown in
Figure 4, which is the same as the basic principle of blockchain. In the hash chain, the
tag and reader share two hash functions: G( ) and H( ). G( ) is used to calculate response
messages. H( ) is used for updating. They also share an initial random identifier (s). When
the RFID reader investigates the tag, the tag responds to the hash value ai = G(si) of the
current identifier si; simultaneously, the tag updates the current identifier si to si+1 = H(si).
These two functions make it feasible to integrate blockchain with RFID.

Figure 4. Safety mechanism of radio frequency identification (RFID).
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The blockchain design in the RFID tags and the corresponding mechanisms are dis-
cussed below. When a food product is packaged, all the relevant information is coded by
the hash algorithm and then recorded in the block; this block is called the “genesis block”.
The block is stored in an RFID tag attached to the food package. When the product enters
the next session, for example, storage in the warehouse, the relevant information is coded
by the hash algorithm (SHA-256) and then recorded in a second block linked to the genesis
block. When the product proceeds to the next session, the same work is repeated until the
product reaches the consumer. Figure 5 illustrates the procedure. The data structure design
of the blocks is presented in Table 2. It contains an RFID tag ID, reader IP address, product
information, and relevant sensor data. The table also provides an example of the data (the
only example). In fact, there is no need to fill all the columns or follow the data format. In
addition to the necessary reader IP address, location, timestamp, and hash value the reader
in each link of the supply chain only needs to input the information it can provide. In this
way, it effectively solves the data-sharing problem of different companies with different
types of information systems in a complex supply chain and at a low cost. The only thing
the manufacturer needs to do is update the RFID reader at the software level.

Figure 5. Work procedure of the RFID system (The color is used to distinguish the blocks from
different sessions in the supply chain.).

Table 2. Sample record for a single product data structure design.

Data Structure Manufacture Storage Delivery Retailer

Tag ID 30373004012900 30373004012900 30373004012900 30373004012900
Reader IP 175.160.137.100 127.155.155.100 165.129.69.105 168.122.53.107

Timestamp 2110231409 2110231611 2110250632 2110261017
Product Name Milk Milk Milk Milk

Product ID 30373004740000 30373004740000 30373004740000 30373004740000
Location 39.773, 119.253 38.476, 117.245 36.279, 118.366 34.773, 113.727

Company A B C D
Job Manufacture Storage Delivery Retailer

Sensor Not Applicable Temperature Temperature Temperature
Sensor Data Not Applicable 5 7 3

Previous Hash Not Applicable

3a6fed5fc11392b3ee9f81
caf017b48640d74587
66a8eb0382899a60

5b41f2b9

d807aa9812835b0
1243185be550c

7dc372be5d7480
deb1fe9bdc06a

7c19bf174

748f82ee78a563
6f84c878148cc

7020890befffaa4
506cebbef9a3f

7c67178f2

Hash Value

3a6fed5fc1139
2b3ee9f81caf017b

48640d7458766
a8eb0382899
a605b41f2b9

d807aa981283
5b01243185

be550c7dc372
be5d7480deb 1fe9bdc06

a7c19bf174

748f82ee78
a5636f84c878

148cc70208 90befffaa4
506cebbef9

a3f7c67178f2
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3.3. Blockchain Light Node Design

The RFID reader takes the role of a bridge between the RFID tag and the blockchain
platform. The main function of this system is communication. For the RFID tag, the RFID
reader is responsible for reading the data of the tags, decrypting the data, and recording it
in the database of the corresponding system. This system is also responsible for writing
data in the RFID tags and for encryption. Meanwhile, ledgers in a period relevant to when
the tags were read are also stored in the reader. If there are any data safety problems, the
reader can also provide cross-verification. For a given (limited) storage capacity, the ledgers
stored in the reader have a maximum size requirement. An RFID reader is a blockchain
light node. Therefore, we need to develop a blockchain platform with full functionality.
For the blockchain platform, the RFID reader includes a communication module for data
processing and uploading.

For the communication with RFID tags, the work procedure is as follows:
Step 1: The RFID reader reads the RFID tag and determines whether it is a blockchain-

enabled tag. If it is, proceed to Step 2; otherwise, the normal RFID reader procedure
is completed.

Step 2: The reader determines whether the tag has been read before. If it has, proceed
to Step 3. If it has not, proceed to Step 5.

Step 3: The reader determines whether the time interval between reads is longer than
a user-defined value, t. If it is, proceed to Step 4. If it is not, proceed to Step 5.

Step 4: The reader reads the hash value from the second to the last block, then proceeds
to Step 6.

Step 5: The reader reads the hash value of the last block.
Step 6: The reader writes the data into a tag with the hash value of the last step.
Step 7: The reader calculates the hash value of the input information using the

SHA-256 algorithm.
Step 8: The reader writes the hash value into the tag.
Step 9: After data processing, the reader transforms the data into a blockchain platform.

The communication module is described in the next section. Figure 6 shows a flowchart of
how the RFID reader writes the data in the RFID tags.

The communication module in the RFID reader comprises four parts. The first part
includes a radio signal transmitting and processing module, command parser, and data
integration and processing module, which realize the basic RFID reader function. If
the reader finds that the tag it has read is a blockchain-enabled RFID tag, the data are
transmitted to the blockchain layer in the RFID reader. This is the second part of the
communication module and represents its core. The blockchain layer reads the hash value
of the last block in the tag and sends it, together with the new information it wants to write
to the tag, to the third part of the communication module: the encryption module. The
encryption module uses the SHA-256 algorithm to calculate a new hash value derived from
the previous hash value and the input data. After encryption, this new (now current) hash
value and input data are transmitted back from the blockchain layer, via the RFID reader,
to the RFID tag as a new block. The blockchain layer also stores recent ledgers relevant to
the tags it has read (within the limits of its storage capacity). When there is any verification
requirement, these recorded ledgers can be used for cross-validation. The fourth part is the
network module. It connects the reader to the Internet. Then, the hash value, input data,
tag ID, and product ID can be transmitted to the blockchain platform. The recent ledgers
of this RFID system will also be downloaded and updated from the blockchain platform.
Figure 7 shows the architecture of the communication module between the light node and
blockchain platform. This module also solves the problems of data integration, processing,
and bulk data upload.
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Figure 6. Workflow of the RFID reader.
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Figure 7. Data operational process to the blockchain platform.

3.4. Blockchain Platform Design

A blockchain platform was developed on Hyperledger Fabric. The system architecture
is illustrated in Figure 8. The central part of the architecture is an ordering service. It orga-
nizes different parties in the supply chain actions for verification. Consensus algorithms
and chain codes are both located here. The ordering service node also connects to a client
application, as introduced in Section 3.5.

Figure 8. System architecture (The color is used to distinguish the blocks from different sessions in
the supply chain.).
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According to the characteristics of the supply chain, the parties can be divided into
four groups: manufacturers, warehouses, logistics, and retailers. Each group is the re-
sponsibility of a different company. Channels are built between the group and ordering
service; consequently, there are four channels in this platform, thus there are four ledgers.
Each group contains the fabric certification authority, leader peer, anchor peer, endorser
peers, and committer peers. The endorser peers and committer peers are connected to the
responding RFID readers. RFID readers are the light nodes of their peers, as they only store
parts of the ledgers. All the peer nodes, regardless of the company they belong to, store the
entire ledger for their group. The records can also be the reader data, transmitted back by
the RFID reader, and set as blocks linked together by a hash value. They are saved in their
respective ledgers. In contrast to the client application, the tag ID in the ledger is set as the
inquiry number. In fact, the RFID tag in the platform can also be considered as a peer node,
however it contains parts of all four ledgers along with their relevant smart contracts.

The workflow for the data transmitted from the RFID reader to the platform is illus-
trated in Figure 9. First, the platform verifies the validity of the reader. Second, the RFID
tag ID is extracted for the platform to identify the block of the RFID tag from the previous
session. Then, the platform compares the hash value recorded in the last block of this RFID
tag with the hash value of the previous block in the tag transmitted back by the RFID reader.
If they are identical, all the information transmitted back is recorded as a block of that tag
and linked with other blocks in the same group. If they are different, a warning is issued.

Figure 9. Workflow of the communication between the RFID reader and blockchain platform (The
color is used to distinguish the blocks from different sessions in the supply chain).

3.5. Client Application Design

We also designed a client application for the traceability system (the platform was
developed in Chinese; we translated the words in the following figures for clarity). This
application only provides an interface for users for inquiries. There is no need for companies
in the product supply chain to use it; they only need to write relevant information on the
tag through the RFID reader.

As shown in Figure 10, there are six modules in the application: product information,
manufacturing management, storage management, delivery management, retail manage-
ment, and food safety analysis. The product information module includes basic product
information such as shelf life and name. The manufacturing management module pro-
cesses the information from the manufacturer. The details can be decided by the company
itself, for example, details about storage management, delivery management, and retail
management. The relevant parties in the supply chain can only provide their company
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names or more detailed information such as the storage environment, delivery truck, and
arrival time. The final part is the food safety analysis module. In this module, the food
pedigree is analyzed to locate the key node in the supply chain. If a product has any
problems, the module can also help to recall the problem product and analyze which chain
has the problem. Detailed information can be found in our previous study [12,54].

Figure 10. Client Application Interface.

In this user application, all modules contained the product ID. The product ID is the
index number for this system. The tag ID and hash value are not shown to the users owing
to safety considerations.

4. Case Study

In this section, a case study is presented to demonstrate the operation of the system.
The case is based on Tiandi Yuan Ltd., a famous beverage company. Their main products
are white wines.

When a product is manufactured, a serial number is generated. We use the example
“6926582705239LW-2013-0300001” for demonstration. Furthermore, a UHF RFID tag, as
shown in Figure 11, is also attached to the product package. An RFID reader scans the tag
and the tag ID is linked to the product ID. The system uploads relevant product information
to the system, as shown in Figure 12. A hash value is calculated using SHA-256 with the
input of the tag ID and the product information. The hash value is written on the tag by the
RFID reader as the genesis block (block 0). The RFID reader also connects to the blockchain
platform and transmits the tag ID, product information, and hash value to the platform.
These inputs and the previous hash value of the block in the platform are calculated using
SHA-256. Then, a new block is generated in the platform. Parts of the ledger of the
manufacturing node are also downloaded onto the RFID reader. When the product enters
the next session, the same steps are repeated. In the storage session, the reader reads the
tag, links the tag ID with the storage information, and uploads the information to the
system. Meanwhile, the reader uses the information and the hash value recorded in block 0
to generate a new hash value associated with block 1 to be recorded in the RFID tag. The
rest of the procedure is the same as in the manufacturing session. The procedure for the
remaining sessions is also the same for each session.
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Figure 11. The attached UHF RFID Tag.

Figure 12. Detailed Information in Client Application.

Finally, as shown in Figure 13, when the consumer inputs the product ID at the
interface, the application shows the entire supply chain of the product. The user can also
find detailed information by clicking the nodes in the supply chain or clicking the buttons
in the left column.

Figure 13. Food Supply Chain in Client Application.

This company has different partners in its product supply chain, especially in logistics
and retailer sessions. In the past, it was difficult for companies to follow their products along
the entire supply chain, because not all companies are willing to upload the information
to the company’s information platform. With the help of this system, the company has
better information about its products in the supply chain, such as final consumers. The
company merely needs to update its partners’ RFID readers. The reader can automatically
identify the blockchain-enabled RFID tag in order to perform its functions, as stated above.
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Although some companies in the supply chain are resistant to sharing information, basic
information such as time and location will also be recorded automatically through the RFID
reader. With a more transparent supply chain, the company can better manage its products.
The data also helps the company analyze its product supply chain. If there are any problem
products, they can be easily recalled. Moreover, the application of blockchain techniques in
both the platform and the RFID tags significantly increases product security and facilitates
anti-counterfeiting measures.

The case study proves that the proposed system can effectively help different compa-
nies with different information system collect and upload data to the blockchain plat-form.
With the information, all the traces of a product along the supply chain can be clearly
presented to the consumers. Furthermore, the system also has the potential to enable
companies to manage their products better with some data analysis modules.

5. Conclusions

This research proposed a blockchain and RFID-enabled traceability system for the food
industry. The system consists of three parts. The first is a blockchain–RFID tag. We deeply
integrated blockchain and RFID techniques. A simple blockchain storage structure was
designed for data storage in an RFID tag based on the original safety scheme of the RFID
system. All information regarding the product as it follows the supply chain is recorded
in the tags in a blockchain format. The second part is an RFID reader with a blockchain
light node. Its main function is to build communication between the RFID and backend
blockchain platforms in a normal RFID system. In addition to these basic functions, the
reader also contains blockchain and encryption modules. These two modules change the
reader to a blockchain light node. The blockchain layer can determine whether a tag is a
blockchain-enabled RFID tag. If it is, the data will be dealt with by the encryption module
and written on the tag with a calculated hash value. Moreover, the recent ledgers of the
tags that the RFID reader has read previously are also stored in it. If there is any uncertainty
about the data, the reader can also help in cross-validation. The third part is the blockchain
platform. The platform was developed using Hyperledger Fabric. It stores all the ledgers.
The reader transmits the data written on the tags to the platform. The platform manages
and verifies the data and the reader. Finally, we designed a user application which has the
look and feel of a webpage. It provides a user interface for convenient inquiries regarding
the pedigrees of food products. Detailed information on each chain, as provided by the
responding company, can also be obtained using this application.

The main contribution of this research is the creative design of a blockchain-based
RFID tag. The tag can be attached to a food package with low costs for the application
of this new emerging blockchain technique. Blockchain technology allows supply chain
monitoring to be decentralized. For the various companies referred to in the complex
supply chain, there is no need to use different types of information systems or to follow
different types of data formats for different companies. They need to (and can simply)
update their RFID readers at the software level. Anyone requiring the product supply chain
information can download it from the blockchain platform. With the help of blockchain,
the food supply chain can be more transparent and can be easily traced and tracked.

Comparisons between our proposed system and other popular blockchain-based
methods for tracing and tracking systems are shown in Table 3. From the comparison, it
can be seen that our proposed system has a high security level and relatively low cost,
allowing convenient data input, and it needs to be equipped with RFID readers without
simultaneously demanding a uniform information system.
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Table 3. Comparisons between different blockchain based methods for tracing and tracking systems.

Approaches Security Level Convenient for Data Input Cost

Blockchain High No (data need to be input
manually) Low

Blockchain + QR code Low Yes (But data need to be
scanned individually) Low

Blockchain + RFID Medium
Yes (Each stakeholder needs to
connect their RFID system to a
uniform information system)

Medium

Blockchain + IoT High
Yes (Each stakeholder should
guarantee the device can be
connected to the Internet)

High

Our method High Yes (Each stakeholder merely
needs an RFID reader) Medium

We did not redesign the consensus mechanism for blockchain platforms. The system
is only in the research phase, therefore there is no problem with the current volume of data.
However, a traditional consensus mechanism, such as practical Byzantine fault tolerance,
may not satisfy the data throughput in the supply chain. The data in the supply chain have
their own characteristics. In future studies, we will consider developing a new consensus
mechanism that is more suitable for the food supply chain. We will also consider printing
QR codes on the RFID tags. Companies without RFID readers can also be involved in
this system. Moreover, with the help of the blockchain technique, the food supply chain
becomes much more transparent and easier to safeguard. The analysis of these data will
also be our research focus in the next phase.

Author Contributions: L.W. and Z.W. conceived the ideas and designed the framework of the
system; L.W. contributed to the blockchain platform design and the client application design; Z.W.
contributed to the RFID system design; L.W. prepared the draft; Y.H. contributed to the manuscript
writing and editing. All authors commented on the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China under
Grant 71502029 and Grant 61703087.

Acknowledgments: The authors would like to acknowledge the financial support from the China
Scholarship Council (CSC) and technical support from Michigan State University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, S.; Xie, Z.; Zhang, W.; Cao, X.; Pei, X. Risk assessment in Chinese food safety. Food Control 2013, 30, 162–167. [CrossRef]
2. Raut, R.D. Improvement in the food losses in fruits and vegetable supply chain—A perspective of cold third-party logistics

approach. Oper. Res. Perspect. 2019, 6, 100–117. [CrossRef]
3. NRDC. Wasted: How America Is Losing up to 40 Percent of Its Food from Farm to Fork to Landfill. 2012. Available online:

https://www.nrdc.org/sites/default/files/wasted-food-IP.pdf (accessed on 2 August 2018).
4. Jagtap, S.; Duong, L.; Trollman, H.; Bader, F.; Garcia-Garcia, G.; Skouteris, G.; Li, J.; Pathare, P.; Martindale, W.; Swainson, M.;

et al. Iot Technologies in The Food Supply Chain. In Food Technology Disruptions; Academic Press: Cambridge, MA, USA, 2021;
pp. 175–211.

5. Bader, F.; Jagtap, S. Internet of Things-Linked Wearable Devices for Managing Food Safety in The Healthcare Sector. In Wearable
and Implantable Medical Devices; Academic Press: Cambridge, MA, USA, 2019.

6. Jedermann, R.; Ruiz-Garcia, L.; Lang, W. Spatial temperature profiling by semi-passive RFID loggers for perishable food
transportation. Comput. Electron. Agric. 2009, 65, 145–154. [CrossRef]

7. Kwok, S.K.; Ting, J.S.L.; Tsang, A.H.C.; Lee, W.B.; Cheung, B.C.F. Design and development of a mobile epc-rfid-based self-
validation system (mess) for product authentication. Comput. Ind. 2010, 61, 624–635. [CrossRef]

8. Kwok, S.K.; Ting, S.L.; Tsang, A.; Cheung, C.F. A counterfeit network analyzer based on RFID and EPC. Ind. Manag. Data Syst.
2010, 110, 1018–1037. [CrossRef]

180



Foods 2022, 11, 744

9. Jedermann, R.; Behrens, C.; Westphal, D.; Lang, W. Applying autonomous sensor systems in logistics-combining sensor networks,
RFIDs and software agents. Sens. Actuators 2006, 132, 370–375. [CrossRef]

10. Woo, S.H.; Choi, J.Y.; Kwak, C.J.; Kim, C.O. An active product state tracking architecture in logistics sensor networks. Comput. Ind.
2009, 60, 149–160. [CrossRef]

11. Abad, E.; Palacio, F.; Nuin, M.; AGDZárate Marco, S. RFID smart tag for traceability and cold chain monitoring of foods:
Demonstration in an intercontinental fresh fish logistic chain. J. Food Eng. 2009, 93, 394–399. [CrossRef]

12. Wang, L.; Ting, S.L.; Ip, W.H. Design of supply-chain pedigree interactive dynamic explore (SPIDER) for food safety and
implementation of hazard analysis and critical control points. Comput. Electron. Agric. 2013, 90, 14–23. [CrossRef]

13. Dong, Y.; Fu, Z.; Stankovski, S.; Wang, S.; Li, X. Nutritional quality and safety traceability system for China’s leafy vegetable
supply chain based on fault tree analysis and QR code. IEEE Access 2020, 8, 161261–161275. [CrossRef]

14. Xu, Z.; Gao, H.M. The construction of melon traceability system based on QR code for SHUNZI vegetable cooperative. In
Proceedings of the International Conference on Management Science and Management Innovation, Guilin, China, 15–16 August
2015; Atlantis Press: Paris, France, 2015; pp. 120–126.

15. Peng, Y.; Zhang, L.; Song, Z.; Yan, J.; Li, X.; Li, Z. A QR code based tracing method for fresh pork quality in cold chain. J. Food
Process Eng. 2018, 41, 12685. [CrossRef]

16. Li, Z.; Liu, G.; Liu, L.; Lai, X.; Xu, G. Iot-based tracking and tracing platform for prepackaged food supply chain. Ind. Manag. Data
Syst. 2017, 117, 1906–1916. [CrossRef]

17. Nakamoto, S. Bitcoin: A Peer-to-Peer Electronic Cash System. Social Science Electronic Publishing. 2018. Available online:
https://bitcoin.org/bitcoin.pdf (accessed on 1 February 2022).

18. Lee, D.; Chuen, K. Handbook of Digital Currency; Elsevier: Amsterdam, The Netherlands, 2015.
19. Wang, Y.; Han, J.H.; Beynon-Davies, P. Understanding blockchain technology for future supply chains: A systematic literature

review and research agenda. Supply Chain. Manag. 2018, 24, 62–84. [CrossRef]
20. Kouhizadeh, M.; Saberi, S.; Sarkis, J. Blockchain technology and the sustainable supply chain: Theoretically exploring adoption

barriers. Int. J. Prod. Econ. 2021, 231, 1078311. [CrossRef]
21. Chang, S.E.; Chen, Y.C.; Lu, M.F. Supply chain re-engineering using blockchain technology: A case of smart contract based

tracking process. Technol. Forecast. Soc. Change 2019, 144, 1–11. [CrossRef]
22. Feng, H.; Wang, X.; Duan, Y.; Zhang, J.; Zhang, X. Applying blockchain technology to improve agri-food traceability: A review of

development methods, benefits and challenges. J. Clean. Prod. 2020, 260, 121031. [CrossRef]
23. Kamilaris, A.; Fonts, A.; Prenafeta-Boldu, F.X. The rise of blockchain technology in agriculture and food supply chains. Trends

Food Sci. Technol. 2019, 91, 640–652. [CrossRef]
24. Galvez, J.F.; Mejuto, J.C.; Simal-Gandara, J. Future challenges on the use of blockchain for food traceability analysis. TrAC Trends

Anal. Chem. 2018, 107, 222–232. [CrossRef]
25. Kamble, S.S.; Gunasekaran, A.; Sharma, R. Modeling the blockchain enabled traceability in agriculture supply chain. Int. J. Inf.

Manag. 2019, 52, 101967. [CrossRef]
26. Azzi, R.; Kilany, R.; Sokhn, M. The power of a blockchain-based supply chain. Comput. Ind. Eng. 2019, 135, 582–592. [CrossRef]
27. Abeyratne, S.; Monfared, R. Blockchain ready manufacturing supply chain using distributed ledger. Int. J. Res. Eng. Technol. 2016,

5, 1–10.
28. Bai, C.; Sarkis, J. A supply chain transparency and sustainability technology appraisal model for blockchain technology. Int. J.

Prod. Res. 2019, 58, 2142–2162. [CrossRef]
29. Cole, R.; Stevenson, M.; Aitken, J. Blockchain technology: Implications for operations and supply chain management. Supply

Chain. Manag. 2019, 24, 469–483. [CrossRef]
30. Huertas. Eximchain: Supply Chain Finance Solutions on a Secured Public, Permissioned Blockchain Hybird. 2018. Available

online: https://eximchain.com/Whitepaper%20-%20Eximchain.pdf (accessed on 1 March 2018).
31. Dolgui, A.; Ivanov, D.; Potryasaev, S.A.; Sokolov, B.V.; Werner, F. Blockchain-oriented dynamic modelling of smart contract design

and execution in the supply chain. Int. J. Prod. Res. 2020, 58, 2184–2199. [CrossRef]
32. Xu, X.; Zhu, D.; Yang, X.; Wang, S.; Qi, L.; Dou, W. Concurrent practical byzantine fault tolerance for integration of blockchain

and supply chain. ACM Trans. Internet Technol. (TOIT) 2020, 21, 1–17. [CrossRef]
33. Wang, Z.; Wang, T.; Hu, H.; Gong, J.; Ren, X.; Xiao, Q. Blockchain-based framework for improving supply chain traceability and

information sharing in precast construction. Autom. Constr. 2020, 111, 103063. [CrossRef]
34. Ho GT, S.; Tang, Y.M.; Tsang, K.Y.; Tang, V.; Ka, Y.C. A blockchain-based system to enhance aircraft parts traceability and

trackability for inventory management. Expert Syst. Appl. 2021, 179, 115101.
35. Omar, I.A.; Jayaraman, R.; Salah, K.; Debe, M.; Omar, M.A. Enhancing vendor managed inventory supply chain operations using

blockchain smart contracts. IEEE Access 2020, 8, 182704–182719. [CrossRef]
36. Bumblauskas, D.; Mann, A.; Dugan, B.; Rittmer, J. A blockchain use case in food distribution: Do you know where your food has

been? Int. J. Inf. Manag. 2019, 52, 102008. [CrossRef]
37. Biswas, K.; Muthukkumarasamy, V.; Lum, W. Blockchain based wine supply chain traceability system. In Proceedings of the

Future Technologies Conference (FTC) 2017, Vancouver, BC, Canada, 29–30 November 2017; pp. 56–62.

181



Foods 2022, 11, 744

38. Caro, M.P.; Ali, M.S.; Vecchio, M.; Gia Ff Reda, R. Blockchain-based traceability in Agri-Food supply chain management: A
practical implementation. In Proceedings of the 2018 IoT Vertical and Topical Summit on Agriculture—Tuscany (IOT Tuscany),
Tuscany, Italy, 8–9 May 2018; pp. 1–4.

39. Mhaa, B.; Lc, C.; Ak, D.; Sz, E.; Kht, F. A sustainable blockchain framework for the halal food supply chain: Lessons from malaysia.
Technol. Forecast. Soc. Change 2021, 170, 120870.

40. Lin, Q.; Wang, H.; Pei, X.; Wang, J. Food safety traceability system based on blockchain and EPCIS. IEEE Access 2019, 7,
20698–20707. [CrossRef]

41. Tsang, Y.P.; Choy, K.L.; Wu, C.H.; Ho GT, S.; Lam, H.Y. Blockchain-driven iot for food traceability with an integrated consensus
mechanism. IEEE Access 2019, 7, 129000–129017. [CrossRef]

42. Powell, W.; Foth, M.; Cao, S.; Natanelov, V. Garbage in garbage out: The precarious link between IoT and blockchain in food
supply chains. J. Ind. Inf. Integr. 2021, 25, 100261. [CrossRef]

43. Lakshmi, G.V.; Gogulamudi, S.; Nagaeswari, B.; Reehana, S. BlockChain based inventory management by QR code using open
CV. In Proceedings of the International Conference on Computer Communication and Informatics (ICCCI-2021), Coimbatore,
India, 27–29 January 2021.

44. Baralla, G.; Pinna, A.; Corrias, G. Ensure traceability in european food supply chain by using a blockchain system. In Proceedings
of the 2019 IEEE/ACM 2nd International Workshop on Emerging Trends in Software Engineering for Blockchain (WETSEB),
Montreal, QC, Canada, 27–27 May 2019.

45. Dey, S.; Saha, S.; Singh, A.K.; Mcdonald-Maier, K. Foodsqrblock: Digitizing food production and the supply chain with blockchain
and qr code in the cloud. Sustainability 2021, 13, 3486. [CrossRef]
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Abstract: In both public and private sectors, one can notice a strong interest in the topic of sustainable
food and packaging. For a long time, the spotlight for optimization was placed on well-known
examples of high environmental impacts, whether regarding indirect resource use (e.g., meat, dairy)
or problems in waste management. Staple and hedonistic foods such as cereals and confectionary
have gained less attention. However, these products and their packaging solutions are likewise of
worldwide ecologic and economic relevance, accounting for high resource input, production amounts,
as well as food losses and waste. This review provides a profound elaboration of the status quo in
cereal and confectionary packaging, essential for practitioners to improve sustainability in the sector.
Here, we present packaging functions and properties along with related product characteristics and
decay mechanisms in the subcategories of cereals and cereal products, confectionary and bakery
wares alongside ready-to-eat savories and snacks. Moreover, we offer an overview to formerly and
recently used packaging concepts as well as established and modern shelf-life extending technologies,
expanding upon our knowledge to thoroughly understand the packaging’s purpose; we conclude
that a comparison of the environmental burden share between product and packaging is necessary to
properly derive the need for action(s), such as packaging redesign.

Keywords: food packaging; cereals; confectionary; bakery; food quality; shelf-life; sustainable
packaging; active and intelligent packaging; modified atmosphere packaging; vacuum packaging

1. Introduction

Over the past decades, global awareness about environmental, social and economic
sustainability challenges, as well as the need for immediate action to limit their negative
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short- and long-term impacts, has risen considerably. With regard to environmental sus-
tainability, challenges encompass, but are not limited to, the use of resources, land, water,
energy, and generation of associated emissions and waste. In order to facilitate the transi-
tion towards a sustainable future, several (inter)national goals, commitments, and legal
bases have already been initiated or applied. These include, for instance, the Paris Agree-
ment on climate change and the United Nations Sustainable Development Goals (SDGs) on
a global scale, the European Green Deal including the New Circular Economy Action Plan,
as well as the Farm to Fork Strategy on European level and numerous implementations
into national law systems [1–6].

Regarding food, it is well-agreed in the scientific community and beyond, that a great
share of negative environmental impacts such as global anthropogenic greenhouse gas
emissions or waste originate from food systems [7–9]. These systems are defined as the
whole of actors and activities involved, from production to the disposal of food products
of different origins, as well as herewith associated natural, social, and economic environ-
ments [10]. Moreover, they are composed of subsystems (e.g., farming) and connected to
other systems (e.g., energy). A complex network in which changes (e.g., policies) made in
one sector may also affect others. Against this background, different international efforts
have been taken to achieve sustainable food systems, which will provide present and future
generations with a secure supply of safe food [11].

Packaging is strongly associated with food, allowing, amongst other functions, con-
tainment, protection, and transportation of contents, and thus can be seen as an integral
part of food systems [12,13]. Nevertheless, nowadays it is the subject of intense debates
and even stricter legal requirements, mainly due to massive circularity gaps including,
for example, unsatisfactory end-of-life scenarios such as limited recyclability or (marine)
litter [14,15]. However, the simple omission of packaging is hardly possible, since a
well-chosen packaging system frequently shows positive (indirect) effects on the total
environmental sustainability of a food system by, for example, reducing food losses and
food waste or increasing transport efficiency [16]. Therefore, when aiming at developing
sustainable packaging solutions, it is important to apply a holistic and interdisciplinary
approach over the whole life cycle of both food and its corresponding packaging [17].

Since packaging offers a service to the food product and does not fulfil an end in
itself, it is often worth starting a packaging development or a redesign process from the
food perspective. By gaining profound knowledge of the food product itself, together with
the intrinsic and extrinsic factors that affect quality along the food supply chain, further
packaging requirements can be defined and considered in the innovation process [12,13,17].

Due to their high environmental impact, the focus of research and development ac-
tivities is often on (animal protein-rich) foods such as meat or milk [18–20]. Despite their
high nutritional value that shouldn’t be underestimated, cereal and confectionary products
are rather underrepresented, regarding their impact in health but also in economic and
environmental sustainability [21–27]. For instance, about 50% of daily required carbohy-
drates are consumed through bread in industrialized countries. Further, cereals are also an
important source of proteins, minerals, and trace elements [28]. Expressed in figures, retail
sales of bread alone were expected to reach about 92 billion euros in Europe in 2021 [29].
On the other hand, confectionary products reached a production volume of 14.7 million
tons with an annual turnover of 60 billion euros along with an export value of 9.2 euros
and an import value of two billion euros in Europe (EU28) in 2019 [30].

In more detail, the present review aims at building a comprehensive basis for fu-
ture sustainable packaging development activities in the area of cereal and confectionary
products by:

• Presenting relevant information on packaging functions and properties of packag-
ing materials,

• detailing product group specific decay mechanisms and frequently used packaging solu-
tions,

• and highlighting packaging-related shelf-life extension technologies.
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The text is therefore structured as follows: After the introduction, a general background
on food packaging is discussed, followed by product group specific decay mechanisms
and packaging solutions. Finally, packaging measures that can extend the shelf-life are
presented (see also Figure 1).
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2. Packaging
2.1. Packaging Functions

No matter how diverse individual products and packaging solutions may be on the
market, it is well-agreed in relevant literature that the main functions of packaging can
be broken down into a few. Next to the concept of primary and secondary functions,
where the former describes in particular the technical functions like storage and trans-
port, and the latter describes functions related to e.g., communication, a more holistic
concept is frequently mentioned in the packaging literature. This concept describes the
four basic functions of food packaging as (i) containment, (ii) protection, (iii) convenience,
and (iv) communication [12,13,31–33].

Although the containment function is often overlooked, it can be considered one of
the most essential, since it prevents product loss and contamination and facilitates storage,
transportation, and distribution. There are only a few exceptions, where containment and
thus packaging is not needed. Such examples are relatively large, chunky products that are
often regionally produced and consumed within a short period of time or that show long
shelf-life [12,13,31].

The protection function is often recognised as well as highlighted and can be indeed
considered as the most important aspect of packaging. It limits or excludes intrinsic as well
as extrinsic physical, chemical, and biological factors that may have negative influences on
the quality of the respective food product. In the best case, the packaging is even capable
of extending the shelf-life of the product. Therefore, it is of upmost importance to match
the food product’s properties and requirements along the supply chain with packaging
to achieve optimal results. Both under- and over-packaging should be avoided since this
may result, on one hand, in food losses or waste and, on the other hand, in excessive
packaging [12,13,31].

Further, the convenience function refers to the practical aspects or user-friendliness of
packaging. As an example, easy-to-open or -empty, microwave- or heat-able, resealable,
or portion packaging can be named. These features are more and more implemented in
package designs, since they allow to specifically address target groups (e.g., children, el-
derly, single-households, on-the-go lifestyle) and therefore frequently influence the market
success of a product [12,13,31].

Last but not least, the communication function allows for information transfer and
marketing. While the former allows to display legally required (e.g., product name, ingre-
dients, shelf-life), necessary (e.g., barcodes), or voluntary (e.g., certificates, cooking recipe)
information, the latter enables to transfer an often unique brand image (e.g., form, colour,
shape), which may be of great recognition value [12,13,31].

It is worth mentioning that a successful package on the market does not only need
a strong product in terms of quality but also an effective packaging, which in a clever
way combines the above described four functions of containment, protection, convenience
and communication. Otherwise, it may result in a short-term success (weak product and
effective packaging), a situation where the potential is not achieved (strong product and
ineffective packaging), or even failure (weak product and ineffective packaging) [31].
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2.2. Packaging Properties

From a technical point of view, the functions containment and protection are closely
linked to the right selection of packaging materials which consequently poses a key deci-
sion in the development process. The available material classes cover mainly glass, metal,
paper/board, (bio)plastic, as well as composite materials (laminated, coextruded, blended).
Composites can consist of two or more components combined to form, for example, multi-
layer materials (e.g., plastic-coated cardboard) which frequently show superior functional
properties (e.g., barrier) and reduced weight [31], but on the downside also reduced recy-
clability [34,35]. Touching upon the topic of recyclability, many packaging solutions face
obstacles, if it is at the stage of collection, sorting, or in general limited technical recycla-
bility. Not even the use of mono-materials guarantees actual recycling, as it is the case for
PET trays versus PET bottles (bottles are highly likely to be recycled). On the other hand,
specific combinations of compatible materials, even high barrier films, for example, metal-
lized polyolefins, might be considered recyclable in the appropriate infrastructure [36,37].
Summing up, it can be stated that each of the named materials show advantages and
disadvantages (see Table 1) and the decision for a specific material must be based on the
prevailing requirements (e.g., product, supply chain, use, end-of-life). Support is often
provided by material specifications and declaration of compliance documents. However, it
is recommended to test the materials in question under respective conditions by means of a
field or laboratory test. This ensures that deviations from the target value can be recognized
at an early stage in the development process [12,13,31,38,39].

Table 1. Overview of the properties and applications of most widely used materials for packaging.

Packaging Material
Barrier Heat

Seal-Ability
Mechanical, Physical and

Chemical Properties Application Reference
Oxygen Moisture Light

Plastic

Low-density
polyethylene

(LDPE)

Very low

High

Low Yes

Toughness, flexibility,
resistance to grease and

chemicals, temperature range
−50 – +80 ◦C

Bags, flexible lids
and bottles

[12]

Linear
low-density

polyethylene
(LLDPE)

High
Toughness, extensibility,

resistant to grease, temperature
range −30 – +100 ◦C

(Strech) wrap

High-density
polyethylene

(HDPE)

Extremely
high

Toughness, stiffness, resistance
to grease and chemicals, easy

processing and forming,
temperature range
−40 – +120 ◦C

Bottles, cardboard
liners, tubs, bags

Polypropylene
(PP) Low High Low Yes

Moderate stiffness, strong,
resistant to grease and

chemicals, temperature range
−40 – +120 ◦C

Bottles, cardboard
liners, tubs,

microwavable
packaging, bags

Polyethylene
terephthalate

(PET)
Good Good Low Yes

Stiffness, strong, resistance to
grease and oil, temperature

range −60 – +200 ◦C

Bottles, jars, tubs,
trays, blisters, films

(bags and
wrappers)

[12,40]

Glass

Transparent

Absolute

Low

No

High temperature and
pressure stability, brittle,

chemical resistance,
microwave-able

Bottles, jars [12,40–42]Green Good

Brown High

Metal (aluminium,
tinplate, tin-free steel) Absolute No High temperature stability Bottles, cans,

tubs, caps [12,40]

Paper and board Extremely
low

High – extremely
high No Mechanical stability Boxes, liners [12,40,41]

The key properties of packaging materials of interest are physical and mechanical
strength, barrier, migration, as well as hygiene. Regarding the physical and mechanical
strength, it can be noted that static as well as dynamic stress challenges the packages
along the supply chain from packing, storage, and transport to consumer use. Examples
for static stress are stacking and increased pressure (vacuum or modified atmosphere
packaging—MAP), as well as pointed or angular products. Dynamic stress on the other
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hand may be caused by the production process (e.g., printing, forming, filling) or transport
(e.g., vibration). The right selection of the material, but also the shape of the packaging,
therefore plays a vital role in the success of a primary, secondary or tertiary package (see
also Figure 2) [12,13,38,43].
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Another key characteristic of materials to be considered is the barrier property. Espe-
cially, the barriers against oxygen (O2) and water vapour (H2O) transmission are determi-
nant since these can exhibit significant influences on product quality and safety. The former
for example can promote oxidation reactions, loss of quality-determining ingredients (e.g.,
vitamins), and growth of spoilage and pathogenic microorganisms. The latter can influence
structural changes such as hardening, agglomeration, or softening of products and promote
microbial growth (see Section 3.2). Additionally, barriers against carbon dioxide (CO2) and
nitrogen (N2), which are the often-used gases in MAP, as well as aroma components, are
decisive. Depending on the use case and product requirement, material with an appropriate
barrier, i.e., permeation characteristics, should be chosen. Complementary to the above
described, the barrier against other substances like fat may be considered [12,13,38,44].
Furthermore, electromagnetic radiation (light) has to be taken into consideration, since
oxidative or other chemical reactions as well as structural changes may be induced or
accelerated, thus impairing product quality [12,41,45–47].

What is important regarding chemical safety is the migration of compounds from
packaging materials into the food. Migration describes the mass transfer of substances
from a packaging material into the food product or vice versa. As for the permeation, the
driving force behind this phenomenon is the concentration gradient. Additionally, factors
such as material, storage temperature, relative humidity, and time play an influencing
role [38,39,48].

Against common perception, possible migration of, for example, additives, are not
only present in plastic packaging materials. Migration can also be found in other (primary
or secondary (recycled)) materials such as glass (e.g., silicates), metal (e.g., corrosion
of the metal, additive migration from organic coatings), paper and board (e.g., fillers,
contaminations like mineral oils) and may, next to the packaging material itself, find its
origin in packaging aids (e.g., labels, closures, coatings) or even set-off processes (e.g.,
printed and role-to-role processed or stapled materials) [12,13,38]. To ensure safety of
food contact materials (including packaging), several legal requirements are in place in
the European Union and beyond [39,48–53]. It should be noted that in addition to the
migration from the packaging material to the food, migration processes from the food to
the packaging can also be observed. This process is also called sorption or scalping and
may cause alteration of the product (e.g., flavour loss) as well as reduced reusability of
packaging containers due to the re-release of previously migrated substances [12,13].

In addition to chemical safety, packaging materials also play a role in the hygiene
and biological safety of food products. Depending on the material used, a barrier against
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contamination, microorganisms and animals (e.g., food pests) can be given. To achieve
a high standard of hygiene, it is crucial to utilize materials that pose a sufficient barrier
and that are free from contamination. Further, it is important to use materials that do not
support microbial growth. Lastly, it is important to recognise, that most packaging materials
carry a low microbial count when freshly produced due to often high process temperatures
(e.g., melting of glass). So, the microbial burden is often a result of recontamination during
finishing processes, storage, and application, which can sometimes make it necessary to
implement decontamination measures prior to the filling process [38,54].

3. Cereal and Confectionary Products

Against the above-summarized background, food packaging can be seen as a mediator
between product and the environment, capable of significantly influencing food quality,
safety, and shelf-life [12]. Regarding cereal and confectionary products, the following
text aims at summarizing and categorizing the product group, presenting an overview of
category specific decay mechanisms, as well as respective packaging solutions.

3.1. Categorization of Cereal and Confectionary Products

As shown by Belitz et al. [28], cereal and confectionary products cover a wide and
diverse range of food products. They summarized different products in two groups,
namely cereals and cereal products. The first group is mainly made from important staple
foods such as wheat, rye, rice, barley, millet, oats and corn. These are used to produce
different kinds of products. For example, Smith et al. [55] made the following division:
“. . . unsweetened goods (bread, rolls, buns, crumpets, muffins and bagels), sweet goods
(pancakes, doughnuts, waffles and cookies) and filled goods (fruit and meat pies, sausage
rolls, pastries, sandwiches, cream cakes, pizza and quiche)”.

The group of confectionery products are mainly sugar-based products that, in contrast
to cereal products, are predominantly consumed as a “treat” rather than a full meal.
These include products such as chocolate, hard candy, and pralines [56,57]. In addition
to sweet confectionery, savory snacks can also be found on the market. According to
Robertson [13], these include “. . . a very wide range of products, including potato and corn
chips, alkali-cooked corn tortilla chips, pretzels, popcorn, extruded puffed and baked/fried
products, half-products, meat snacks and rice-based snacks” [13,58]. In addition to that,
there are combinations of sweet and savory snacks like chocolate covered pretzels or sweet
popcorn [59].

In the available literature and other sources including statistics, codices and regula-
tions, different approaches to properly (sub)categorize cereal and confectionary products
can be found [59–61]. Taking a food and shelf-life perspective, it is reasonable to cluster
products that exhibit similar characteristics or spoilage mechanisms. In the European
Union, where there is a strong food law [62] in place, a comprehensive list can be, for ex-
ample, found in the guidance document to Annex II of regulation (EC) No 1333/2008
on food additives [59,63]. For the field of cereals and confectionary, the four groups of
confectionary, cereals and cereal products, bakery wares, and ready-to-eat savories and
snacks are of special interest. While confectionary is further subdivided into cocoa and
chocolate products, other confectionery products including breath freshening micro-sweets,
chewing gum as well as decorations, coatings and fillings, cereals and cereal products are
divided into whole, broken or flaked grain, flours, milled products and starches, breakfast
cereals as well as pasta, noodles, batters and pre-cooked or processed cereals. For bakery
wares, a classification into bread and rolls and fine bakery wares is given. Last but not least,
savories and snacks are broken down into potato-, cereal-, flour- or starch-based snacks as
well as processed nuts. For each of the above-mentioned subgroups, a comprehensive list of
product examples is given in the mentioned document [59]. The present review adopts this
categorization approach and structures relevant information on cereal and confectionary
shelf-life, packaging, and shelf-life extension strategies accordingly (Figure 3).
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3.2. Decay Mechanisms and Shelf-Life

It is well-established that intrinsic as well as extrinsic factors influence the quality of
food and thus its shelf-life [13], which can be defined as the period of time a food maintains
its safety and/or quality under reasonably foreseeable conditions of distribution, storage,
and use [12,64–66]. Intrinsic factors include, amongst others, pH, water activity (aw), initial
microbial population, redox potential value (Eh), and nutrient content and therefore de-
termine the nature of decay mechanisms of a food product. On the other hand, extrinsic
factors determine how fast decay mechanisms proceed. Typical examples are atmosphere,
climatic conditions, and illumination. Packaging itself acts as mediator or separator be-
tween intrinsic and extrinsic systems [13,67]. The following paragraphs highlight the main
challenges of quality maintenance of cereal and confectionary products but do not go into
detail about the physical, chemical, or biological bases of these mechanisms (e.g., oxidation).
This information can be found in the relevant scientific literature [13,67,68].

Focusing on cereal and confectionary products (see Table 2), moisture content (MC)
and water activity (aw) are some of the most important quality-affecting parameters. Kong
and Singh [69] define, that the aw value is “. . . the vapour pressure of water above a sample
(p) divided by that of pure water at the same temperature (p0); i.e, aw =

p
p0 . It describes

the degree to which water is free or bound to other components”. They state that this is
related to “. . . the composition, temperature, and physical state of the compounds” [69,70].
This is of importance regarding the potential growth of microorganisms as they depend on
free water presence [71].

Table 2. Water activity and moisture content of confectionery products, breakfast cereals, snacks, and
bakery products.

Product category Subcategory Product Water Activity
[aw]

Moisture
Content [%] Reference

Confectionery

Cocoa and
chocolate products Chocolate 0.42–0.60 1.2 [72]

Other confectionery
including breath freshening

micro-sweets

Hard candy 0.25–0.40 2.0–5.0
[73,74]

Fudge, toffee 0.45–0.60 6.0–18.0

Nougat (white, dark) 0.55 8.00–10.0 [13,75]

Jelly, liquorice 0.50–0.75 8.0–22.0
[73,74]

Marshmallow 0.60–0.75 12.0–22.0

Marzipan 0.75–0.80 – [13]

Chewing gum Chewing gum 0.40–0.65 3.0–6.0 [73,74]
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Table 2. Cont.

Product category Subcategory Product Water Activity
[aw]

Moisture
Content [%] Reference

Cereals and cereal
products

Whole, broken,
or flaked grain Oats, grains, cereals 0.34–0.70 8.8–9.2

[13,72]Breakfast cereals
Cornflakes 0.25–0.38 1.7–3.5

Puffs 0.17–0.20 0.48–1.70

Fresh pasta Fresh pasta 0.91–0.98 ≥24

Dry pasta Dry pasta 0.33–0.57 5.4–8.3

Bakery wares

Fine bakery wares

Sponge cake, muffins 0.84–0.95 21.0–40.0

[76,77]Croissant crust 0.59–0.61 8.0–10–0

Croissant crumb 0.92–0.94 30.0–33.0

Biscuits 0.60–0.63 1.5–3.0 [72,78]

Wafers 0.13–0.15 2.1
[72]

Cookies 0.18–0.64 1.4–11.7

Bread and rolls

Flat bread (no yeast) - 33.0–35.0 [79]

Sourdough bread, yeast
bread crumb 0.91–0.95 29.0–40.0

[72]

Sourdough bread, yeast
bread crust 0.88–0.94 26.0–32.0

Bagel crust 0.96 38.5

Bagel crumb 0.92 31.0

Ready-to-eat
savouries

and snacks

Potato-, cereal-, flour- or
starch-based snacks

Popcorn 0.07 0.28

Chips 0.09–0.27 0.3–1.3

Crackers, grissini,
sticks, pretzels 0.05–0.54 1.1–5.4

Processed nuts Nuts, seeds, nibs 0.15–0.75 0.5–3.1

With an aw lower than 0.75, a large proportion of the products listed in Table 2 falls
into the group of low-moisture or dried foods that additionally exhibit low (e.g., cornflakes)
or high (e.g., crisps) fat content. In this group, water uptake and thus loss of, e.g., crispness,
which occurs, e.g., in potato chips and breakfast cereals after gaining moisture at a range
of 0.35 to 0.5 aw, is the main decay mechanism [12,13,69,80]. Other mechanisms include
loss of aroma (e.g., flavoured products) or aroma uptake from the products’ surrounding
due to the often porous structure of the food products. Further, structural changes such
as loss of integrity due to e.g., mechanical damage (e.g., breakage), softening, or caking
may occur. While microbial growth is the basis for both, low and high fat types, oxidative
mechanisms, which may lead to off-odours and -tastes and subsequently to quality loss in
terms of overall acceptance, are often linked to the fat content and thus tend to increase
with the same [12]. Examples that can be named are nuts, chips, biscuits, and cookies.
All in all, this product group can, however, be described as rather stable and therefore
storage under dry and ambient conditions is recommended and possible. For example,
breakfast cereals and dry pasta stay stable under temperate conditions for 6–18 months
and 48 months, respectively [72,81]. Confectionary products like pulled sugar are stable for
6–9 months under temperate conditions (e.g., ~20 ◦C) [68].

Other products, including chocolate for example, can be allocated to compact foods
with high fat content, a group mainly susceptible to the uptake of unwanted flavours and
some (often minor) water exchange (uptake or loss) processes [12]. The latter can induce
so-called blooming effects [13]. Sugar bloom on the one hand is often provoked by humid
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storage or rapid temperature changes and leads to the loss of surface gloss. Fat bloom on
the other side is also known to cause quality related issues visible as a fine whitish layer [82].
Growth of microorganisms is, however, of minor importance in this product group. Storage
under temperate or chilled conditions is therefore possible for up to 12–24 months [57].

Microbial growth is of major concern in the group of ready-to-eat and ready-to-
cook convenience food products (e.g., fresh pasta). At this point, in addition to spoilage
microorganisms, pathogenic microorganisms play an essential role [65,83]. Further, water
loss and structural changes can be named. Additionally, oxidation can significantly gain
importance regarding shelf-life. Accordingly, chilled storage is often preferred [13,67].

The area of bakery products can be divided into fresh bakery wares and ready-to-bake
products. The first group (e.g., bread) shows high aw values (>0.8) and thus short shelf-life,
which is heavily influenced by water exchange processes that are often interlinked with
structural changes (softening of the crust and drying of the crumb). Connected to this,
starch retrogradation, which is the main mechanism of staling, can be highlighted [69].
Further, loss of moisture and hardening with aw values below 0.5–0.7 [13,69,80] quickly
result in low sensory acceptance of the products. While oxidation and rancidity play a
minor role in this food category, uptake of flavours as well as microbial spoilage play a
more elaborated role in this product group. The latter point is mainly driven by the often
visible growth of moulds and yeasts on the food surface. Characteristic microorganisms are
Penicillium roqueforti, Hansenula anomala, Pichia anomala, Candida guilliermondii, C. parapsilosis,
Saccharomyces cerevisiae, S. exiguus, S. unisporus, S. bayanus, S. pastorianus. Additionally,
Clostridium and Bacillus genera are known bacteria potentially affecting bakery wares (spore-
forming), with e.g. Bacillus spp. causing “rope” or “ropy spoilage” (Bacillus amyloliquefaciens,
Bacillus subtilis, Bacillus pumilus, Bacillus cereus) [71,84,85]. Oxidation and rancidity play
a minor role in this product category. Accordingly, the average shelf-life of fresh bread
and cake under ambient conditions is often less than one week [86]. In some cases, chilled
or frozen storage is advisable. The group of ready-to-bake rolls show very similar decay
mechanisms. However, due to the higher water content, drying and spoilage is even more
pronounced. In the case of frozen products, these mechanisms are delayed. A special focus
has to be laid on water exchange (freezer burn) and structural damage [87].

3.3. Product Group Specific Packaging

Responding to the above-mentioned predominant decay mechanisms of cereal and
confectionary products, the following section aims at highlighting common packaging
concepts and material choices (compare also Table 1).

Chocolate packaging has to provide a good barrier against aroma, gas (especially O2
and H2O) as well as light. This is conventionally achieved by using aluminium foil of
different thickness to wrap the product. Since aluminium alone cannot be heat sealed, the
per se excellent barrier of the material is, however, interrupted at, e.g., overlapping areas or
gaps. Hence, diffusion (mass transfer) of aroma, gas and other molecules (e.g., mineral oil
components) to the product cannot be excluded. Additionally, the originality of the product,
an important factor of food safety, may not be ensured [13,67]. For this and other reasons
(e.g., communication), many described packaging concepts (still) include an additional
packaging layer, namely paper or paperboard [13,27,88–92].

Today, more and more multilayer materials can be found on the market. For example,
laminates of LDPE (low density polyethylene) and aluminium allow for heat sealing of the
aluminium by at the same time keeping the superior barrier and dead-fold properties of
aluminium. Further, multilayer materials including paper or other aluminium replacing
barrier materials (e.g., polyvinylidene dichloride (PVdC)) are available. Possible build-
ups may include LDPE/aluminium/paper or LDPE/PVdC, respectively [13]. Nowadays,
a shift towards packaging made (solely) from (oriented) PP, which exhibits, due to a
stretching process, inter alia, improved mechanical and barrier properties, is notable [21,92].
Additionally, cold sealing, is more and more adopted, since it avoids exposing sensitive
products, such as chocolate, to elevated temperatures during heat sealing. This alternative
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is made possible by applying cold-seal adhesives on the intended sealing areas of the
packaging film and pressing of two of the sealing areas together [31].

Individually packed chocolate products, such as chocolate coated bars or pralines, are
often bought for hedonistic reasons (e.g., treats, gift function) and thus the communication
function (design) of these packages is frequently at the forefront [13,56]. While the functions
of containment and protection are already met, these packages often use excess packaging
materials and/or layers and for example consist of a (e.g., polyethylene terephthalate
(PET)) tray with individual cavities, (e.g., aluminium) wrapping of the individual pieces,
a (e.g., paperboard) box, (e.g., polyethylene (PE) or polypropylene (PP)) overwrapping and
packaging aids (e.g., labels, stickers). Glass or metal is also used in some cases [13].

Many confections, such as hard candies, gums, toffees and caramels are likewise
(twist) wrapped individually. This is either for technical reasons such as provision of an
adequate (H2O) barrier and thus avoidance of moisture loss or uptake, resulting in e.g.,
drying or agglutination of the product pieces, hygienic reasons or distinction from other
products. As for chocolate, tightness of the package should be in the ideal case assured [73].
Due to their in general good barrier properties and sealability, the market dominating
polyolefins (PE and PP) as well as PET [93] are also frequently used in this product category
(e.g., multipacks) [21,94]. If elevated barriers are needed, different multilayer materials
are also adopted. Further, glass and metal packaging can be found on the market and
traditional materials include waxed paper, waxed glassine and waterproof, plasticized
cellulose fibre [57]. Plain paper and board are, however, hardly used as a primary packaging
material, since products tend to stick to the material. The packaging types in this product
category are manifold and include, for example, trays, flow packs, boxes (for example
cardboard and metal) and jars [13].

Other products such as biscuits, (processed) nuts and fruits are traditionally packaged
in regenerated cellulose (trade name Cellophane) fibres (RCF). Therefore, RCF is usually
coated with either LDPE or PVdC copolymer and often with a layer of glassine in direct
contact with the product if it contains fat. Currently, this combination of materials is
replaced by PP, either as plain or pearlized OPP film, coextruded OPP (OPPcoex) film, or
acrylic-coated (Ac) on both sides. Plain OPP films require a heat seal coating to improve
sealability while coextruded OPP provides superior seal strength. If a high O2 barrier
is required, then acrylic-coated OPP (AcOPP) is used. One side is sometimes coated
with PVdC copolymer rather than Ac. In addition, Ac and PVdC copolymer-coated OPP
films provide a superior flavour and aroma barrier compared with that of uncoated OPP.
Biscuits are often packed in PP and additionally a cardboard box, acting as secondary
packaging [13,25].

In comparison to other products, the dry and low in fat group of cereals and cereal
products, (such as whole, broken, flaked or milled) grains (e.g., wheat and rice) show
rather low packaging demands. Mostly used are paper bags, flexible plastic bags (e.g.,
PE [95]), as well as cardboard boxes [96,97]. There are also variations of these packages,
for example inner flexible plastic bag and a secondary cardboard box. If paper is used
and high barriers are needed, LDPE liners for example can be applied [13], also to avoid
mineral oil migration [98]. Rigid laminates with paper content and plastic lids usually
known in snack product packaging, are also available. Flours for example are commercially
packaged in bags or bulk bins [13]. In addition to that, woven PP bags are commonly used
in developing countries. However, Forsido et al. [99] discussed that the low moisture barrier
led to chemical, physical, sensorial, and microbial changes of flour. Another successful
approach for flour packaging that was used for decades, was bags made from cotton
twill [13].

The barrier requirements for breakfast cereals packaging are set higher than in the
above-mentioned group since crispness, formation of off-flavours, loss of aroma and vita-
mins or breakage are more critical for consumer acceptance [13]. Consequently, the inner
packaging/primary packaging level of these products is a plastic bag, mostly HDPE (high
density polyethylene), giving a sufficient water vapour barrier since moisture vapour trans-
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mission rates less than or equal to 15 g/m2-day-atm are often required. Sealant polymers
such as EVA (ethylene vinyl acetate), ionomer, mPE (metallocene polyethylene), or blends
are used for low temperature seals, form-fill-seal packaging, and easy opening seals [95].
In order to increase barrier characteristics, HDPE is also coextruded with a thin layer of EVA
or PA (polyamide) and EVOH (ethylene vinyl alcohol) polymers [95,100]. Other O2 barrier
materials for breakfast cereals are PVdC and coated polypropylene-low density polyethy-
lene [101]. In addition, PP-bags are common liners. The secondary packaging/outer
packaging is most frequently a fibreboard box [13,22]. Alternative packaging concepts
include coated paperboard, plastic cups, as well as metal boxes and glass jars [13,102].

Dried pasta is often packaged in paperboard carton, containing a plastic window.
At the moment, most pasta products are packaged in plastic films, such as PE or oriented
polypropylene [13,103–107]. For fresh pasta/noodle products, packaging solutions might
be different, as appropriate barriers (gas and/or water vapour) and/or MAP (e.g. CO2:N2
20:80% MAP for pasta) is needed [107,108]. The selection of packaging materials for fresh
pasta products can also depend on whether or not the product is pasteurized (thus, the
package must be able to withstand the pasteurization conditions) and whether or not the
product is to be heated in its package (the package must be able to withstand either heating
in boiling water or microwave conditions) by the consumer. For products which are not
pasteurized nor intended to be heated in their package, a rigid tray of PVC-LDPE sealed
with PA-LDPE film is common. When microwave heating is used, the rigid tray is usually
made from crystalline polyethylene terephthalate (PET-C), or polystyrene-ethylene vinyl
alcohol copolymer-LDPE (PS-EVOH-LDPE) laminate, and the film may be based on PVdC
copolymer-coated PET, OPET-EVOH-LDPE, or PP [109].

Packaging of fresh bakery products such as bread is a moisture balancing act. On one
hand, moisture needs to be contained to prevent drying of the product and on the other
hand, moisture has to be released from the product to avoid softening of the crust and
microbial spoilage. Since there is a wide range of products and product characteristics, also
a wide range of packaging solutions can be found. Frequently, paper-based materials, LDPE,
LLDPE, HDPE bags as well as OPP, either as plain, pearlized, OPPcoex, or Ac/OPP/Ac
films are used [13,95,110–114]. The bags are usually closed either with a strip of adhesive
tape or a (plastic) clip in order to reduce moisture loss [111,113,115]. EVA polymers are also
used for sealability and optics [95]. Perforated LDPE bags are used (for crusty products)
in order to prevent the formation of a leathery consistency of the crust due to moisture
migration from the crumb [115]. If aroma and taste barriers are needed, PA is used [95].
Vacuum packaging including the use of respective barrier packaging materials is only used
in some exceptions (e.g., flat breads) in this product category due to mechanical impairment
of the often soft products. MAP rich in CO2 is whereas more frequently used (e.g., sliced
bread, convenience applications). For example, CO2:N2 60:40% MAP for bread, cakes,
crumpets, crepes, fruit pies and pita bread. This is also the case for ready-to-bake products,
which are intended to have a longer shelf-life [13].

Packaging for fried snack foods such as potato or tortilla chips, which exhibit, due
to their production process, low moisture and high fat contents, preliminarily aims at
providing a barrier against gases (H2O and O2) and light to avoid loss of crispness and
increased oxidation/rancidity levels of the product [95]. Hence, these products are mainly
packaged in high barrier multilayer films containing aluminium foil or metallisation (e.g.,
PET/Alu/LDPE; PETmet/LDPE; BOPP/BOPPmet) [31,94,116]. In addition, barrier poly-
mers such EVOH or PVDC can be found in these materials. Further, rigid multilayer paper
solutions with aluminium (for example spiral wound paper-board cans) or metal cans
are also used. Since extruded and puffed snack foods exhibit lower fat levels and thus
primarily rely on a package that provides a barrier against water vapour; these products
are less often packaged in metallized materials. An example is OPP/LDPE/OPP [95].
In both scenarios, and whether flexible or rigid packaging is adopted, modified atmosphere
packaging is frequently used. For example, the package is usually flushed with an inert gas
(N2) before closing [116]. Additional mechanical protection of the often fragile products
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and dry storage is recommended. This might lead to the use of secondary packaging, such
as cardboard boxes [31].

4. Shelf-Life Extension

As can be seen from the above text, choosing the right packaging material concept
can have a positive effect on quality maintenance and therefore shelf-life of cereal and
confectionary products and food in general. Where particularly sensitive products (e.g.,
high aw value, high fat content or oxidation potential) are present (e.g., fresh pasta, fried
snacks) or an elevated shelf-life has to be achieved (e.g., ready-to-bake rolls, fine bakery
wares), modern packaging concepts such as modified atmospheric packaging or active (AP)
and intelligent packaging (IP) are used (combined abbreviation: AIP). Manifold different
approaches can be found regarding MAP, AP, and IP, each with different relevance for the
discussed product subgroups, cereals and cereal products, confectionary, bakery wares and
ready-to-eat savouries and snacks. However, for an impression of these, Figure 4 depicts
selected examples.
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packaging approaches with certain use cases for cereal and confectionary packaging. Adapted
from [13,108,117–140].

Using these approaches, other product preservation actions (e.g., heating, use of
preservatives) may be reduced, which supports attempts to reach a healthier diet (e.g.,
reduction of salt) or a clean label (e.g., avoidance of excess additives) [141] These allow
specifically addressing other remaining challenges in the chemical, biological, mechanical,
and physical fields [12,13]. Thus, they are also often implemented in the hurdle technology,
a concept of combining diverse adverse factors or treatments to control microbial growth
in food products [13,142]. According to studies found, also biobased and/or biodegradable
packaging material is experimentally combined with AIP approaches. These materials offer
new opportunities, for example in making use of different barrier properties, that allow a
certain shelf-life extension [134,135]. Examples for MAP and AP with traditional as well as
biobased/biodegradable packaging materials can be found in Table 3.
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4.1. Modified Atmosphere Packaging (MAP)

Leaving quality sensitive products exposed to atmospheric conditions (gas compo-
sition of N2, O2, Ar, CO2, traces of other gases) can trigger undesirable changes such as
quality-related oxidative decay or growth of (non)pathogenic aerobic microorganisms. On
the contrary, modifying the atmosphere inside a packaging can help maintain the quality
of a product over an elevated timeframe. Consequently, common mitigation strategies
include the reduction of packaging headspace and, thus, total available atmosphere or
even removal of the atmosphere (to a value below one percent), which in turn results in
vacuum packaging. To maintain these conditions over time, it is necessary to assure an
appropriate containment function of the packaging by choosing packaging materials with
an appropriate gas barrier and proper sealing. Challenges in this case are often the structure
of the products and the corresponding residual oxygen in the packaging in the case of e.g.,
pores and the collapse of the product in the case of e.g., a soft structure [13,125,146].

A more advanced modification can be found in a so-called modified atmosphere
packaging, MAP [147]. Here, an active modification takes place in a two-step process,
where first the initial atmosphere is removed (vacuum) and then replaced with a specific
artificially composed atmosphere before closure of the barrier packaging. Commonly, in
product-dependent concentrations used, colourless and odourless gases in MAP mainly
encompass CO2 and N2. Due to its formation of hydrated carbonate species in aqueous
phase CO2 is valued for its bacteriostatic and fungistatic effect, which increases with
increasing concentration. Due to the solubility in water and fat, formation of under-pressure
in the package and, consequently, possible collapse of the latter is possible. To avoid this
and to act as a filler gas, the inexpensive and inert N2 is applied. Hence, passively, also this
gas contributes to quality maintenance of the product. Furthermore, O2 is a frequently used
gas but of little relevance for the cereal and confectionary sector. Its field of application
is mostly in meat (e.g., bright-red colour preservation via high-oxygen MAP) and fish
products and to lower extent in plant products [145,148,149]. More recently, permitted
noble gases such as argon are subject to research but not broadly applied on cereal and
confectionary products [150,151]. Depending on the chosen MAP gas composition, food
shelf-life can increase manifold (50–400%) and with this advantage along the supply chain
can be recorded (e.g., less food waste, longer remaining shelf-life, less frequent production
and transport). However, disadvantages linked to MAP, in general encompass the need for
more sophisticated packaging materials and filling equipment, costs for gas and increased
packaging volume [13].

Regarding the food categories at the centre of the present review, confectionary prod-
ucts are less frequently in the centre of research and application of MAP than cereals and
cereal products, bakery wares or ready-to-eat savouries and snacks (see Table 3). One case
of MAP use, however, is reported by Mexis et al. [119], for dark chocolate with hazelnuts.
The authors found, that when conventionally used aluminium packaging together with
storage under surrounding atmosphere was replaced with a PET/LDPE or PET-SiOx pack-
aging and vacuum or N2, the shelf-life (dark storage at 20 ◦C) was increased from 8 to
8–9 and 11 months, respectively. Also Kita et al. [152], investigated the effects of different
packaging types and shelf-life extension strategies for chocolate coated products (fruits and
nuts). They analysed air, vacuum and MAP (N2 ≥ 98%) of coated cherries, figs, hazelnuts
and almonds in long term storage conditions in three different types of packaging. PP film
closed with a clip was chosen for air, PP film sealed for vacuum and metallized sealed film
for MAP. They resumed that the best packaging solutions for the chosen chocolate coated
products, ensuring quality (for example bioactive compounds, antioxidative activity) were,
on one hand, air and vacuum packaging for fruits, vacuum packaging for hazelnuts and
MAP for almonds.

In the category of cereals and cereal products, and in more detail in fresh pasta, MAP
often contains elevated amounts of CO2 (up to 80%) and corresponding low N2 values
(balance) [13,108,120,121]. For instance, Lee et al. [120] conducted a comparative study on
fresh pasta packaged under air (PS tray with PVC film) and under CO2:N2 78:22% MAP
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(PA/EVOH/LLDPE). As a result, the shelf-life was doubled from 20 to 40 days at a storage
temperature of 8 ◦C. Even higher rates of shelf-life increase for fresh filled pasta were
shown in two other studies [108,121]. In the first case, samples included fresh pasta filled
with cheese in a sealed tray (EVOH/PS/PE) with a barrier film (EVOH/OPET/PE) and
two different atmospheres (air; CO2:N2 50:50% MAP). Quality maintenance was increased
from 7–10 days up to 42 days [108]. Similarly, in the second case, gluten-free fresh pasta
was packaged in trays (control: PET; test: EVOH/PS/PE) sealed with films (control: PET;
test: EVOH/OPET/PE). Shelf life under air was compared to CO2:N2 30:70% MAP. Here,
an increase from 14 to 42 days was notable [121].

Turning to bakery wares such as (pita)bread, cakes, crumpets, crepes, (fruit)pies,
Robertson [13] reports a frequent use of CO2:N2 60:40% MAP. However, in the scien-
tific literature, a more diverse application of CO2:N2 MAP can be seen. For example,
Rodriguez et al. [126] investigated extending the shelf-life of bread using MAP packaging
in a combination with preservatives. The research referred to bread slices packaged in
a 60 µm bag. The results showed that in the samples without added preservative, and
CO2:N2 50:50% MAP, the increases in shelf-life were 117% and 158% (at 22–25 ◦C and
15–20 ◦C). For the samples with calcium propionate addition and in N2 100% MAP, shelf-
life was increased by 116%. Furthermore, calcium propionate addition and CO2:N2 20:80%
MAP increased the shelf-life by 150% and 131% at 22–25 ◦C and 15–20 ◦C. When the CO2
concentration was increased to 50%, the increased shelf-life of the samples with added
preservative was 167% at 22–25 ◦C. For the same settings at 15–20 ◦C the increase was
even 195%. Fernandez et al. [149], conducted a similar research with soy bread. They as
well used different settings of MAP and preservative adding but expanded the question
of packaging options. They used two multilayer packaging solutions, high and medium
barrier. The high barrier was LLDPE/PA/EVOH/PA/LLDPE, whereas the medium barrier
solution was LLDPE/PA/LLDPE. As controls, LDPE and air atmospheres were used. The
combination of high barrier packaging in CO2:N2 50:50% or CO2:N2 20:80% MAP without
calcium propionate addition extended the shelf-life of the samples by at least 200%.

Turning to ready-to-eat savouries and snacks (e.g., crisps) Sanches et al. [128] inves-
tigated inter alia the effects of different packaging atmospheres under 40 ◦C and room
temperature on multiple crisp samples, linked to lipid oxidation. They included marketed
products under unknown MAP concentrations, air, N2, vacuum and oxygen scavengers in
the analysis. Reflecting changes in the fatty acid profile of the crisps, it was resumed that
changes in the package’s atmospheres, mostly cutting out oxygen, was crucial for the shelf-
life of the crisps. Vacuum packaging options would also allow stable lipid profiles, however,
they are not suitable for easily breakable crisps. Del Nobile [129] was similarly questioning
the optimal packaging for crisps, however, focused on finding the best headspace gas
composition for two different multilayer film packages (metallized PP and PVdC coated
PE) through simulated storage. He proposed that N2 combined with water vapour would
lead to a shelf-life extension up to 80%.

4.2. Active and Intelligtent Packaging (AIP)

While MAP is firmly established in the market, active and intelligent packaging has not
yet reached its full potential in food packaging applications but is at the threshold of more
widespread use in the European market and subject to intense research and development
activities [153–155]. Accordingly, the following paragraphs aim at outlining the concept of
AIP and highlighting applications most relevant for cereal and confectionary packaging.

Just as conventional packaging applications, AIP define as food contact materials as
given in Regulation (EC) No 1935/2004. While conventional packaging has to be suffi-
ciently inert not to transfer substances to the food in quantities that endanger human health
or bring an unacceptable change of the food product (composition, organoleptic properties),
AIP are intentionally designed not to be inert. This allows them to actively maintain or even
improve the quality or shelf-life of food products [39]. Hence, AIP deliberately includes
“active” components that are either aimed to be released to the food or that aim at absorbing
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substances from it. This justifies the division of active packaging into so-called releaser and
absorber systems. However, a clear distinction is made to traditional substance releasing
materials (e.g., wooden barrels) in food contact. The use of active substances aimed to
be released to the food must also comply with the Directive 1333/2008 on food additives
and should be authorized accordingly by applicable community provisions [63]. Further-
more, specific requirements regarding labelling and information, avoidance of misleading
consumers as well as safety assessment and authorisation is given [39]. In addition to
Regulation (EC) No 1935/2004, Commission Regulation (EC) No 450/2009 gives specific
rules for the use of AIP (e.g., community list of allowed substances for use and evaluation
of these) [39,156].

In response to major challenges in food quality and safety [12,13], key technolo-
gies in the area of active packaging are emitters (e.g., CO2, ethanol, antimicrobials, an-
tioxidants) and scavengers (e.g., O2, CO2, ethylene), absorbers (e.g., H2O, flavour and
odour), self-venting packages, microwave susceptors, and temperature control packag-
ing [13,40,157–165]. Intelligent packaging on the other hand refers to packaging that
monitors the food product and provides information about its condition [39]. Related
key technologies are mostly indicators and sensors (e.g., time, temperature) and linked
processing and communication systems (e.g., (printed) electronics). Further, tamper evident
packaging and anti-counterfeiting applications exist [163,166].

Due to their effectiveness, the growth forecasts for AIP in the coming years are high,
but it must be emphasised that the sustainability of such sophisticated packaging solutions
should be evaluated case by case [167]. In addition to the actual reduction of food losses and
food waste, factors such as, e.g., the recyclability of AIP, which may include metal-based
components, should be evaluated [153,163,168,169].

Going into detail about cereal and confectionary packaging (see also Table 3), an appli-
cation example for oxygen absorbers is in sliced bread. Where O2 concentration decreased
below 0.1% within a few days of packaging, microbial shelf-life was shown to be extended.
It was reported that there was no effect on sensory quality [170]. Oxygen absorber can
also be used in combination with MAP. In 2003, Del Nobile et al. [127] showed that the
application of CO2:N2 80:20% MAP in the packaging of durum wheat bread prolonged the
shelf-life from 3 to about 18 days at 30 ◦C. However, if the packaging film itself possesses a
high barrier against oxygen, neither the use of scavengers nor MAP are necessary to achieve
the desired shelf-life of white bread [171]. Finally, an oxygen scavenger system, consisting
of a multilayer coextruded bag associated with an oxygen scavenger, was tested in different
storage conditions (accelerated storage, room temperature, refrigerator), for its effect on
preservative-free tortillas shelf life. The results indicated a protective effect of the packages
including the oxygen scavenger system. Specifically, the weight and thickness of flour
tortillas under room temperature conditions could be maintained, opposed to respective
decreases detected in control packages (consisting of LDPE/LLDPE). In parallel, yeast and
mold growth were hold back in the packages containing the oxygen scavenger versus con-
trol (room temperature and accelerated storage). Under refrigerated conditions, a shelf-life
up to 31 days was estimated, however, independed of the use of oxygen scavengers [172].

It has been also shown that the use of ethanol emitters extend shelf-life even without
establishment of an additional modified atmosphere. For ciabatta, a shelf-life of 16 days, at
21 ◦C could be obtained, packaged in air atmosphere and ethanol emitter addition [122].

Antimicrobial, antifungal, and antioxidative agents as active food packaging include
multiple research topics. Options include the applications of essential oils, edible films,
and nanocomposites, which are often used with products susceptible to microbiological
degradation, e.g., sliced bread. For example, oregano essential oil has been observed to
be a successful application against yeasts and moulds in sliced bread. It was applied
in the form of antimicrobial sachet at concentrations of 5, 10, and 15% (v/w) at room
temperature [136]. In addition to that, methylcellulose edible films produced with clove
and oregano essential oil have displayed antimicrobial activity against spoilage fungi in
bakery products and have improved sliced bread shelf-life to 15 days, at 25 ± 2 ◦C [137].
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Also, cinnamaldehyde was used as an active ingredient to increase the shelf-life of sliced
bread. It was incorporated in gliadin films (5%), which allowed to keep the quality of
the product for 27 days of storage at 23 ◦C [173]. Next to having antimicrobial effects,
essential oils are also antioxidative agents that can be included in packaging material
like HDPE, LDPE, EVA. Zhu et al. [138] for example tested this approach with sesame
essential oils for the packaging of oat cereals. However, there are also biological threats that
could shorten the shelf-life of cereal and confectionery products. Essential oils from garlic,
black pepper, ginger, fennel, and onion already have been tested as insect repellents for
grain packaging. All these tested essential oils were characterized by significant fumigant
insecticidal properties. For example, allyl mercaptan deriving from allium plants added as
a sachet with rice flour, was proven as potential protective active packaging against S. oryzae
contamination leaving sensory properties unaffected [174]. In general, the incorporation of
essential oils in packaging materials is a growing sector [175,176]. One background can be
that they are waterproof, so it could be the ideal material for the incorporation into a film,
which will turn it from a conventional packaging material to an active one, increasing both
its value and its functionality [175].

One further option of active packaging is the targeted use of composites at the
nanoscale, whether organic (oils/proteins/carbohydrates) and/or inorganic, e.g., clays.
This topic is of interest as active agents might have different properties in smaller scales. Ma-
terials of which at least one of its external dimensions belongs to the nanoscale (1 to 100 nm)
are considered nanomaterials [177,178]. They are characterized for their unique proper-
ties such us high surface-area-to-volume ratio, fine particle size, and high reactivity [179].
One common area of research interest is represented by publications including essential
oils. For example, bio-nano-composite films prepared with corn starch incorporated with
chitosan nano-clay, and further enriched with a variety of ratios of grapefruit seed extracts
have been studied. It was shown that this solution was capable of inhibiting fungal prolif-
eration for a period of 20 days, compared to that of 6 days in bread packaged samples with
synthetic plastic, indicating a successful active packaging approach to extent the shelf-life
of bakery products [133]. Furthermore, two different formulations mainly consisting of
essential oils from several plants were evaluated for their potential antifungal properties
in maize grains. Specifically, in a recent study, bioactive EVOH films including various
essential oils have been characterized. Cinnamaldehyde, citral, linalool and isoeugenol
were investigated to decrease the activity of A. steynii and A. tubingensis strains. It was
shown that the ochratoxin A production by these strains in partly milled maize grains
could be reduced significantly. The inhibitory effect was the highest in EVOH with cin-
namaldehyde, followed by isoeugenol and citral [180]. In parallel, EVOH copolymer films
incorporated with essential oils from Origanum vulgare, Cinnamomum zeylanicum and/or
their major active constituents have been studied. The results showed that carvacrol and
cinnamaldehyde were effective in decreasing Aspergillus flavus and A. parasiticus-induced
aflatoxin production in maize, respectively. Overall, cinnamaldehyde showed the highest
inhibitory effect, followed by combinations of EVOH with essential oils from Origanum
vulgare, Cinnamomum zeylanicum and carvacrol [181].

Next to these highly discussed organic nanoparticles, inorganic particles like Ag
(silver) and TiO2 (titan dioxide) have also been applied to packaging solutions, for example
cereal products, due to their antimicrobial effects [182–185]. However, there is a concern
on potential risk of nanoparticles migrating into food, although limited data showed that
obtained values were within the limits set by the legislation [185–189]. It was shown
that Ag-TiO2 nanocomposite incorporated in HDPE considerably extended shelf-life and
microbiological safety of bread in comparison with control sample stored in an open
atmosphere or in HDPE bags [144]. Not only the characteristics of plastic packaging
can be optimized by the inclusion of nanoparticles. The modification of paper with Ag-
TiO2-SiO2 (silicon dioxide) or Ag/N-TiO2 composites can improve the papers material
characteristics. It was shown that such paper was capable to extend the shelf-life of bread
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by 2 days in comparison to the control, in both ambient (18–20 ◦C) and refrigerated (0–4 ◦C)
conditions [190].

Research in optimizing packaging with nanostructures goes even further to high-tech
materials. An example is a packaging material with a montmorillonite layer. It was shown
that montmorillonite composite polyamide 6 nano-fibres placed over PP films, increased
the shelf-life of bread by 2 days at room temperature, due to inhibition of microbial
growth [191].

Intelligent packaging, on the other hand, is a special packaging technique aiming
to monitor the quality of the packaged food and to predict or measure the safe shelf-
life better than a best before marking date [122,130,171,192–194]. It provides functions
beneath the ones considered as conventional e.g., protection and containment and is
used to monitor the condition and provide quality information of packed foods to the
consumers [158]. Different indicators, such as time-temperature, microbial growth, product
freshness, pack integrity etc., are used as intelligent packaging systems. High temperatures
and/or temperature fluctuation are often correlated with food deterioration as result of
detrimental biochemical reactions combined with microbial growth. Depending on the
food sensitivity specific intelligent indicators can be applied to specific food products.
The time-temperature indicator measures the change that imitates the targeted quality
characteristics with the same behaviour under the same time-temperature exposure. The
pH and enzymatic indicators can also give information about the quality of food [195].
Commercially available time-temperature indicators can be used to monitor quality changes
of many perishable and semi-perishable foods. Among other products, these indicators
have been applied to canned fruitcake for 10 days’ storage at constant (12, 25 and 37 ◦C)
temperatures. Sensory analysis, as quality characteristic of the product, was correlated
with indicator response [140,196].

Reflecting the above chapters and findings, it can be summarized and confirmed that,
if chosen correctly, cereal and confectionary packaging, as well as food packaging in general
can make a valuable contribution to maintaining the quality and safety of food [12,13,17].
Accordingly, it can also help to prevent food losses and waste, an important point when it
comes to making our food systems more sustainable [11,16]. This point is also taken up
in the SDGs and influences current political efforts such as the European Union's Green
Deal [2,3,6].

However, packaging redesign or optimizations should not simply be carried out with-
out evaluating the effects on ecological, social, and economic sustainability as objectively
as possible. This is the only way to avoid possible hidden trade-offs [17].

In addition, close cooperation between a wide range of disciplines is required. In this
context, and among others, material science, sustainability science and social sciences,
and humanities can be mentioned in addition to food science and technology. The latter
in particular has, however, an important enabling function [197,198]. The future focus
here could be on the points of promoting (i) diverse and sustainable primary produce,
(ii) new processes and systems for sustainable manufacture, (iii) reduction of food and
material waste along the supply chain, (iv) safety and traceability, (v) affordable and
balanced nutrition, (vi) healthy diets as well as (vii) digitalization. MAP and AIP are
important approaches in this context, which are particularly present in the points (ii), (iii)
and (iv) [198].

5. Conclusions

The ongoing discussion about packaging optimization towards the enhancement of
the sustainability of certain products, asks for a profound review of the status quo in
specific food groups. Cereal and confectionary were found to be underrepresented in recent
publications addressing this topic, despite their global economic and ecologic importance.
To take the right steps aspiring more sustainable production and consumption of goods,
it is essential for practitioners along the food supply chain to thoroughly understand
packaging functions (containment, protection, convenience, communication), properties
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(physical and mechanical strength, barrier, migration, hygiene), product group specific
decay mechanisms, used packaging solutions, and shelf-life extension strategies.

Commonly available packaging solutions vary in material selection (glass, metal,
plastic, paper), as well as in shape (rigid, semi-rigid, flexible) and size. Therefore, each
packaging solution offers unique benefits and limitations regarding its optimization po-
tential. Important decay mechanisms mediated by packaging in cereal and confectionary
products and snacks include inter alia oxidative mechanisms and changes in moisture con-
tent. Especially for products for which quality is easily impaired through such mechanisms,
packaging solutions and technologies extending the shelf-life need to be considered as
ways to improve the products´ sustainability. This, in combination with a proper material
selection, includes the applications of MAP and AIP (e.g., scavengers, indicators, active
ingredients) as well as novel approaches (e.g., nanotechnology).

However, sustainability improvement includes different other aspects. After the
proper understanding of the packaging’s purpose in these certain product categories and
subcategories, the question of burden shares between the environmental impacts of the
food product itself in comparison to its packaging must be considered along the whole
life cycle. Thus, further research is deemed necessary to investigate data from related Life
Cycle Assessment (LCA) studies and to combine the findings with the current status quo,
in order to derive proper redesign steps for cereal and confectionary products. However,
LCA is by default limited to environmental analysis and does not cover all sustainability
dimensions. The inclusion of economic and social aspects would finally provide a holistic
picture on how to attain more sustainable products.
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82. Machálková, L.; Hřivna, L.; Nedomová, Š.; Jůzl, M. The effect of storage temperature on the quality and formation of blooming
defects in chocolate confectionery. Potravinarstvo Slovak J. Food Sci. 2015, 9. [CrossRef]

83. Jaroni, D.; Ravishankar, S.; Juneja, V. Microbiology of Ready-to-Eat Foods. In Ready-to-Eat Foods, 1st ed.; Hwang, A., Huang, L.,
Eds.; CRC Press: Boca Raton, FL, USA, 2010; pp. 1–60. [CrossRef]

84. Valerio, F.; de Bellis, P.; Di Biase, M.; Lonigro, S.L.; Giussani, B.; Visconti, A.; Lavermicocca, P.; Sisto, A. Diversity of spore-forming
bacteria and identification of Bacillus amyloliquefaciens as a species frequently associated with the ropy spoilage of bread. Int. J.
Food Microbiol. 2012, 156, 278–285. [CrossRef] [PubMed]

85. Pepe, O.; Blaiotta, G.; Moschetti, G.; Greco, T.; Villani, F. Rope-producing strains of Bacillus spp. from wheat bread and strategy
for their control by lactic acid bacteria. Appl. Environ. Microbiol. 2003, 69, 2321–2329. [CrossRef] [PubMed]
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Abstract: Chicken meat is a popular food commodity that is widely consumed worldwide. However,
the shelf-life or quality maintenance of chicken meat is a major concern for industries because of
spoilage by microbial growth. The aim of this study was to evaluate the effects of chitosan and duck
fat-based emulsion coatings on the quality characteristics and microbial stability of chicken meat
during refrigerated storage. The coated chicken meat samples were as follows: control (non-coated),
DFC0 (coated with duck fat), DFC0.5 (coated with duck fat and 0.5% chitosan), DFC1 (coated with
duck fat and 1% chitosan), DFC2 (coated with duck fat and 2% chitosan), and SOC2 (coated with
soybean oil and 2% chitosan). The results showed that the apparent viscosity and coating rate were
higher in DFC2 than in other groups. Physicochemical parameters (pH, color, and Warner–Bratzler
shear force) were better in DFC2 than those in other groups during 15 days of storage. Moreover,
DFC2 delayed lipid oxidation, protein deterioration, and growth of microorganisms during storage.
These data suggest that chitosan-supplemented duck fat-based emulsion coating could be used to
maintain the quality of raw chicken meat during refrigerated storage.

Keywords: duck fat; chitosan; edible coating; chicken meat; shelf-life

1. Introduction

The consumption of chicken meat has increased over recent decades because of its
low-cost, low-fat content, high nutritional value, and unique flavor [1]. However, chicken
meat is a perishable product because it enables the growth of spoilage and pathogenic
microorganisms [2]. This is because of its high moisture and protein contents and high pH
value. The shelf-life of chicken meat is as short as 3–5 days in a refrigerator [3]. Hence, the
chicken meat industry is interested in extending the shelf-life of raw chicken meat.

In recent years, edible coating technology has received attention for improving food
quality and shelf-life. Edible emulsion coatings are described as a thin and continuous layer
of edible biomaterial that may be formed or placed on or between foods [4]. These coating
biomaterials are mainly derived from natural materials, including proteins (e.g., gelatin,
whey, and zein), polysaccharides (e.g., chitosan and alginate), and lipids (e.g., soybean oil
and sunflower oil) [5,6]. However, protein and polysaccharide-based coating materials
are highly vulnerable to moisture and are not suitable for water-resistant coatings [7].
Among various coating materials, lipid-based edible coatings provide a better moisture
barrier and protection for foods, and vegetable oils and waxes are the main components
of edible coatings [6]. However, the use of vegetable oils causes lipid oxidation due to the
high levels of unsaturated fatty acids, as the predominant fatty acid in vegetable oils is
linoleic acid [8]. According to a previous study, sunflower oil–chitosan edible films for pork
hamburgers were more vulnerable to oxidation than non-coated samples [9]. Moreover, for
emulsion coatings, rheological properties, such as apparent viscosity and yield stress, are
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important for determining the coating quality [7]. Linoleic acid-rich lipid products have
poorer rheological and textural properties than oleic acid-rich lipid products [10].

Duck meat is well-known for its unique flavor and aroma, and high nutritional values
such as essential amino acids and unsaturated fatty acids [11]. Duck fat is usually obtained
as a by-product during duck meat production [12]. Duck fat contains high levels of
unsaturated fatty acids (64.51%), including oleic acid (48.7%) and linoleic acid (15.8%),
as well as low levels of saturated fatty acids (28.53%) compared with other animal fats
(e.g., beef fat and pork fat) [13]. Hence, duck fat intake has the potential to provide health
benefits to humans by decreasing the risk of cardiovascular diseases [14,15]. In addition,
unlike linoleic acid-rich oil, the presence of oleic acid in duck fat can delay lipid oxidation
due to its resistance to oxidation [16]. In addition, the high oleic acid content of duck
fat can provide strong physical and thermal resistance in lipid-based products [10]. Like
duck fat, olive oil is also rich in oleic acid. However, olive oil is not a suitable material
for manufacturing an edible coating solution due to its dark color and price, compared to
other oils [17,18]. Considering the cost efficiency, duck fat is a cheaper source for an edible
coating solution than olive oil [13].

Edible coatings are a new approach to controlling microbial growth, and thereby
improve the shelf-life and safety of meat, fish, and poultry products [19]. In fact, lipid-based
edible coatings are insufficient to control microorganisms, and, thus, the use of antimicrobial
agents is required [9]. Chitosan is made by the deacetylation of chitin and is a versatile
biopolymer. Chitosan is used as a natural preservative for edible coating manufacturing
because of its strong antimicrobial properties against several foodborne microorganisms [3].
Many studies have reported that chitosan-added edible coatings can extend the shelf-life
of fresh fruits and vegetables [20,21]. Additionally, chitosan-added edible coatings can
be applied to fresh poultry, meat, and fish products. For example, the effects of chitosan
coatings and gamma irradiation on chicken meat [22], chitosan–gelatin edible coatings
with nisin and grape seed extract on fresh pork [23], chitosan coatings incorporated with
lactoperoxidase on trout [24], and chitosan–soybean oil emulsion coatings on eggs [25]
have been reported.

There are limited publications that provide practical and effective coating techniques
for the chicken meat industry. Therefore, the objective of this study was to evaluate the
effects of chitosan and duck fat-based edible coatings on the quality characteristics and
microbial stability of chicken meat during refrigerated storage (at 4 ◦C for 15 days).

2. Materials and Methods
2.1. Materials

Chicken meat and soybean oil (SO; Beksul, Incheon, Korea) were purchased from a
local market. Duck fat (DF) was kindly provided by Taekyung Nongsan (Seoul, Korea). Chi-
tosan (molecular weight of 310–375 kDa, acid-soluble, and coarse ground flakes and powder
from crustacean shells), lecithin, Tween® 80 (polyoxyethylene-20 sorbitan monooleate),
thiobarbituric acid (TBA), chloroform, bromocresol green, methyl red, boric acid, sulfuric
acid, and acetic acid were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).

2.2. Preparation of Coating Solution and Coating of Chicken Meat

The edible coating solution was prepared as previously described [25]. Briefly, chitosan
(final pH of 4.52) was prepared by dissolving chitosan in 1% acetic acid (v/v) solution (i.e.,
0.5, 1.0, and 2.0 g of chitosan/100 mL acetic acid (w/v)). The chitosan solution and DF were
mixed at a ratio of 40:60 by adding the Tween® 80 emulsifier. This chitosan/DF mixture was
blended for 3 min at low speed, followed by blending for 6 min at high-speed using a hand
blender (Tefal Co., Ltd., Mayenne, France). The mixture was homogenized at 20,000 rpm
for 3 min using a homogenizer (DAIHAN Scientific Co., Ltd., Gangwon, Korea).

To coat the chicken meat, the meat samples were immersed in the coating solution
for 2 min under magnetic stirring at 800 rpm. Samples were then placed in a biological
hood for 2 h at 25 ± 2 ◦C to form an edible coating. The coated sample was sealed in a
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polyethylene bag and stored at 4 ± 1 ◦C. Sample analyses were performed on days 0, 3, 5,
7, 10, and 15 of refrigerated storage. The total number of chicken breast meat slices used for
physicochemical and microbiological analyses was 288. The control and treatment groups
were prepared as follows: control (NC, non-coated), DFC0 (coated with duck fat), DFC0.5
(coated with duck fat and 0.5% chitosan), DFC1 (coated with duck fat and 1% chitosan),
DFC2 (coated with duck fat and 2% chitosan), and SOC2 (coated with soybean oil and
2% chitosan).

2.3. Apparent Viscosity of Coating Solution

The apparent viscosity of the coating solution was measured using a rheometer (model
MCR 92, Anton Paar, Graz, Austria) at 25 ◦C, and the data were collected between shear
rates of 0.1 and 100 Hz (n = 3/group). The results are expressed in units of Pascal-seconds
(Pa-s). The data were analyzed using an Anton Paar RheoCompass Ver. 1.25.

2.4. Coating Rate of Samples

The coating rate was determined as described previously [26]. The coating rate
(%) of samples was calculated as (weight of coated chicken meat (g)—weight of raw
chicken meat (g))/weight of coated chicken meat (g) × 100.

2.5. pH and Color Measurements of Chicken Meat

The pH of the coated chicken meat was determined using a pH meter (LAQUA, Horiba,
Ltd., Kyoto, Japan). Briefly, 5 g of sample and 20 mL distilled water were homogenized at
10,000 rpm for 30 s using a homogenizer (DAIHAN Scientific Co., Ltd., Gangwon, Korea),
and the pH of the homogenate was measured. Color was measured on the surface of the
coated samples using a CR-210 colorimeter (Minolta Camera Co., Ltd., Osaka, Japan) with
standard white calibration plates. The data were expressed as L* (lightness), a* (redness),
and b* (yellowness) values.

2.6. Warner–Bratzler Shear Force (WBSF)

The WBSF of the chicken meat was measured using a TA-XT2i texture analyzer (Stable
Micro Systems Ltd., Godalming, UK) equipped with a Warner–Bratzler shear attachment
(V-type blade set). Samples were cut to sizes of 2.0 × 2.0 cm (n = 8). The WBSF was analyzed
under the following conditions: a test speed of 2.0 mm/s, a post-test speed of 4.0 mm/s,
and a distance of 25.0 mm. The maximum force required to shear through the samples was
determined and analyzed as WBSF.

2.7. Lipid Oxidation

The lipid oxidation of coated chicken meat was evaluated by measuring the develop-
ment of thiobarbituric acid reactive substances (TBARS) according to a previously described
method [27]. Briefly, the coated sample (10 g) was blended with distilled water (50 mL), and
then the mixture was homogenized for 2 min using a Model AM-7 homogenizer (Nissei
Co., Ltd., Tokyo, Japan). The homogenate was transferred to a distillation flask and 47.5 mL
of distilled water, 2.5 mL of 4 N HCl solution, and 1 mL of antifoam agent (KMK-73,
Shin-Etsu Silicone Co., Ltd., Seoul, Korea) were added to it. The mixture was distilled,
and 40 mL of the distillate was collected. Then, 5 mL of the collected sample and 5 mL of
TBA reagent (0.02 M in 90% acetic acid) were mixed in a test tube and heated at 95 ◦C for
30 min. After cooling, the absorbance of the samples was measured at 538 nm for TBARS
measurements using a UV/VIS spectrophotometer (Optizen 2120 UV Plus, Mecasys Co.,
Ltd., Daejeon, Korea).

2.8. Volatile Basic Nitrogen (VBN)

The volatile basic nitrogen (VBN, mg%) content was determined using the Conway
microdiffusion method, as reported previously [28]. In brief, 5 g of the coated chicken
meat sample was mixed with 20 mL of distilled water. The mixtures were homogenized at
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10,000 rpm for 1 min using a homogenizer (Model AM-7, Nihonseiki Kaisha Ltd., Tokyo,
Japan) and filtered using Whatman No. 1 filter paper (Whatman International, Maidstone,
UK). After filtering, 30 mL of distilled water was added. Then, 1 mL of the filtered sample
and 1 mL of 50% K2CO3 solution were added to the outer section, and 100 µL of indicator
(1:1 = 0.066% bromocresol green in ethanol–0.066% methyl red in ethanol) and 1 mL of
0.01 N H3BO3 were added to the inner section of the Conway microdiffusion cells. The
cells were incubated for 90 min at 37 ◦C, and the solution in the inner section was titrated
with 0.02 N H2SO4 solution.

2.9. Microbiological Analysis

Microbiological evaluation was performed on days 0, 3, 5, 7, 10, and 15 of storage.
Briefly, 25 g of coated chicken meat sample was mixed using a stomacher (Masticator
Paddle Blender, IUL Instrument, Barcelona, Spain) with 225 mL of 0.1% peptone water for
2 min. The mixtures were serially diluted with 0.1% peptone water. The total viable count
(TVC) and Listeria spp. were counted on plate count agar (Merck, Darmstadt, Germany)
and Oxford agar (Oxoid Ltd., Hampshire, UK), and each agar was incubated at 37 ◦C
for 24 h. Escherichia coli, coliforms, molds, and yeasts were counted using Petrifilm (3M,
St. Paul, MN, USA). E. coli and coliforms were incubated at 36 ◦C for 24 h, and molds and
yeasts were incubated at 25 ◦C for 5 days. The results are expressed as log CFU/g.

2.10. Statistical Analysis

Each experiment was performed in triplicate and the data are expressed as mean ± standard
deviation (SD). A two-way analysis of variance (ANOVA) followed by Duncan’s multiple
range test (p < 0.05) was conducted using SPSS Ver. 24.0 (SPSS Inc., Chicago, IL, USA) for
assessing significant differences.

3. Results and Discussion
3.1. Apparent Viscosity of Coating Solution and Coating Rate

The apparent viscosities of the coating solutions are shown in Figure 1A. The apparent
viscosity of the coating solution was significantly affected by the type of lipid and the
addition of chitosan, where DFC2 exhibited the highest apparent viscosity among the
groups (p < 0.05). This can be explained by the melting point of duck fat. In a previous
study, duck fat-added margarine had higher apparent viscosity than soybean oil-added
margarine due to the higher melting point of duck fat (6.21 ◦C) than that of soybean oil
(−22.59 ◦C) [10]. The chitosan content also affected the apparent viscosity of the coating
solution. This can be explained by the degree of chain entanglement in the coating solution.
As the polymer concentration increases, the freedom of movement of polymer chains is
restricted because of the correspondingly greater entanglement [29].

The coating rate of the coating solution showed trends similar to those of apparent
viscosity (Figure 1B). The coating rate increased as the amount of chitosan increased in the
duck fat. Duck fat had a higher coating rate than soybean oil. More specifically, the coating
rate of DFC2 was higher than that of other coating solution groups (p < 0.05). This may
be due to an increase in the apparent viscosity of the coating solution. A high viscosity of
the solution can lead to a more stable shape, which leads to a higher coating yield [30]. In
addition, polysaccharides, such as chitosan and dietary fiber have a high water holding
capacity, which can enhance the emulsifying capacity, thereby increasing viscosity [31,32].
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Figure 1. Apparent viscosity and coating rate of the coating solution. (A) Apparent viscosity (n = 3)
and (B) coating rate (n = 3). DFC0, coated with duck fat, with no chitosan; DFC0.5, coated with duck
fat and 0.5% chitosan; DFC1, coated with duck fat and 1% chitosan; DFC2, coated with duck fat
and 2% chitosan; SOC2, coated with soybean oil and 2% chitosan. Bars with the different letter are
significantly different (p < 0.05), and the error bars indicate SD.

3.2. pH and Color of Coated Chicken Meat

Chicken meat is more prone to rapid bacterial deterioration than pork and beef because
raw chicken meat generally has a higher pH (0.2–0.4 higher than raw pork and beef) [33].
In addition, the changes in the pH values of chicken meat are highly related to microbial
balance, which can lead to a low shelf-life [34]. The pH values of coated chicken meat
during refrigerated storage are presented in Table 1. As expected, the pH of all samples
tended to increase with storage until day 10 (p < 0.05). This increase was significantly higher
in the NC group than in other groups (p < 0.05). This may be due to the antimicrobial
activity of chitosan in the coating solution. A previous study reported that the antibacterial
properties of chitosan in coated samples were associated with the lower pH values of
samples [35]. Moreover, when chicken meat becomes spoilt, VBN values tend to increase
due to the production of NH3 along with other volatile amines [36]. Therefore, the higher
pH of NC could be explained by faster spoilage than that of the coated groups.

Color is considered by consumers as the most important factor in the marketability of
meat and poultry. Table 1 shows the L* (lightness), a* (redness), and b* (yellowness) values
of the coated chicken meat during storage. Both the storage period and the presence of
coating affected the color of the samples (p < 0.05). The L* values of all samples decreased
during storage (p < 0.05). The coated samples showed higher L* values than the NC group
(p < 0.05). Using chitosan-based emulsions for the coating solution could lead to an increase
in the L* value of the samples. When the chitosan emulsion forms, the turbidity and
opacity of the solution can increase, resulting in increased lightness [37]. Similar results
were reported where a chitosan–essential oil solution increased the L* value of coated
chicken meat [34]. The changes in a* and b* values are highly associated with the formation
of metmyoglobin, which forms by the oxygenation of myoglobin [38]. As the storage
period increased, the a* values of all samples decreased, and b* values increased. (p < 0.05).
DFC1, DFC2, and SOC2 showed higher a* values and lower b* values than the NC group
during the storage period (p < 0.05). This was probably due to the inhibition of myoglobin
oxidation by the antioxidant activity of chitosan. Cooked pork chops coated with chitosan
and bamboo vinegar effectively maintain their initial a* and b* values during storage
because chitosan has high antioxidant properties and can maintain meat color because of
its ability to act as a chelator of transition metal ions [39]. Overall, the chitosan and duck
fat-based emulsion coating may be a good option for inhibiting the discoloration of chicken
meat during refrigerated storage.
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Table 1. pH and color of coated chicken meat during storage at 4 ± 1 ◦C for up to 15 days.

Parameter Treatment 1) Storage Period (Days)

0 3 5 7 10 15

pH

NC 5.99 ± 0.01 Ad 5.92 ± 0.01 Ae 5.98 ± 0.02 Ad 6.20 ± 0.01 Aa 6.14 ± 0.01 Ab 6.03 ± 0.01 Ac

DFC0 5.86 ± 0.01 Cd 5.86 ± 0.03 Bd 5.92 ± 0.01 Bc 5.85 ± 0.01 Cd 6.08 ± 0.01 Ba 6.00 ± 0.01 Bb

DFC0.5 5.88 ± 0.01 Bb 5.90 ± 0.01 Ab 5.84 ± 0.01 Dc 5.92 ± 0.01 Ba 5.94 ± 0.01 Da 5.89 ± 0.02 Cb

DFC1 5.81 ± 0.01 Ee 5.85 ± 0.01 Bc 5.87 ± 0.03 Cb 5.86 ± 0.01 Cbc 5.90 ± 0.01 Ea 5.81 ± 0.01 Dd

DFC2 5.87 ± 0.01 Ccd 5.90 ± 0.01 Abc 5.94 ± 0.01 Bab 5.83 ± 0.06 Cd 5.97 ± 0.03 Ca 5.79 ± 0.01 Ee

SOC2 5.84 ± 0.01 De 5.87 ± 0.01 Bcd 5.97 ± 0.01 Ab 5.85 ± 0.02 Cde 5.98 ± 0.01 Ca 5.88 ± 0.01 Cc

L*

NC 58.68 ± 2.90 Ba 57.51 ± 5.34 Bab 57.46 ± 2.38 Bab 56.26 ± 2.91 Bab 56.17 ± 4.85 Bab 54.79 ± 2.61 Bb

DFC0 62.00 ± 3.37 Aa 61.17 ± 2.48 Aa 60.32 ± 3.75 Aab 58.39 ± 2.84 ABbc 58.33 ± 2.15 ABbc 57.34 ± 3.09 Ac

DFC0.5 61.84 ± 2.25 Aa 59.91 ± 4.53 ABab 59.87 ± 3.28 Aab 59.42 ± 3.41 Aab 58.46 ± 3.48 ABb 58.06 ± 2.51 Ab

DFC1 62.04 ± 5.08 Aa 61.81 ± 3.38 Aa 60.73 ± 3.06 Aab 60.31 ± 3.32 Aab 59.67 ± 1.79 Aab 58.89 ± 1.62 Ab

DFC2 62.38 ± 3.18 Aa 62.12 ± 2.24 Aa 60.52 ± 3.56 Aab 59.82 ± 2.80 Ab 59.49 ± 2.93 Ab 59.04 ± 3.96 Ab

SOC2 61.78 ± 4.73 Aa 59.91 ± 3.33 ABab 59.71 ± 1.64 Aab 58.53 ± 4.10 ABb 57.66 ± 3.92 ABb 57.51 ± 5.34 Ab

a*

NC 3.44 ± 0.63 a 3.14 ± 0.55 ab 2.93 ± 0.97 abc 2.50 ± 0.76 bc 2.17 ± 0.50 cd 1.37 ± 0.50 Bd

DFC0 3.53 ± 0.50 a 3.07 ± 0.33 ab 3.01 ± 0.7 ab 2.77 ± 0.58 bc 2.13 ± 0.57 cd 1.62 ± 0.49 Bd

DFC0.5 3.57 ± 0.54 a 3.10 ± 0.55 ab 2.79 ± 0.45 ab 2.78 ± 0.60 ab 2.37 ± 0.67 bc 1.83 ± 0.66 Bc

DFC1 3.59 ± 0.38 3.10 ± 0.55 2.82 ± 0.65 2.95 ± 0.16 2.67 ± 0.64 2.49 ± 0.48 A

DFC2 3.55 ± 0.58 a 3.35 ± 0.69 b 2.95 ± 0.39 bc 3.01 ± 0.50 bc 2.82 ± 0.22 bc 2.70 ± 0.52 Ac

SOC2 3.58 ± 0.68 3.19 ± 0.53 2.88 ± 0.56 2.83 ± 0.79 2.71 ± 0.66 2.54 ± 0.56 A

b*

NC 11.07 ± 1.18 b 11.57 ± 2.01 b 11.94 ± 0.79 b 12.28 ± 1.36 b 12.71 ± 1.24 ab 14.17 ± 1.22 Aa

DFC0 11.05 ± 2.04 11.88 ± 2.26 12.07 ± 0.53 12.12 ± 1.31 12.41 ± 1.99 12.97 ± 0.80 AB

DFC0.5 11.18 ± 2.02 11.95 ± 1.51 12.14 ± 1.63 12.70 ± 1.78 12.71 ± 1.99 13.08 ± 1.22 AB

DFC1 10.93 ± 2.06 10.54 ± 1.42 10.97 ± 1.25 11.35 ± 2.30 11.13 ± 2.36 11.68 ± 1.49 B

DFC2 10.81 ± 2.19 10.92 ± 1.12 11.01 ± 2.24 11.09 ± 0.96 11.11 ± 2.37 11.33 ± 0.68 B

SOC2 10.87 ± 1.44 10.70 ± 1.97 10.96 ± 1.98 11.15 ± 1.79 11.55 ± 2.36 11.84 ± 1.94 B

1) NC (non-coated), DFC0 (coated with duck fat, with no chitosan), DFC0.5 (coated with duck fat and 0.5%
chitosan), DFC1 (coated with duck fat and 1% chitosan), DFC2 (coated with duck fat and 2% chitosan), SOC2
(coated with soybean oil and 2% chitosan). A–E Means values in the same column are significantly different
(p < 0.05). a–e Means values in the same row are significantly different (p < 0.05). All values are presented as the
mean ± SD of six replicates (n = 6).

3.3. Warner–Bratzler Shear Force of Coated Chicken Meat

The WBSF values are related to the tenderness of meat samples, which is a critical
organoleptic property that affects consumer preference [40]. In our study, the WBSF values
of coated chicken meat were significantly affected by the presence of edible coatings
(Figure 2). WBSF values gradually decreased during storage (p < 0.05). DFC2 exhibited the
highest WBSF values during storage, whereas WBSF values were lower in the NC group
than those in other groups (p < 0.05). This result might be attributable to the deterioration
of proteins by microorganisms. The WBSF values of samples can decrease due to the
degradation of proteins in meat, mainly caused by bacterial or enzymatic processes as
storage progresses [41]. Thus, a higher microorganism count in NC may affect the decrease
in the WBSF values of meat samples during storage. Collectively, our data suggest that
the chitosan–duck fat edible coating for chicken meat can contribute to maintaining meat
tenderness by inhibiting microorganisms.
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Figure 2. Warner–Bratzler shear force (WBSF) of coated chicken meat during storage at 4 ± 1 ◦C for
15 days. NC, non-coated; DFC0, coated with duck fat, with no chitosan; DFC0.5, coated with duck fat
and 0.5% chitosan; DFC1, coated with duck fat and 1% chitosan; DFC2, coated with duck fat and 2%
chitosan; SOC2, coated with soybean oil and 2% chitosan. The error bars indicate SD (n = 3).

3.4. TBARS Values and VBN of Coated Chicken Meat

Shelf-life and the quality of meat are highly associated with lipid oxidation and protein
deterioration during storage [42]. TBARS values are used for measuring the formation of
secondary oxidation products, including malondialdehyde, alkenals, and alkadienals [43].
Variations in the TBARS values of the meat samples are shown in Figure 3A. The difference
in TBARS values between DFC treatments and SOC2 can be explained by the fatty acid
profiles of duck fat and soybean oil in the coating solution. Duck fat is more stable against
lipid oxidation than soybean oil during storage because the main fatty acids in duck fat
and soybean oil are oleic acid and linoleic acid, respectively [10]. The oxidative stability of
oleic acid in edible oils is almost 10-times greater than that of linoleic acid [16]. Therefore,
the higher resistance to oxidation of duck fat could be more suitable as an edible coating
material than soybean oil.

Figure 3. TBARS and VBN values of coated chicken meat during storage at 4 ± 1 ◦C for up to 15 days.
(A) Thiobarbituric acid reactive substances (TBARS) and (B) volatile basic nitrogen (VBN) values
were determined during storage at 4 ± 1 ◦C for up to 15 days. NC, non-coated; DFC0, coated with
duck fat, with no chitosan; DFC0.5, coated with duck fat and 0.5% chitosan; DFC1, coated with duck
fat and 1% chitosan; DFC2, coated with duck fat and 2% chitosan; SOC2, coated with soybean oil and
2% chitosan. The error bars indicate SD (n = 3).
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The VBN value is an important indicator of protein deterioration in meat and meat
products [44]. VBN mainly includes ammonia and primary, secondary, and tertiary amines.
In general, the VBN value is an indicator of meat spoilage, particularly when it exceeds
25 mg% [34]. The VBN data of the chicken meat samples during storage are presented
in Figure 3B. VBN values for all samples increased during storage (p < 0.05), while DFC2
had significantly lower VBN values among all groups (p < 0.05). The VBN values of most
samples were over the standard point (25 mg%) on day 10, while DFC2 showed VBN
values over the standard point (25 mg%) on day 15. The increase in VBN is related to the
hydrolysis of proteins to amino acids, peptides, biogenic amines, inorganic nitrogen, and
the increasing contents of volatile bases due to enzymes and microorganisms during stor-
age [45]. Thus, lower microbial growth might be expected in the DFC groups, particularly
in the DFC2 group.

3.5. Growth of Microorganisms on Coated Chicken Meat

The results of TVC, E. coli, coliforms, Listeria spp., molds, and yeasts are shown in
Table 2. Meat decay is generally defined when the TVC exceeds 7 log CFU/g [46]. The
TVC of DFC2 was significantly lower than that of other groups during storage (p < 0.05),
and only DFC2 did not exceed the standard point for meat spoilage until the end of the
storage period. The abundance of E. coli and coliforms are important hygienic quality
indicators for meat and meat products [47]. The microbial counts increased during storage
in all groups, and the rate of this increase was significantly lower in DFC2 than that in NC
after 15 days of storage. The meat and meat product surfaces are considerably susceptible
to mold and yeast growth, which are related to spoilage and have negative effects on
organoleptic properties and safety [34]. At the beginning of storage, mold and yeast were
not detected in any sample. After 3 days, mold and yeast were detected in all samples,
with NC showing the highest counts of mold and yeast at the end of storage (p < 0.05).
DFC2 showed significantly higher growth inhibitory effects against mold and yeast during
storage (p < 0.05). Listeria spp. are foodborne pathogens in meat and meat products and
have increasingly proliferated despite improvements in control measures [48]. Listeria spp.
were not detected in any samples until day 3, whereas this pathogen was detected on
day 5 only in DFC0 and DFC0.5. Meanwhile, Listeria spp. were not detected in DFC2
and SOC2 until the end of storage. These data indicate that chitosan inhibits Listeria spp.
Overall, DFC2 showed the highest antimicrobial activities against TVC, E. coli, coliforms,
Listeria spp., molds, and yeasts during storage. This was due to the strong antimicrobial
properties of chitosan. Previous studies have shown that edible coatings with chitosan can
inhibit microorganisms in meat and meat products [22,49]. Overall, the 2% chitosan-added
duck fat edible coating can improve the shelf-life of chicken meat by inhibiting the growth
of microorganisms during refrigerated storage.
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Table 2. Microorganisms in coated chicken meat during storage at 4 ± 1 ◦C for up to 15 days.

Parameter
(Log CFU/g) Treatment 1) Storage Period (Day)

0 3 5 7 10 15

TVC

NC 3.52 ± 0.06 e 5.43 ± 0.11 BCd 6.78 ± 0.04 Bc 8.71 ± 0.02 Aa 8.66 ± 0.05 Aa 8.15 ± 0.01 Ab

DFC0 3.52 ± 0.06 e 5.97 ± 0.02 Ad 6.81 ± 0.05 Bc 7.62 ± 0.02 Bb 8.39 ± 0.22 Ba 8.24 ± 0.05 Aa

DFC0.5 3.52 ± 0.06 f 5.67 ± 0.02 ABe 7.83 ± 0.02 Ad 6.66 ± 0.26 Cc 7.46 ± 0.09 Cb 8.18 ± 0.04 Aa

DFC1 3.52 ± 0.06 e 5.32 ± 0.28 Cd 5.13 ± 0.02 Dd 6.50 ± 0.01 Cc 7.66 ± 0.03 Ca 6.93 ± 0.04 Bb

DFC2 3.52 ± 0.06 c 4.10 ± 0.17 Db 4.02 ± 0.03 Eb 4.24 ± 0.34 Eb 6.32 ± 0.02 Ea 6.15 ± 0.21 Ca

SOC2 3.52 ± 0.06 f 5.24 ± 0.06 BCd 5.48 ± 0.01 Cc 4.85 ± 0.01 De 7.14 ± 0.04 Da 6.78 ± 0.01 Bb

E. coli

NC 3.19 ± 0.06 e 3.72 ± 0.34 ABd 4.18 ± 0.07 Bc 5.23 ± 0.12 Bb 7.98 ± 0.04 Aa 7.85 ± 0.09 Ba

DFC0 3.19 ± 0.06 f 3.93 ± 0.04 Ae 4.57 ± 0.10 Ad 6.24 ± 0.02 Ac 7.90 ± 0.02 Ab 8.11 ± 0.06 Aa

DFC0.5 3.19 ± 0.06 e 3.91 ± 0.19 Ad 3.83 ± 0.09 Dd 4.71 ± 0.10 Cc 6.49 ± 0.02 Bb 7.49 ± 0.02 Ca

DFC1 3.19 ± 0.06 e 3.54 ± 0.09 ABCd 3.92 ± 0.11 CDc 4.07 ± 0.16 Dc 6.58 ± 0.01 Ba 6.32 ± 0.09 Eb

DFC2 3.19 ± 0.06 d 3.20 ± 0.01 Ccd 3.35 ± 0.01 Ecd 3.39 ± 0.12 Ec 4.36 ± 0.12 Db 5.10 ± 0.04 Fa

SOC2 3.19 ± 0.06 e 3.48 ± 0.01 BCd 4.07 ± 0.01 BCc 3.93 ± 0.21 Dc 4.68 ± 0.06 Cb 7.30 ± 0.06 Da

Coliform

NC 3.10 ± 0.01 e 3.72 ± 0.34 ABd 4.15 ± 0.02 Bc 5.19 ± 0.06 Bb 7.95 ± 0.06 Aa 7.83 ± 0.08 Ba

DFC0 3.10 ± 0.01 f 4.16 ± 0.02 Ae 4.71 ± 0.04 Ad 6.13 ± 0.07 Ac 7.95 ± 0.03 Ab 8.08 ± 0.02 Aa

DFC0.5 3.10 ± 0.01 e 3.80 ± 0.14 Ad 3.86 ± 0.01 Cd 4.69 ± 0.03 Cc 6.41 ± 0.05 Bb 7.42 ± 0.17 Ca

DFC1 3.10 ± 0.01 f 3.81 ± 0.05 Ae 3.93 ± 0.07 Cd 4.18 ± 0.01 Dc 6.57 ± 0.01 Ba 6.36 ± 0.05 Db

DFC2 3.10 ± 0.01 c 3.15 ± 0.21 Bc 3.41 ± 0.01 Dc 3.24 ± 0.34 Ec 4.16 ± 0.17 Db 5.14 ± 0.02 Ea

SOC2 3.10 ± 0.01 d 3.76 ± 0.40 Ac 4.13 ± 0.01 Bc 3.78 ± 0.25 Dc 4.76 ± 0.01 Cb 7.41 ± 0.05 Ca

Yeast and
molds

NC N.D. 1.00 ± 0.10 Cc 3.77 ± 0.04 Ab 4.17 ± 0.01 Aab 4.75 ± 0.01 Aab 5.47 ± 0.03 Aa

DFC0 N.D. 3.04 ± 0.01 Ad 3.88 ± 0.02 Ac 3.85 ± 0.01 Bc 4.95 ± 0.07 Ab 5.32 ± 0.03 Ba

DFC0.5 N.D. 2.15 ± 0.21 Bc 3.63 ± 0.19 Ab 3.66 ± 0.26 BCb 3.69 ± 0.30 Cb 4.65 ± 0.03 Ca

DFC1 N.D. 2.24 ± 0.34 Bc 3.55 ± 0.03 Ab 3.86 ± 0.06 Bb 4.24 ± 0.05 Ba 4.50 ± 0.03 Da

DFC2 N.D. 1.15 ± 0.36 Cb 2.35 ± 0.49 Bab 2.39 ± 0.12 Dab 3.57 ± 0.05 Ca 3.77 ± 0.03 Fa

SOC2 N.D. 2.60 ± 0.01 Bd 3.78 ± 0.04 Ab 3.41 ± 0.02 Cc 3.82 ± 0.02 Cb 4.01 ± 0.01 Ea

Listeria spp.

NC N.D. N.D. N.D. 2.81 ± 0.47 Ab 2.39 ± 0.12 Ab 4.12 ± 0.23 Aa

DFC0 N.D. N.D. 2.48 ± 0.01 Ab 2.94 ± 0.34 Aab 2.82 ± 0.31 Ab 3.35 ± 0.16 Ba

DFC0.5 N.D. N.D. 1.00 ± 0.10 Bbc 3.38 ± 0.33 Aa 2.15 ± 0.21 Aab 3.35 ± 0.49 Ba

DFC1 N.D. N.D. N.D. N.D. 1.24 ± 0.15 ABb 3.93 ± 0.04 ABa

DFC2 N.D. N.D. N.D. N.D. N.D. N.D.
SOC2 N.D. N.D. N.D. N.D. N.D. N.D.

1) NC (non-coated), DFC0 (coated with duck fat, with no chitosan), DFC0.5 (coated with duck fat and 0.5%
chitosan), DFC1 (coated with duck fat and 1% chitosan), DFC2 (coated with duck fat and 2% chitosan), SOC2
(coated with soybean oil and 2% chitosan). A–E Means values in the same column are significantly different
(p < 0.05). a–f Means values in the same row are significantly different (p < 0.05). All values are presented as the
mean ± SD of three replicates (n = 3).

4. Conclusions

In this study, the effects of chitosan and duck fat-based emulsion coating on the
quality characteristics and microbial stability of chicken breast meat were investigated.
The duck fat-based coating solution showed higher apparent viscosity than that of the
soybean oil-based coating solution, which resulted in a high coating rate for chicken meat.
The physicochemical properties, including pH, color, and WBSF value of the DFC2 group
(chicken meat coated with duck fat and 2% chitosan) improved significantly compared to
those of other groups (p < 0.05). The DFC2 group showed lower lipid oxidation (TBARS
value) and protein deterioration (VBN value) during refrigerated storage over 15 days.
Furthermore, DFC2 was effective at inhibiting the growth of microorganisms, including
TVC, E. coli, coliforms, Listeria spp., molds, and yeasts during storage. Lower lipid oxidation
and protein deterioration in DFC2 were owing to the higher apparent viscosity and coating
rate in duck fat compared to soybean oil. Here, the higher viscosity and coating rate in
DFC2 were probably due to the higher melting point of duck fat. In addition, the higher
coating rate of DFC2 made more chitosan concentrations on the coated samples and that
resulted in the extending shelf-life of chicken meat. Our data suggest that chitosan/duck
fat-based edible coatings can be used to maintain the quality of raw chicken meat during
refrigeration. This edible coating solution could be further studied regarding the sensory
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properties of coated products and its application in a variety of foods, such as meat products,
vegetables, and fruits.

Author Contributions: Conceptualization, D.-M.S. and S.-G.H. (Sung-Gu Han); formal analysis,
D.-M.S.; investigation, D.-M.S., J.-H.Y., Y.-J.K., D.-H.K., H.-C.K., H.S., S.-G.H. (Seo-Gu Han), J.-H.H.
and S.-J.L.; writing—original draft preparation, D.-M.S.; writing—review and editing, Y.-J.K. and
S.-G.H. (Sung-Gu Han), supervision, S.-G.H. (Sung-Gu Han). All authors have read and agreed to
the published version of the manuscript.

Funding: This paper was supported by Konkuk University Researcher Fund in 2021.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Latou, E.; Mexis, S.; Badeka, A.; Kontakos, S.; Kontominas, M. Combined effect of chitosan and modified atmosphere packaging

for shelf life extension of chicken breast fillets. LWT—Food Sci. Technol. 2014, 55, 263–268. [CrossRef]
2. Anang, D.; Rusul, G.; Bakar, J.; Ling, F.H. Effects of lactic acid and lauricidin on the survival of Listeria monocytogenes, Salmonella

enteritidis and Escherichia coli O157: H7 in chicken breast stored at 4 C. Food Control 2007, 18, 961–969. [CrossRef]
3. Langroodi, A.M.; Tajik, H.; Mehdizadeh, T.; Moradi, M.; Kia, E.M.; Mahmoudian, A. Effects of sumac extract dipping and

chitosan coating enriched with Zataria multiflora Boiss oil on the shelf-life of meat in modified atmosphere packaging.
LWT—Food Sci. Technol. 2018, 98, 372–380. [CrossRef]

4. Bravin, B.; Peressini, D.; Sensidoni, A. Development and application of polysaccharide–lipid edible coating to extend shelf-life of
dry bakery products. J. Food Eng. 2006, 76, 280–290. [CrossRef]

5. Xiong, Y.; Kamboj, M.; Ajlouni, S.; Fang, Z. Incorporation of salmon bone gelatine with chitosan, gallic acid and clove oil as edible
coating for the cold storage of fresh salmon fillet. Food Control 2021, 125, 107994. [CrossRef]

6. Yousuf, B.; Sun, Y.; Wu, S. Lipid and Lipid-containing Composite Edible Coatings and Films. Food Rev. Int. 2021, 1–24. [CrossRef]
7. Ren, K.; Fei, T.; Metzger, K.; Wang, T. Coating performance and rheological characteristics of novel soybean oil-based wax

emulsions. Ind. Crops Prod. 2019, 140, 111654. [CrossRef]
8. Lehtinen, O.-P.; Nugroho, R.W.N.; Lehtimaa, T.; Vierros, S.; Hiekkataipale, P.; Ruokolainen, J.; Sammalkorpi, M.; Österberg, M.

Effect of temperature, water content and free fatty acid on reverse micelle formation of phospholipids in vegetable oil.
Colloids Surf. B Biointerfaces 2017, 160, 355–363. [CrossRef]

9. Vargas, M.; Albors, A.; Chiralt, A. Application of chitosan-sunflower oil edible films to pork meat hamburgers. Procedia Food Sci.
2011, 1, 39–43. [CrossRef]

10. Shin, D.-M.; Yune, J.H.; Kim, T.-K.; Kim, Y.J.; Kwon, H.C.; Jeong, C.H.; Choi, Y.-S.; Han, S.G. Physicochemical properties and
oxidative stability of duck fat-added margarine for reducing the use of fully hydrogenated soybean oil. Food Chem. 2021, 363,
130260. [CrossRef]

11. Qiao, Y.; Huang, J.; Chen, Y.; Chen, H.; Zhao, L.; Huang, M.; Zhou, G. Meat quality, fatty acid composition and sensory evaluation
of Cherry Valley, Spent Layer and Crossbred ducks. Anim. Sci. J. 2017, 88, 156–165. [CrossRef]

12. Gong, Y.; Weber, P.F.; Richards, M.P. Characterizing quality of rendered duck fat compared to other fats and oils. J. Food Qual.
2007, 30, 169–186. [CrossRef]

13. Shin, D.-M.; Do Hyun Kim, J.H.Y.; Kwon, H.C.; Kim, H.J.; Seo, H.G.; Han, S.G. Oxidative stability and quality characteristics of
duck, chicken, swine and bovine skin fats extracted by pressurized hot water extraction. Food Sci. Anim. Resour. 2019, 39, 446.
[CrossRef]

14. Kang, E.S.; Kim, H.J.; Han, S.G.; Seo, H.G. Duck oil-loaded nanoemulsion inhibits senescence of angiotensin II-treated vascular
smooth muscle cells by upregulating SIRT1. Food Sci. Anim. Resour. 2020, 40, 106. [CrossRef]

15. Ros, E. Health benefits of nut consumption. Nutrients 2010, 2, 652–682. [CrossRef]
16. Nawade, B.; Mishra, G.P.; Radhakrishnan, T.; Dodia, S.M.; Ahmad, S.; Kumar, A.; Kumar, A.; Kundu, R. High oleic peanut

breeding: Achievements, perspectives, and prospects. Trends Food Sci. Technol. 2018, 78, 107–119. [CrossRef]
17. Taqi, A.; Askar, K.A.; Nagy, K.; Mutihac, L.; Stamatin, L. Effect of different concentrations of olive oil and oleic acid on the

mechanical properties of albumen (egg white) edible films. Afr. J. Biotechnol. 2011, 10, 12963–12972.
18. Ray, C.L.; Gawenis, J.A.; Greenlief, C.M. A New Method for Olive Oil Screening Using Multivariate Analysis of Proton NMR

Spectra. Molecules 2022, 27, 213. [CrossRef]
19. Umaraw, P.; Verma, A.K. Comprehensive review on application of edible film on meat and meat products: An eco-friendly

approach. Crit. Rev. Food Sci. Nutr. 2017, 57, 1270–1279. [CrossRef]

220



Foods 2022, 11, 245

20. Kumarihami, H.P.C.; Kim, Y.-H.; Kwack, Y.-B.; Kim, J.; Kim, J.G. Application of chitosan as edible coating to enhance storability
and fruit quality of Kiwifruit: A Review. Sci. Hortic. 2022, 292, 110647. [CrossRef]

21. Yüksel, Ç.; Atalay, D.; Erge, H.S. The effects of chitosan coating and vacuum packaging on quality of fresh-cut pumpkin slices
during storage. J. Food Processing Preserv. 2022, e16365. [CrossRef]

22. Hassanzadeh, P.; Tajik, H.; Rohani, S.M.R.; Moradi, M.; Hashemi, M.; Aliakbarlu, J. Effect of functional chitosan coating and
gamma irradiation on the shelf-life of chicken meat during refrigerated storage. Radiat. Phys. Chem. 2017, 141, 103–109. [CrossRef]

23. Xiong, Y.; Chen, M.; Warner, R.D.; Fang, Z. Incorporating nisin and grape seed extract in chitosan-gelatine edible coating and its
effect on cold storage of fresh pork. Food Control 2020, 110, 107018. [CrossRef]

24. Jasour, M.S.; Ehsani, A.; Mehryar, L.; Naghibi, S.S. Chitosan coating incorporated with the lactoperoxidase system: An active
edible coating for fish preservation. J. Sci. Food Agric. 2015, 95, 1373–1378. [CrossRef] [PubMed]

25. Wardy, W.; Torrico, D.D.; Jirangrat, W.; No, H.K.; Saalia, F.K.; Prinyawiwatkul, W. Chitosan-soybean oil emulsion coating affects
physico-functional and sensory quality of eggs during storage. LWT—Food Sci. Technol. 2011, 44, 2349–2355. [CrossRef]

26. Sathivel, S. Chitosan and protein coatings affect yield, moisture loss, and lipid oxidation of pink salmon (Oncorhynchus gorbuscha)
fillets during frozen storage. J. Food Sci. 2005, 70, e455–e459. [CrossRef]

27. Shin, D.-M.; Hwang, K.-E.; Lee, C.-W.; Kim, T.-K.; Park, Y.-S.; Han, S.G. Effect of Swiss chard (Beta vulgaris var. cicla) as nitrite
replacement on color stability and shelf-life of cooked pork patties during refrigerated storage. Food Sci. Anim. Resour. 2017, 37,
418. [CrossRef] [PubMed]

28. Kim, T.-K.; Hwang, K.-E.; Lee, M.-A.; Paik, H.-D.; Kim, Y.-B.; Choi, Y.-S. Quality characteristics of pork loin cured with green
nitrite source and some organic acids. Meat Sci. 2019, 152, 141–145. [CrossRef]

29. Hwang, J.-K.; Shin, H.-H. Rheological properties of chitosan solutions. Korea-Aust. Rheol. J. 2000, 12, 175–179.
30. Park, S.-Y.; Kim, H.-Y. Fried pork loin batter quality with the addition of various dietary fibers. J. Anim. Sci. Technol. 2021, 63, 137.

[CrossRef]
31. Abdul-Hamid, A.; Luan, Y.S. Functional properties of dietary fibre prepared from defatted rice bran. Food Chem. 2000, 68, 15–19.

[CrossRef]
32. Liu, L.; Wang, B.; Gao, Y.; Bai, T.-c. Chitosan fibers enhanced gellan gum hydrogels with superior mechanical properties and

water-holding capacity. Carbohydr. Polym. 2013, 97, 152–158. [CrossRef] [PubMed]
33. Tsafrakidou, P.; Sameli, N.; Bosnea, L.; Chorianopoulos, N.; Samelis, J. Assessment of the spoilage microbiota in minced free-range

chicken meat during storage at 4 C in retail modified atmosphere packages. Food Microbiol. 2021, 99, 103822. [CrossRef]
34. Yaghoubi, M.; Ayaseh, A.; Alirezalu, K.; Nemati, Z.; Pateiro, M.; Lorenzo, J.M. Effect of chitosan coating incorporated with

Artemisia fragrans essential oil on fresh chicken meat during refrigerated storage. Polymers 2021, 13, 716. [CrossRef] [PubMed]
35. Liu, F.; Chang, W.; Chen, M.; Xu, F.; Ma, J.; Zhong, F. Tailoring physicochemical properties of chitosan films and their protective

effects on meat by varying drying temperature. Carbohydr. Polym. 2019, 212, 150–159. [CrossRef]
36. Kuswandi, B.; Nurfawaidi, A. On-package dual sensors label based on pH indicators for real-time monitoring of beef freshness.

Food Control 2017, 82, 91–100. [CrossRef]
37. Noori, S.; Zeynali, F.; Almasi, H. Antimicrobial and antioxidant efficiency of nanoemulsion-based edible coating containing

ginger (Zingiber officinale) essential oil and its effect on safety and quality attributes of chicken breast fillets. Food Control 2018, 84,
312–320. [CrossRef]

38. Seideman, S.; Cross, H.; Smith, G.; Durland, P. Factors associated with fresh meat color: A review. J. Food Qual. 1984, 6, 211–237.
[CrossRef]

39. Zhang, H.; He, P.; Kang, H.; Li, X. Antioxidant and antimicrobial effects of edible coating based on chitosan and bamboo vinegar
in ready to cook pork chops. LWT—Food Sci. Technol. 2018, 93, 470–476. [CrossRef]

40. Yu, L.; Lee, E.; Jeong, J.; Paik, H.; Choi, J.; Kim, C. Effects of thawing temperature on the physicochemical properties of pre-rigor
frozen chicken breast and leg muscles. Meat Sci. 2005, 71, 375–382. [CrossRef]

41. Sujiwo, J.; Kim, D.; Jang, A. Relation among quality traits of chicken breast meat during cold storage: Correlations between
freshness traits and torrymeter values. Poult. Sci. 2018, 97, 2887–2894. [CrossRef]

42. Domínguez, R.; Pateiro, M.; Gagaoua, M.; Barba, F.J.; Zhang, W.; Lorenzo, J.M. A comprehensive review on lipid oxidation in
meat and meat products. Antioxidants 2019, 8, 429. [CrossRef] [PubMed]

43. Shahidi, F.; Desilva, C.; Amarowicz, R. Antioxidant activity of extracts of defatted seeds of niger (Guizotia abyssinica).
J. Am. Oil Chem. Soc. 2003, 80, 443–450. [CrossRef]

44. Rezaei, F.; Shahbazi, Y. Shelf-life extension and quality attributes of sauced silver carp fillet: A comparison among direct addition,
edible coating and biodegradable film. LWT—Food Sci. Technol. 2018, 87, 122–133. [CrossRef]

45. Yu, H.H.; Kim, Y.J.; Park, Y.J.; Shin, D.-M.; Choi, Y.-S.; Lee, N.-K.; Paik, H.-D. Application of mixed natural preservatives to
improve the quality of vacuum skin packaged beef during refrigerated storage. Meat Sci. 2020, 169, 108219. [CrossRef] [PubMed]

46. Peng, Y.; Zhang, J.; Wang, W.; Li, Y.; Wu, J.; Huang, H.; Gao, X.; Jiang, W. Potential prediction of the microbial spoilage of beef
using spatially resolved hyperspectral scattering profiles. J. Food Eng. 2011, 102, 163–169. [CrossRef]

47. Lorenzo, J.M.; Munekata, P.E.; Dominguez, R.; Pateiro, M.; Saraiva, J.A.; Franco, D. Main groups of microorganisms of relevance
for food safety and stability: General aspects and overall description. In Innovative Technologies for Food Preservation; Elsevier:
Amsterdam, The Netherlands, 2018; pp. 53–107.

221



Foods 2022, 11, 245

48. Zwirzitz, B.; Wetzels, S.U.; Dixon, E.D.; Fleischmann, S.; Selberherr, E.; Thalguter, S.; Quijada, N.M.; Dzieciol, M.; Wagner, M.;
Stessl, B. Co-occurrence of Listeria spp. and spoilage associated microbiota during meat processing due to cross-contamination
events. Front. Microbiol. 2021, 12, 632935. [CrossRef] [PubMed]

49. Kanatt, S.R.; Rao, M.; Chawla, S.; Sharma, A. Effects of chitosan coating on shelf-life of ready-to-cook meat products during
chilled storage. LWT—Food Sci. Technol. 2013, 53, 321–326. [CrossRef]

222



Citation: Pleva, P.; Bartošová, L.;
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Abstract: Biofilm is a structured community of microorganisms adhering to surfaces of various
polymeric materials used in food packaging. Microbes in the biofilm may affect food quality. However,
the presence of biofilm can ensure biodegradation of discarded packaging. This work aims to evaluate
a biofilm formation on the selected biodegradable polymer films: poly (lactic acid) (PLA), poly
(butylene adipate-co-terephthalate) (PBAT), and poly (butylene succinate) (PBS) by selected bacterial
strains; collection strains of Escherichia coli, Staphylococcus aureus; and Bacillus pumilus, Bacillus subtilis,
Bacillus tequilensis, and Stenotrophomonas maltophilia isolated from dairy products. Three different
methods for biofilm evaluation were performed: the Christensen method, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, and fluorescence microscopy. High biofilm formation
was confirmed on the control PBS film, whereas low biofilm formation ability was observed on the
PLA polymer sample. Furthermore, the films with incorporated antimicrobial compounds (thymol
or eugenol) were also prepared. Antimicrobial activity and also reduction in biofilm formation
on enriched polymer films were determined. Therefore, they were all proved to be antimicrobial
and effective in reducing biofilm formation. These films can be used to prepare novel active food
packaging for the dairy industry to prevent biofilm formation and enhance food quality and safety in
the future.

Keywords: antimicrobial activity; biofilm; biodegradable polymers; food packaging

1. Introduction

Biofilm is a community of microorganisms attached to a surface and surrounded by
an extracellular polymeric matrix. Biofilm provides better living conditions for microorgan-
isms than planktonic form because it maintains the stability of the internal environment,
isolates them from the outside, and protects inner cells [1–3]. They are more resistant to
harmful effects, such as antimicrobial compounds, UV radiation, bacteriophages, antibi-
otics, and the human immune system. Biofilm formation is a multi-step process starting
with a reversible attachment to a surface aided by intermolecular forces and hydrophobic-
ity [4,5]. In the food industry, microorganisms can adhere to abiotic surfaces, form a biofilm,
and reduce the shelf life of food products. Furthermore, it may increase the incidence of
foodborne illnesses, which is a significant concern for public health and food quality [6,7].

The critical function of food packaging is to protect products from extrinsic factors,
especially gases, temperature, and relative humidity [8]. Therefore, active packaging is a
system that actively changes the conditions of packaged food and maintains or extends the
product quality [9,10]. Food packaging legislation is defined mainly at a national, European,
and worldwide level. In the EU, legislative regulations are divided into food packaging,
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plastic material and articles intended to direct contact with food, and safe use of active and
intelligent packaging [8,11–13]. Regulation (EC) 450/2009 (European Commission 2009)
defines specific rules for active and intelligent materials and articles [9,11]. Regulation (EC)
1935/2004 and Regulation (EC) 10/2011 state that materials and articles, including active
and intelligent materials and articles, shall be manufactured in compliance with suitable
manufacturing practices (Regulation (EC) No. 2023/2006) [8,12]. Due to the deliberate
interaction of active packaging, the migration of substances could pose a food safety
problem [9]. Regulation (EC) No. 10/2011 specifies rules for the valuation of the release of
low molecular weight substances from plastic in the food packaging and a list of substances
of specific threshold limits. The European Food Safety Authority (EFSA) recommends these
limits [8,12]. In the United States and Canada, the market requires the Food and Drug
Administration (FDA) to approve materials and articles for food contact [14].

Despite possible negative impacts, bacterial biofilms may also have beneficial biodegrad-
able effects [14]. High molecular weight polymers are more difficult to degrade because
of their poor solubility and hindered penetration into the cell wall where they are enzy-
matically degraded. Biodegradable polymers are submitted to biodegradation processes in
nature easier than synthetic [14,15]. However, a biofilm on biodegradable polymers may
influence the change of mechanical properties, including tensile strength. On the other
hand, non-biodegradable polymers, such as polyolefins, are not expected to change the
mechanical characteristics [14,16].

With a growing negative view of environmental pollution, biodegradable polymers
attract increasing attention, mainly in the fields of packaging materials, agriculture, and
medicine [16,17]. Many types of biodegradable polymers can be used in food packag-
ing. They may include conventional polylactide (PLA), polybutylene succinate (PBS),
polyamides (PA), poly (butylene adipate-co-terephthalate) (PBAT), polypropylene (PP),
and many others [18,19]. They are positively evaluated in the food industry, especially for
their diverse mechanical properties, tear resistance, and health safety [20,21]. Chemical
and biological additives, such as antioxidants, lubricants, stabilizers, pigments, are often
applied to polymeric materials to enhance their properties [22]. Eugenol and thymol, natu-
ral phenolic compounds occurring in plant essential oils, could be used for their known
antimicrobial properties [23,24]. These added compounds may be rapidly degraded due to
their instability and high volatility [25].

Microbial biofilm on packaging material may threaten food safety and quality; what
is more, it is also required for their biodegradation after disposal. This study aims to
investigate biofilm formation by food isolates on biodegradable polymers used as food
packaging and enhance the antibacterial properties of these polymers by enriching them
with thymol and eugenol.

2. Materials and Methods
2.1. Materials and Chemicals

Biodegradable polymers: poly(lactic) acid—PLA (NatureWorks, Minnetonka, MN,
USA), poly(butylene adipate-co-terephthalate)—PBAT Ecoflex® (BASF, Ludwigshafen,
Germany), and poly(butylene succinate)—PBS G4560 (IRe Chemical Ltd., Seoul, Korea)
were tested in this study.

Bacterial strains of Bacillus tequilensis R23, Bacillus subtilis R25, Bacillus pumilus R34,
Stenotrophomonas maltophilia GK CIP 1/1 were obtained from the Dairy Research Institute in
Prague (Czech Republic). These strains were isolated from dairy products. Bacterial strains
Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were provided by the
Czech Collection of Microorganisms (CCM, Brno, Czech Republic). Escherichia coli ATCC
25922 and Staphylococcus aureus ATCC 25923 were selected for testing as typical model
organisms representing both Gram-negative and Gram-positive bacteria. Isolates from
dairy products were chosen as representatives of natural contaminants due to the possibility
of future application of tested materials as food packaging. All strains were cultivated in
BHI medium (brain heart infusion broth, HiMedia, Mumbai, India). In addition, the culture
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medium was enriched with 5% sucrose (HiMedia, Mumbai, India) to test biofilm formation.
E. coli and S. aureus strains were cultivated at 37 ◦C/24 h, other strains were grown at
30 ◦C/24 h. Mueller Hinton agar (HiMedia Laboratories Pvt. Ltd., Mumbai, India) was
used to determine antibacterial activity.

Eugenol and thymol were provided by Sigma-Aldrich (St. Louis, MO, USA). Other
used chemicals were obtained from specified companies: chloroform (Penta chemicals,
Chrudim, Czech Republic); 96% ethanol (Lach-Ner, Neratovice, Czech Republic); crystal vi-
olet (Penta, Prague, Czech Republic); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) powder (Serva, Heidelberg, Germany); DMSO (Sigma-Aldrich, St. Louis,
MO, USA).

2.2. Film Preparation

Tested biodegradable polymers (PLA, PBAT, PBS) were prepared in the form of films.
The mixture of polymer and chloroform in the concentration of 14% w/v was homogenized
under the continuous stirring (500 rpm, 48 h) at 25 ± 1 ◦C (except PBS/50 ± 1 ◦C). The
active compounds (eugenol—E, thymol—T) were added into the polymer solution in the
final concentration of 3% w/v and stirred (500 rpm, 1 h) at 25 ± 1 ◦C. The samples of PLA/E;
PLA/T; PBAT/E; PBAT/T; PBS/E; PBS/T were prepared. The solution without active
compounds was used as the control. The prepared mixture (10 mL) was poured into Petri
dishes (6 cm in diameter) and left to dry in an air-circulated oven (30 ◦C, 24 h) [26]. A higher
concentration of active compounds was chosen to ensure a more extended provision of
antimicrobial properties. Tested active compounds in the concentration of 3% w/v should
provide antimicrobial protection for several months for water-based foods, using the result
from Narayanan et al. [27].

2.3. Antibacterial Activity

Antibacterial activities of PLA, PBS, and PBAT control films and films with eugenol
and thymol were tested by the standard agar diffusion test with the following modifica-
tions [28]. The films were cut into disks (5 mm in diameter). Before testing, the samples were
surface sterilized by UV radiation for 20 min without any sample damage [29]. They were
placed on Mueller Hinton agar plates inoculated with 1 mL of 0.5 McF turbid bacterial sus-
pension (Bacillus tequilensis R23, Bacillus subtilis R25, Bacillus pumilus R34, Stenotrophomonas
maltophilia GK CIP 1/1, Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923)
in the sterile saline solution. E. coli and S. aureus strains were cultivated at 37 ◦C/24 h, other
strains were grown at 30 ◦C/24 h. The inhibition zones were evaluated. All experiments
were repeated in triplicate.

2.4. Biofilm Formation
2.4.1. MTT Assay

The films were cut into squares of 25 mm2, placed in a sterile tube with 4.5 mL BHI
broth, and inoculated with 50 µL of a 24 h bacterial culture suspension with bacterial
turbidity of 1 McF. The cultivation of E. coli and S. aureus was performed at 37 ◦C/48 h.
For the other strains, it was at 30 ◦C/48 h with constant stirring on a shaker. The solution
was aspirated, and then the samples were rinsed with sterile distilled water to remove the
planktonic cells. MTT powder was dissolved in ultrapure water at a 5 mg/mL concentration.
The rinsed material was placed into individual wells of a microplate together with 180 µL
of BHI broth, and MTT solution was added to the final concentration of 0.5 mg/mL. After
the treatment with MTT for 4 h at 30 ◦C and shaking, the solution was aspirated and
replaced with 200 µL of dimethyl sulfoxide (DMSO), which dissolved the formed formazan.
Subsequently, 100 µL of formazan solution was placed into each well of a microplate, the
absorbance (optical density) at 690 nm was measured, and the background was read at
570 nm using a Tecan Infinite® 200 PRO (Tecan, Mannedorf, Switzerland). The average
and standard deviation of the optical density (OD) of negative controls (ODNC) were
calculated from the measured values. According to Stepanović et al., the cut-off value for
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positivity (ODp) was calculated as the sum of three times the standard deviation and ODNC
(ODp = ODNC + 3 × standard deviation ODNC) [30]. The resulting biofilm formation was
evaluated into 3 categories by limit values:

• Non-biofilm formation (−): OD ≤ ODP;
• Weak biofilm formation (+): ODP < OD ≤ 2ODP;
• Strong biofilm formation (++): 2ODP < OD.

2.4.2. Christensen Method

The films (25 mm2) were placed in a sterile tube with 4.5 mL BHI and inoculated
with 50 µL of 1 McF turbid bacterial suspension. After the cultivation (see Section 2.4.1),
the material was rinsed thoroughly with sterile distilled water to remove the adhering
planktonic cells. Subsequently, 200 µL of 96% ethanol was added for 20 min. The ethanol
was then washed and replaced with 200 µL of crystal violet, leaving it to act for 20 min.
The stained sample was placed in a test tube with 200 µL of 96% ethanol, which dissolved
the bound dye. Next, 100 µL of colored ethanol solution was transferred to each well of
a microplate, and then the absorbance at 600 nm was measured using a Tecan Infinite®

200 PRO (Tecan, Männedorf, Switzerland). The limit values for the evaluation of a biofilm
formation were determined in the same way as for the MTT assay (see Section 2.4.1).

2.4.3. Fluorescence Microscopy

The samples (25 mm2) were washed with sterile saline solution after the cultivation
(see Section 2.4.1) and placed on a glass slide. They were dyed by fluorescence dye (SYTO®9
and propidium iodide) for 10 s and then covered with a square coverslip. Fluorescence
microscopy was performed using a fluorescence microscope Olympus BX53 (Olympus,
Tokyo, Japan) equipped with Microscope Digital Camera DP73 (Olympus, Tokyo, Japan)
and the cell Sens Standard 1.18 (Olympus, Tokyo, Japan) software. The analysis was
performed on a minimum of 20 positions in three replicates. LIVE/DEAD™ BacLight™
Bacterial Viability Kit (Thermo Fisher, Waltham, MA, USA), based on the protocol [31], was
executed using slight modifications. SYTO®9 dyed plasma membranes of all bacteria, while
propidium iodide can color DNA of only dead cells. The excitation/emission maxima for
these dyes are 480/500 nm for SYTO®9 stain and 490/635 nm for propidium iodide. Thus,
bacteria with intact cell membranes stain fluorescent green, whereas bacteria with damaged
membranes (dead) stain fluorescent red.

2.5. Material Properties
2.5.1. FTIR-ATR Analysis

The chemical composition of prepared films was characterized by Fourier trans-
form infrared spectroscopy (FTIR) on Nicolet 6700 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) set to ATR mode and fitted with a diamond crystal equipped with
OMNIC Paradigm software. Measurement conditions comprised 64 scans at the resolution
of 2 cm−1 and the range of 4000 to 400 cm−1.

2.5.2. Contact Angle Measurement

The wettability of polymer films was measured by the sessile drop method at ambient
temperature on a Theta optical tensiometer (Biolin Scientific, Göteborg, Sweden) equipped
with OneAttension software. Distilled water of the volume equaling 3 µL was applied as
the reference liquid.

2.6. Statistical Analysis

The statistical evaluation of the contact angles employed one-way analysis of variance
(ANOVA) using Statistica software (version 10, StatSoft, Inc., Tulsa, OK, USA), at the
significance level of p < 0.05.
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3. Results
3.1. Antibacterial Activity

A method based on the diffusion of active compounds, the disk diffusion method, was
used to determine the antimicrobial activity. The inhibition zones were measured, and the
values, including the disk diameter (5 mm), are shown in Table 1.

Table 1. Antimicrobial activity determined by disk diffusion method (sample 5 mm in diameter).

Samples B. tequilensis
(mm)

B. subtilis
(mm)

B. pumilus
(mm)

S. maltophilia
(mm)

E. coli
(mm)

S. aureus
(mm)

PLA * * * * * *

PLA/T * * 7.8 ± 1.2 12.5 ± 0.3 * 8.0 ± 0.4

PLA/E 9.5 ± 0.5 9.8 ± 0.3 7.3 ± 0.5 13.3 ± 0.3 * 9.0 ± 0.4

PBS * * * * * *

PBS/T 10.0 ± 0.4 9.5 ± 0.3 7.0 ± 0.4 * 10.5 ± 1.2 15.8 ± 0.5

PBS/E 11.8 ± 0.5 13.0 ± 0.7 12.3 ± 0.9 13.0 ± 0.4 15.8 ± 1.1 17.8 ± 0.5

PBAT * * * * * *

PBAT/T * 7.3 ± 0.3 7.3 ± 0.3 6.3 ± 0.3 9.3 ± 0.3 10.3 ± 0.3

PBAT/E 7.8 ± 0.5 7.5 ± 0.3 9.5 ± 0.3 10.8 ± 0.3 6.3 ± 0.3 8.8 ± 0.5

PLA: poly(lactic) acid, PBAT: poly(butylene adipate-co-terephthalate), PBS: poly(butylene succinate), E: 3% w/v
eugenol, T: 3% w/v thymol. * —no inhibition zone.

The samples without incorporated active compounds did not inhibit the tested bacteria.
In contrast, films enriched with antimicrobial compounds, eugenol, and thymol, have
formed the inhibition zones confirming the antimicrobial activity (Table 1). These results
corresponded with the published results of eugenol and thymol inhibition effect against
bacteria [23,24]. The best inhibitory effect of synthetic polymers PLA, PBS, and PBAT
with added phenolic compounds were performed by films enriched with 3% w/v eugenol.
Except for Gram-negative bacteria E. coli, all tested isolates from dairy products were
inhibited by PLA/E. The samples of PBS/E and PBAT/E performed a complete inhibitory
effect against all tested bacteria. The sample of PBS/E showed the largest inhibition zone
against S. aureus, with the zone reaching the diameter of 17.8 ± 0.5 mm. The polymer
films with 3% w/v thymol presented generally lower antibacterial activities than eugenol
films. PLA/T produced the smallest inhibition zones against the tested bacteria with the
observed activity only against B. pumilus, S. maltophilia, and S. aureus. The internal structure
of the polymer may have an important impact on the release and diffusion of the active
compound to the external environment. It may be concluded that incorporating eugenol or
thymol into biodegradable polymer films enhances their antimicrobial properties.

3.2. Biofilm Formation

Biodegradable polymers are used as an alternative to disposable packaging in the
food industry [32]. Bacterial biofilm can grow on these polymers. What is more, it is
necessary for their biodegradation [33]. Therefore, it is important to identify a suitable
active compound with the optimal concentration not only for extending the shelf life of
food but also for prolonged biodegradation. This study examined three methods (MTT
assay, Christensen method, and fluorescence microscopy) to monitor biofilm formation on
packaging materials.

MTT assay and Christensen method are spectrophotometric methods based on the
biofilm staining. In the Christensen method, biofilm is stained with crystal violet. Sub-
sequently, the color is leached with ethanol, corresponding to the strength of a biofilm
formation [34]. In contrast, in MTT assay, only the number of living cells in a biofilm is
monitored based on their metabolic activity. In MTT assay, living cells reduce yellow MTT
to violet formazan. Subsequently, formazan is dissolved in dimethyl sulfoxide (DMSO),
and the color of the extract is directly proportional to the number of viable cells [35]. Fluo-
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rescence microscopy allows the observation of biofilm viability. Differentiation of living
cells from dead cells can be accomplished by staining with propidium iodide, which pene-
trates the disrupted cytoplasmic membrane of dead cells [36]. Propidium iodide is a red
fluorescent nucleic acid that excites at 490 nm and emits 635 nm. SYTO® 9 green-fluorescent
nucleic acid, which excites at 480 nm and is emitted at 500 nm, could be used to stain all
cells. Using propidium iodide with SYTO® 9 reduces the fluorescence of the SYTO® 9 dye,
thereby distinguishing red fluorescent dead cells from green living cells [31].

For both, Christensen method and MTT assay, a biofilm formation was examined by
determining the limit values for prepared materials. The limit values were determined
from the reference value, i.e., without inoculation with a microorganism and three standard
deviations. These values are unique for every single prepared polymer film. The limit
value was selected based on a normal (Gaussian) distribution, i.e., the average together
with three standard deviations cover almost all probable values (99.7%) [37]. A p-value of
<0.003 was considered to be statistically significant. The resulting biofilm formation was
classified into three categories (non-biofilm formation, weak biofilm formation, and strong
biofilm formation). The non-forming biofilm showed an average absorbance value lower
than the limit values. Weak biofilm formation achieved values twice the limit value, and
above this value, the strains were considered to form a strong biofilm. In the Christensen
method, PLA and PBS were stained too much. Strong staining of the surfaces of the tested
samples is inappropriate due to the requirement for the subsequent dilution for the samples
with a stronger biofilm. It complicates the method and prolongs the time required for the
test. Therefore, the Christensen method may be inappropriate for many polymers.

Three methods for the detection of biofilm formation on biodegradable polymer
films by Bacillus tequilensis, Bacillus subtilis, Bacillus pumilus, Stenotrophomonas maltophilia,
Escherichia coli, and Staphylococcus aureus were compared in order to select the most suitable
one (Table 2 for pure materials, Supplementary Materials Table S1 for all tested materials).

Table 2. Comparison of methods for evaluating biofilm formation for pure materials.

Materials Methods B. tequilensis B. subtilis B. pumilus S. maltophilia E. coli S. aureus

PLA

MTT assay − − − − − −
Christensen method − − − − − −

Fluorescence microscopy (LIVE) +++ +++ +++ + +++ +++
Fluorescence microscopy (DEAD) + − − + ++ ++

PBS

MTT assay + + + + + +
Christensen method − − + + − −

Fluorescence microscopy (LIVE) − ++ − ++ − +
Fluorescence microscopy (DEAD) ++ + ++ + +++ +

PBAT

MTT assay − − − − − −
Christensen method + + + + + +

Fluorescence microscopy (LIVE) + + + + +++ +
Fluorescence microscopy (DEAD) − − − − +++ −

PLA: poly(lactic) acid, PBAT: poly(butylene adipate-co-terephthalate), PBS: poly(butylene succinate). MTT assay
and Christensen method: −: non-biofilm formation, +: with weak biofilm formation, ++: with strong biofilm
formation (p < 0.003). Fluorescence microscopy: −: without microorganisms, +: 1–10 microorganisms, ++:
10–50 microorganisms, +++: >50 microorganisms.

As all tested strains are able to form a biofilm, its production was expected on all tested
biodegradable polymers. Neither the MTT method nor the Christensen test performed
relevant results on PLA. Limoli et al. described that the absence of a detectable biofilm
could be caused by the smooth surface of the sample [38]. The results indicate that the MTT
method was more suitable than Christensen for PBS, test in a biofilm detection in vitro
(Table 2). Nevertheless, the microplate adherence test described by Christensen provided
better results on PBAT.

The presence of adherent cells on PLA was confirmed by fluorescence microscopy.
MTT method proved the production of a weak biofilm on PBS within all tested strains. On
the other hand, only two isolates (Bacillus pumilus, Stenotrophomonas maltophilia) demon-
strated a biofilm using the Christensen method on PBS. On PBAT, a weak biofilm was
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detected by the Christensen method and fluorescence microscopy. However, no biofilm
was detected by MTT assay. These results demonstrate a weak biofilm formation with low
metabolic activity on PBAT [35].

When comparing the tested methods, Christensen’s method for detecting a biofilm
formation on polymers appeared to be unsuitable due to the strong dyeability of polymers
themselves. Another disadvantage is that MTT assay and Christensen method are time-
consuming. What might be considered beneficial of these methods is that the samples
are not rinsed during this test. A biofilm may be destroyed when rinsed, causing a false
negative result [5].

Based on the obtained results, it could be concluded that a biofilm on the polymer
films was precisely detected using fluorescence microscopy. LIVE/DEAD bacterial viability
assays were performed by fluorescence microscopy, as can be seen in Figure 1. Live bacterial
cells are displayed green, and dead bacterial cells are red. It seems that an insignificant
difference was found between all neat polymers. However, the spherulite-forming PBS
does not provide a suitable surface for bacterial adhesion. Thus, the bacteria accumulate
on the amorphous portion of the semicrystalline polymer [39]. Fluorescence microscopy
of the modified films enriched with active phenolic agents proved no bacterial cells on
the surface. This experiment confirmed that biodegradable polymer films with eugenol or
thymol prevent a biofilm formation by bacterial isolates from the dairy products. These
results correspond with proven antibacterial properties (see Section 3.1).
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Figure 1. Fluorescence microscopy of LIVE/DEAD bacterial viability assay with Stenotrophomonas
maltophilia. (A): PLA, (B): PLA/T, (C): PBS, (D): PBS/T, (E): PBAT, (F): PBAT/T. PLA: poly(lactic) acid,
PBAT: poly(butylene adipate-co-terephthalate), PBS: poly(butylene succinate), T: 3% w/v thymol.

3.3. Material Properties

The prepared polymer films were homogeneous and compact with a smooth surface.
PLA films were clear and elastic with a slight shade of yellow. Modified PLA films were
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visually darker yellow due to the color of eugenol and thymol. PBAT films exhibited higher
elasticity in comparison to PLA samples. Pure PBAT films were white, while eugenol and
thymol also caused the change in the film to light yellow. On the other hand, all prepared
PBS films were fragile with a similar yellowish color tint as PBAT films.

3.3.1. Contact Angle

The wettability of polymer surfaces evidences their hydrophilicity or hydrophobicity,
significantly affecting their potential applications. The wetting properties of the samples
without and with active agents were analyzed by the sessile drop method. As can be seen
from the values of contact angles (Table 3), prepared samples exhibited contact angles up
to 90◦. The base polymer films showed values ranging from 55 to 75◦. More hydrophobic
surfaces (103 to 120◦) were observed in PBS membrane or PBS-based foam [40].

Table 3. Contact angles values for tested polymer films.

Active Compounds PLA (◦) PBS (◦) PBAT (◦)

* 75 ± 4 aA 74 ± 2 aA 56 ± 4 aB

3% w/v thymol 67 ± 3 aAB 75 ± 4 aA 60 ± 4 aB

3% w/v eugenol 66 ± 2 aA 74 ± 2 aB 63 ± 3 aA

PLA: poly(lactic) acid, PBAT: poly(butylene adipate-co-terephthalate), PBS: poly(butylene succinate), *—without
active compounds. Different lower-case/upper-case letters in the same column/line indicate significant differ-
ences, respectively (p < 0.05).

The modification of PLA film with eugenol and thymol resulted in a slight increase
in wettability. A rather opposite trend, an increase in hydrophobicity, was shown in PBS
and PBAT samples even though the differences were not statistically significant at the p
level of 0.05. In spite of this fact, ATR-FTIR analysis (Figure 2) proved the presence of
phenolic groups, and the results of microbiological testing clearly revealed the antibacterial
properties and biofilm reduction in modified samples (Sections 3.1 and 3.2). No significant
changes (p < 0.05) in wettability were observed when thymol and eugenol active agents
were compared, which is probably due to the similar molecular structures of these phenolic
major components of thyme and clove essential oils, respectively. A lower contact angle
value in pure PBAT film could consist of its molecular structure containing more oxygen
substituents with a hydrophilic character. In contrast, PLA is composed of polar and
non-polar substituents in its molecular structure resulting in higher wetting angle values
than those of PBAT. The incorporation of non-polar substances (thymol, eugenol) increases
the overall hydrophobicity of the PBAT polymer [41]. Similarly, in the study of Moustafa
et al. [42], who investigated the PBAT/coffee grounds composites for food packaging
applications, a higher contact angle with the addition of torrefied coffee grounds was
observed. It is worth stating that the values could be strongly affected by several factors,
such as the surface roughness of the samples and the location of a droplet’s placement.
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3.3.2. FTIR-ATR

Infrared spectroscopy was used to characterize the main functional groups of the
base polymers and reveal potential interactions between them and added active phenolic
compounds. The FTIR spectra of pure and modified polymers are shown in Figure 2. The
base polymers revealed the peaks corresponding to their main characteristic bonds [43,44].
Regarding PBS polymer, a very weak absorption band in the range of 3430–3500 cm−1 is
assigned to polymer chain terminal –OH groups; -CH-groups were identified in the range
of 3000–2800. Several overlapping peaks were observed in the –C=O region, relating to
ester carbonyl groups of semicrystalline polyesters. In PBAT polymer spectra, the main
absorption peaks at 2958 and 2869 cm−1 occurred correspondingly to -CH2 groups [43].
The peaks of PLA in the range of 3000 to 2900 cm−1 were assigned to –C-H vibrations
of the CH3 side chains groups. PLA spectrum showed characteristic peaks at 1747, 2945,
2995 cm−1 assigned to C=O, -CH3 asymmetric, and -CH3 symmetric, respectively [44,45].

When active compounds were added, new peaks in the range from 1600 to 500 cm−1

were observed, indicating their interactions with polymer.
All tested polymer films showed the peaks associated with thymol presence at 1618,

1585, and 1519 cm−1 referring to characteristics C=C peaks corresponding to thymol
aromatic ring [46,47]. The peaks about 1638, 1610, and 1514 cm−1 (in PLA/E film) are in
suitable agreement with the characteristic structural spectrum of eugenol [48]. In a detailed
analysis of IR spectra (Supplementary Materials Figure S1), a change in the form of more
intensive peaks in the range from 3500 to 3400 cm−1 can be observed in modified polymer
films. These could be assigned to phenolic groups of thymol and eugenol active agents.

4. Discussion

In this experiment, polymer films were prepared from synthetic polymers: PLA, PBAT,
PBS. A biofilm formation was investigated on all films by various detection techniques, such
as chemical (Christensen method), biological (MTT assay), and microscopic (fluorescence
microscopy) [5,49]. The staining techniques belong to the least sensitive reproducible
methods for determining total biofilm biomass. A safranin dye can be used for biofilm
detection, as described by Ojima et al. [50] and Nguyen et al. [51]. This staining technique,
similar to the Christensen method, was applied to the strain of E. coli. Marcos-Zambrano
et al. [52] used crystal violet as in this study. Considering different biomass staining
methods, it could be concluded that these staining methods are often inappropriate due to
their low sensitivity [49,53]. The basic technique for visual detection of biofilm formation
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is light microscopy. It is a simple, inexpensive, and easy method; however, its resolution
is low in comparison with other microscopic techniques [5]. Nevertheless, according to
the previous studies by Azaredo et al. [5] and Hassan et al. [54], biofilm-based staining
methods are one of the cheapest and most effective methods. Neither the Christensen
method nor MTT assay confirmed the growth of a biofilm on PLA. Morohoshi et al. did not
confirm the presence of a biofilm on PLA after two weeks of the cultivation in the seawater
by DNA analysis of a biofilm [55]. On the other hand, fluorescence microscopy proved the
highest sensitivity and biofilm formation. The presence of a biofilm was also confirmed on
PBS and PBAT [55], as monitored in this study.

Polymer films from this study could be applied in food packaging. Substances with
a potential antimicrobial activity may be added to ensure greater food safety and quality.
Many compounds are used to increase antimicrobial protection in the food industry, such
as essential oils or fatty acids [56,57]. Two compounds of essential oils, eugenol, and thymol
were tested and proved favorable effects for preventing biofilm formation [58]. Several
studies have confirmed the broad-spectrum antimicrobial activity of thymol and eugenol
against bacteria and fungi [59–61]. Thymol incorporated in poly(lactide-co-glycolide)
nanofibers proved a suitable preservative effect in wrapping strawberries in the study of
Zhang et al. Therefore, thymol is beneficial to prolong the shelf life and keep the food fresh
without affecting the flavor [62]. Hamzah et al. investigated various concentrations of these
phenolic compounds against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa
biofilm. The concentration of 0.96% w/v proved a high inhibition against the selected
bacteria, with thymol showing the highest ability to cease a biofilm formation [63,64]. The
antibacterial activity of phenolic compounds is attributed to phenolic hydroxyl in their
structure [65]. Eugenol with the concentration of 0.625 µg/mL does not affect the bacterial
viability; nonetheless, it downregulates the expression of virulence genes involved in the
adhesion and biofilm formation (brpA, comDE, ftf, gbpB, gtf B, gtf C, relA, smu630, spaP, and
vicR) [66].

Therefore, eugenol and thymol in the concentration of 3% w/v were selected for
incorporation into biodegradable polymeric films (PLA, PBAT, PBS) to prevent bacterial
biofilm formation and possible occurrence of pathogenic microorganisms. These phenolic
monoterpenes play an important role in the enhancement of the antimicrobial properties of
polymers. They are released through the polymer matrix over time, continuously available,
and diffused through the bacterial cell membrane, thereby providing the antimicrobial
effect [67]. In this study, the disk diffusion method proved the antimicrobial properties
of eugenol and thymol. The presence of eugenol or thymol in the tested materials was
confirmed by FTIR analysis, and hydrophobic characteristics of their surface were described.
The films containing eugenol showed higher antimicrobial activity than the films with
thymol, similarly as published by De Morais et al. [64].

The improvement of the antimicrobial properties of PLA was achieved by the addition
of thymol in the concentration of 8% w/v in the study by Ramos et al. [68]. Moderate
antimicrobial activity for Bacillus cereus and Staphylococcus aureus was also detected for
eugenol-grafted PLA. However, as in this work, the antimicrobial activity for Escherichia coli
was not confirmed [69]. The advancement of the antimicrobial properties of biodegradable
eugenol-grafted polymers was demonstrated in other studies. Grafted eugenol and car-
vacrol in chitosan nanoparticles improved the antimicrobial properties against Escherichia
coli and Staphylococcus aureus, conferred antioxidant properties to the nanoparticles, and
reduced cytotoxicity over pure essential oils [70]. The minimum inhibitory concentration of
incorporated eugenol required for the film to exhibit antimicrobial activity was ≥40 µg/g
for bacteria and ≥80 µg/g polyhydroxybutyrate (PHB) for fungi. The increase in eugenol
concentration, i.e., ≥200 µg/g PHB, resulted in the complete growth inhibition of both
bacteria and fungi in Narayanan et al. However, the antimicrobial activity of eugenol in the
film decreased in the following order: water >3.0% acetic acid > n-hexane > 50% ethanol due
to the specific migration [27]. Therefore, the concentration of 3% w/v of active substances
was selected to ensure more significant antimicrobial properties of the incorporated films.
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The addition of active ingredients to the polymer films has demonstrated biofilm
inhibition and antimicrobial properties. Therefore, this could cause a prolongation of the
biodegradation time as the enzymatic activity of the microorganisms initiates this. Pure
polymers have been determined to biodegrade under various abiotic conditions. Polymer
PLA is biodegradable under industrial composting conditions (58 ◦C, high humidity,
aerobic). Polymers PBAT and PBS are biodegradable not only in composting but also in the
soil (25 ◦C, humidity, aerobic) [71–73].

5. Conclusions

This study investigated biofilm formation on the polymer films with a perspective
application in the food industry as the packaging material. PLA, PBS, and PBAT polymer
films were tested for biofilm formation using various detection techniques (Christensen
method, MTT assay, and fluorescence microscopy). The individual methods were compared,
and their effectiveness was determined. Fluorescence microscopy proved to be the most
sensitive for biofilm detection. The incorporation of the active compounds (thymol and
eugenol) into the polymers mentioned above was also performed to prevent a biofilm
formation by microorganisms that may affect the food quality. The antibacterial properties
have been achieved by this modification, and biofilm formation was not detected on
polymer films with incorporated antimicrobial compounds. These active packaging may
enhance food safety and protect the consumer’s health. Consequently, a biofilm could
form on the surface after releasing antimicrobial volatile compounds, which contribute
to its biodegradation. Thus, future experiments will assess the release of antimicrobial
compounds from the prepared polymers and the biodegradability test.
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poly(butylene succinate), E: 3% w/v eugenol, T: 3% w/v thymol., Table S1: Comparison of methods
for evaluating biofilm formation.
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Abstract: Edible starch-based film was developed for packaging seasoning applied in instant noodles.
The edible film can quickly dissolve into hot water so that the seasoning bag can mix in the soup
of instant noodles during preparation. To meet the specific requirements of the packaging, such
as reasonable high tensile properties, ductility under arid conditions, and low gas permeability,
hydroxypropyl cornstarch with various edible additives from food-grade ingredients were applied
to enhance the functionality of starch film. In this work, xylose was used as a plasticizer, cellulose
crystals were used as a reinforcing agent, and laver was used to decrease gas permeability. The
microstructures, interface, and compatibility of various components and film performance were
investigated using an optical microscope under polarized light, scanning electron microscope, gas
permeability, and tensile testing. The relationship was established between processing methodologies,
microstructures, and performances. The results showed that the developed starch-based film have a
modulus of 960 MPa, tensile strength of 36 Mpa with 14% elongation, and water vapor permeability
less than 5.8 g/m2.h under 20% RH condition at room temperature (25 ◦C), which meets the general
requirements of the flavor bag packaging used in instant noodles.

Keywords: starch film; packaging; edible; reinforcement; interface; instant noodle

1. Introduction

Developing eco-friendly packaging materials is no longer an option, but it has become
an urgent necessity since many countries have restricted non-biodegradable materials,
particularly for disposable packaging materials. The simplest way to treat the food packag-
ing is to eat them with the foods packaged in. Edible packaging has attracted increasing
attention [1–4], and is mainly based on polysaccharide and protein materials. Starch is the
most promising material because of its natural edibility, overwhelming abundance, and
annual renewability. Edible starch-based films have been developed and widely used in
food and medicine packaging [5–8], such as applications in candy wrappers and medicine
capsules [9–12].

The bag used for packaging seasonings has been widely used in instant noodles,
easy soup, and various pre-prepared ingredients for cooking. It was reported that, on
average, everyone ate about 13.6 bags of instant noodles, and the market was more than
one myriad bag in 2018 in the world [13]. Traditionally, the films used for flavor bags
are bi-orientation polypropylene (BOPP) or polyamide (BOPA) with reasonably excellent
mechanical performance and gas barrier properties. Ideally, the packaging film used for the
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flavor bag would be edible. It could easily dissolve into the hot water during the noodle
preparation so that all the treatments before (carefully tearing and pressuring the bag) and
after (waste) eating can be omitted, which avoids any environmental issues. An edible
starch-based film should be an ideal candidate.

Food and non-food packaging have benefited from starch films’ development [5,10–12,14,15].
Improvement of the mechanical properties of starch-based materials is an ongoing chal-
lenge due to its poor mechanical performance, particularly tensile strength [16–19]. Several
improvements to the mechanical properties of starch-based materials is an ongoing chal-
lenge due to its poor mechanical performance, and tensile strength compositing and blend-
ing strategies have been invented to increase these mechanical qualities, such as reinforcing
with mineral and natural fillers, or mixing with various decomposable polyesters [20–29].
However, any additive in edible packaging films is sensitive because of a safety issue or a
hazardous risk. All the additives, including plasticizers and reinforcing agents, must be
food-grade ingredients.

The aim of this work is to develop edible starch-based film used for packaging sea-
soning in instant noodles through considering and novelly combining multiple factors,
including plasticing, reinforcing, and barriering. The film used for packaging seasonings
would keep with the noodles constantly under low humidity conditions (20–30% RH) in a
plastic bag or container to maintain the shelf-life of the noodles. The starch-based film needs
to be plasticized and reinforced to meet these requirements. Another challenge is to boost
the gas barrier function of the film to maintain the flavors. Because it possesses appropriate
mechanical and processing capabilities, this investigation used a commercially available
food-grade modified (hydroxypropyl) cornstarch (HPCS) as a matrix. It has previously
been used to make pharmaceutical capsules and edible films for food packaging [5,11,12].
In order to further improve the performance of the film, multiple additives, including
plasticizers, reinforcing agents, and barrier fillers were used, where xylose was used as the
predominant plasticizer, cellulose crystals were used as a reinforcing agent, and laver was
used to decrease gas permeability. Laver is a very popular seaweed food in Asian countries,
such as in Japan, China, Korea, etc. Its popular name in China is Zicai (purple vegetable).
Since it has the natural structure of a thin film, the laver can be used as a gas barrier
efficiently [5]. The effect of these added ingredients on the starch film functionality was
analyzed by an optical microscope under polarized light, electronic scanning microscope,
gas permeability, and tensile testing. The multiple relationships among the starch and
different additives were studied and used to guide the film development.

2. Materials and Methods
2.1. Materials

The ingredients utilized in the current study are all readily accessible in the mar-
ketplace. Hengrui Starch Company, Luohe, China, provided commercially accessible
hydroxypropyl cornstarch (HPCS) (DS 0.4%, moisture content 13 wt%, 23% amylose con-
tent). It has good mechanical characteristics [5,11,12]. Food-grade cellulose crystals were
procured from Qianrun Bioengineer (Wuhan, China), with a particle size of about 5 mm.
Figure 1 shows images of the cellulose crystals under SEM and optical microscope polar-
ized lights. Laver was acquired at a nearby market (Guangzhou, China). The laver, with
about 6 mm thickness, was firstly crushed into around 0.5 mm diameter fine particles to
distribute it homogeneously in the starch suspension. The laver has a protein content of
around 31.3% d.w. Figure 2 depicts images of the laver taken with normal and polarized
lights under an optical microscope. Tianjin Kemeou Chemical Reagent Company (Nanjing,
China) provided xylose (99.8% pure). Sinopharm Chemical Reagent Company Limited
(Shanghai, China) provided 99.5% pure glycerol.
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Figure 2. Images of the laver taken with natural (A) and polarized (B) lights under an optical microscope.

2.2. Sample Preparation

The final and optimized starch film contains plasticizer (water, glycerol, and xylose),
reinforced cellulose crystals, and laver as the barrier filler. The effect of each additive on
the starch-based film was initially studied separately, then mixed according to optimized
formulations. The baseline was established as the starch-based film plasticized with
water and glycerol. The specimen codes and compositions are included in Table 1. Film
thickness and moisture content were measured after the films were kept under 20% RH,
and 25 ◦C temperature.

Table 1. Sample code, formulations, as well as film thickness and moisture content.

Sample Code Cellulose Cryst (w/w) Laver (w/w) Xylose (w/w) Thickness (mm) Moisture Content (%) 2

Starch Film 1 - - - 146 ± 4 7.01
C-1 2 - - 160 ± 8 8.62
C-2 5 - - 171 ± 9 8.53
C-3 7 - - 173 ± 8 8.73
C-4 10 - - 181 ± 9 8.87
L-1 - 10 - 167 ± 7 9.37
L-2 - 20 - 171 ± 6 9.77
L-3 - 30 - 177 ± 8 9.91
X-1 - - 5 152 ± 8 9.67
X-2 - - 10 168 ± 6 10.17
X-3 - - 15 167 ± 7 10.41
X-4 - - 20 165 ± 6 10.85

CX film 7 15 171 ± 7 9.71
CLX film 7 20 15 178 ± 9 9.55

Notice: 1. All of the mentioned additives are made up of 0.5% glycerol (0.5 g), 10% dried starch (10 g), and 90% water (90 g). The ratio to
starch (w/w). 2. The films were stored at a temperature of 25 ◦C, and a humidity of 20%. Sample with C- means containing cellulose, L-
means containing laver, X- means containg xylose. Bold means these formulations were used as baseline for CX and CLX.

The starch solutions were made in a beaker using the solution-casting methodology
(10% w/w), in which 10 g (10% w/w) of starch on a dry basis was dissolved in 90 g water
(90% w/w). Glycerol was added at a constant weight of 0.5 g (5%) (w/w) in proportion to
the 10 g of starch on a dry basis. A referee starch film was made by pre-mixing the solution,
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then heating it 25 ◦C to 99 ◦C, where that was kept for 1 h while continually stirring it with
a magnet. The gelatinized starch suspension was rapidly stirred for 45 min before being
put onto a polystyrene plate (diameter 10 cm). The film was then dried in an oven for
10–12 h at around 35 degrees Celsius to get a consistent weight. The film containing xylose
was prepared by adding concentrations of 5%, 10%, 15%, and 20% (0.5, 1.0, 1.5, and 2.0 g,
respectively) into the hot gelatinized suspension of the starch prepared reference sample.
The cellulose crystal films were prepared by adding concentrations of 2%, 5%, 7%, and
10% (0.2, 0.5, 0.7, and 1.0 g, respectively) into the hot gelatinized suspension of the starch
prepared, the same as the reference sample. The films containing laver were prepared by
adding concentrations of 10%, 20%, and 30% (1.0, 2.0, and 3.0 g, respectively) into the hot
gelatinized suspension of the starch prepared, the same as the reference sample. Cast films
had a final thickness of around 150 µm, and this was measured by estimating how much
starch suspension was placed on the plate. A micrometer (µm) was used to determine the
actual thickness of the dried film.

2.3. Tensile Characteristics

The tensile properties were tested using the standards of ASTM D882-12. The prepared
starch films were cut into uniformly-sized tensile bar-shaped specimens. The tensile testing
apparatus (Instron 5565) was used at 25 ◦C with the cross-head at 5 mm/min−1 stretching
speed. All specimens were conditioned for 48 h before testing in a temperature-humidity
box (Lab Companion, Qingdao, China) with a humidity of 20% RH. The data are based on
the mean value of the seven samples.

2.4. Moisture Effect and Permeability

The moisture effect on the film was tested using contact angle changes with water
droplets. The sessile drop methodology was used to analyze water’s liquid/solid/contact
angles on sample surfaces using a contact angle goniometer: model OCA 20 from Data-
physics (Dataphysics instrument Co., Filderstadt, Germany). Based on the results of three
separate drops, average contact angles were calculated.

As per the ASTM E96/E96M-14 standardized process [30], the water vapor transfer
rate (WVTR) was measured in triplicates using a thermos hygrometer and deionized water.
Distinct glass cups with a depth of 2.5 cm and a diameter of 4 cm were used to measure the
film’s WVTR. A scissor cut the films into a circular form with a length marginally greater
than the cup diameter. Each cup was covered with film samples after being filled with
anhydrous CaCl2. Every cup was placed in a desiccator with a small beaker containing
saturated NaCl solution at the surface. To ensure that the saturated solution remained
saturated at all times, a small quantity of solid NaCl was left at the bottom. At room
temperature, the saturated NaCl solution in the desiccators maintained a constant RH of
75%. Increment in the weight of the cup was used to determine the water vapor transport.
To calculate the water vapor transmission rate (WVTR), the slope (g/h) was divided by the
transfer area (m2).

2.5. Characterization of Microstructure and Morphology
2.5.1. Scanning Electron Microscope (SEM)

To examine the film’s surface and the contact between the laver and starch matrix, a
scanning electron microscope (SEM, Thermo Fisher Scientific Inc., (NYSE: TMO), Waltham,
MA, USA) was utilized. All specimens were gold-coated under vacuum using an Eiko
Sputter Coater, and mounted on metal stubs that had been previously coated with double-
sided glue. In this experiment, a low voltage of 3 kV was used to minimize the risk of
damaging the surface.

2.5.2. Optical Microscope (OM)

The morphology of scattered lavers in the matrix of starch was observed through an
optical microscope (Axioskop 40 pol/40 A Pol, ZEISS) linked with a 35 mm SLA camera. XTZ
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Optical Instrument Factory’s stage micrometer Type C1 slide (1 div = 0.01 mm) was used to
calibrate the microscope. Each sample was examined using a microscope at a magnification
of 500×, where the photographs were 1.3 times larger than their original size. The crystalline
structures of cellulose contained in the laver were studied using polarized light.

2.6. Statistical Analysis

All quantitative date were statistically analyzed and presented as means ± standard
deviation (SD). The data were analyzed by one way analysis of variance (ANOVA) using
SPSS 17.0 package (IBM, Armonk, NY, USA), and when p < 0.05, samples were considered
to have significant differences according to Duncan’s multiple range tests.

3. Results
3.1. Effect of Various Additives on Performance of Starch-Based Film

The instant noodles were manufactured in less than 50 RH% conditions, and the water
content contained in the noodles itself was less than 5%. The relative humidity in the plastic
bag or container is about 20–30% RH. Thus, all the performances of the film were evaluated
under 20% RH to meet the conditions. Table 2 lists the effect of various additives on starch-
based film, including tensile properties, WVTR, and contact angle. The effect of each additive
was initially investigated individually, and then optimized based on the results.

Table 2. Effect of various ingredients on the starch film mechanical performances, WVTR, and contact angle.

Sample Code Modulus (MPa) Tensile Str (MPa) Elongation (%) WVTR (g/(m2 h)) Contact Angle (θ)

Starch Film 1352 ± 119 a 45.3 ± 2.9 a 3.9 ± 0.7 b 16.2 ± 3.4 a 82.0 ± 2.9 c

C-1 1387 ± 102 b 45.5 ± 4.8 b 3.7 ± 0.7 a 16.0 ± 2.8 ab 83.6 ± 2.7 b

C-2 1429 ± 118 ab 47.2 ± 4.7 ab 3.4 ± 1.1 ab 15.6 ± 1.9 ab 85.5 ± 3.3 ab

C-3 1492 ± 72 a 48.2 ± 5.2 ab 3.3 ± 0.8 ab 15.3 ± 3.5 b 85.7 ± 3.6 ab

C-4 1533 ± 126 a 51.4 ± 5.6 a 2.6 ± 0.6 b 16.1 ± 2.7 a 87.9 ± 4.1 a

L-1 1382 ± 122 b 46.8 ± 3.9 b 3.4 ± 2.1 a 6.7 ± 0.5 a 91.4 ± 3.6 a

L-2 1410 ± 116 ab 47.7 ± 4.8 ab 3.1 ± 1.6 ab 5.7 ± 0.4 b 105.8 ± 4.2 b

L-3 1432 ± 104 a 51.1 ± 5.9 a 2.7 ± 0.2 b 5.3 ± 0.6 b 119.9 ± 3.8 c

X-1 1242 ± 79 a 42.6 ± 3.2 a 8.6 ± 2.2 d 13.2 ± 0.8 b 87.7 ± 3.9 a

X-2 967 ± 74 b 36.1 ± 3.1 b 11.3 ± 1.5 c 14.8 ± 1.3 ab 94.2 ± 3.4 a

X-3 818 ± 81 c 27.0 ± 2.3 c 19.9 ± 2.1 b 15.7 ± 1.1 a 102.4 ± 2.8 b

X-4 620 ± 66 d 21.3 ± 1.7 d 28.4 ± 2.3 a 15.5 ± 1.6 a 103.9 ± 2.7 c

CX film 925 ± 73 b 37 ± 3.6 b 16.1 ± 2.6 a 15.6 ± 0.5 a 91.8 ± 2.7 b

CLX film 965 ± 81 b 36 ± 2.3 b 14.2 ± 2.1 a 5.8 ± 0.4 b 97.9 ± 2.9 a

The films were kept at room temperature under 20% RH. The data were analyzed by one way analysis of variance (ANOVA) and marked as abcd.

3.1.1. Effect of Cellulose Crystals

The inclusion of the cellulose crystals considerably enhanced the starch film’s strength,
as depicted in Table 2. After the crystals were added, both modulus and tensile strength
rose. Because hard crystal particles worked as reinforcing agents, this was predicted. The
reinforcing process of stiff particles in a matrix is widely understood, and crystals behave
similarly. The modulus and tensile strength of the crystals steadily rose as the crystal
content increased. On the other hand, the results demonstrate that adding crystals to the
films has a minor effect on the elongation at the break. It has to be pointed out that both
starch film and the film reinforced by the cellulose crystals are generally very brittle since
the elongations are very low, with a value of only about 3–4%. Because of this brittle
behavior, the standard dividends (±) of the elongation is higher (>20%).

The starch film WVTP was not affected by the cellulose crystals. It was not expected
that a rigid particle could reduce the gas permeability if it has much low gas permeability,
since the gap or weak interface between the particle and matrix significantly increases
gas permeability. The results indicate that the interface between the starch and cellulose
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particle is excellent. CA of the starch film improved marginally after adding the cellulose
crystals, indicating the moisture sensitivity of the film decreased.

3.1.2. Effect of Laver

The modulus elevated when adding more laver, and steadily increased when enhanc-
ing laver concentration, indicating that laver improves the films’ stiffness as predicted. The
tensile strength rose slightly as well, especially when the laver loading was more than 20%.
One theory is that the stiff fibers strengthen the coatings in the laver cell walls. As with how
most other fillers behaved, elongations of starch-based films reduced marginally with laver
content, and steadily declined when increasing laver content. Similar to the reinforcement
by the cellulose crystals, the elongation standard dividends (±) of the starch-based film
comprising laver are also reasonably high.

CA increased as laver content increased, implying that the starch-based film’s moisture
sensitivity diminished. The findings explain why the laver is moisture resistant. The laver’s
moisture resistance is due to its semi-crystalline cellulose and protein [5].

After adding laver to starch-based films, the WVTP declined significantly, and the
WVTP decreased even more when the laver content was raised. Creating a channel with
some twists in the film matrix that help water vapors go through reduces WVTP when
laver is induced [5]. Furthermore, creating the inter-link between protein and starch [30]
may lower gas permeability because the tight interlinking between protein and starch has
a lower free volume, and allows for less diffusion of moisture. Edible films produced by a
combination of whey protein and starch have shown similar results [31,32].

3.1.3. Effect of Xylose

The mechanical performance of starch-based materials relies on plasticizer content
(water or others). To achieve reasonable flexibility (toughness) under arid conditions
(20% RH), different plasticizers were used in this work. The most common plasticizer
system used for starch-comprised products is water with glycerol, since glycerol has
assertive moisture absorption behavior and is used to maintain the water in the materials.
However, the water is still not stable under low RH conditions. A constant concentration
of water/glycerol 10/3 was used in this work, and additional plasticizer xylose from food
ingredients was added. Xylose is a monosaccharide with a linear structure which has
shown remarkably high efficiency in destroying the order structures, and enhancing the
movement of polymer chains. As a result, plasticization efficiency improves. [31] Table 2
displays that xylose considerably enhanced the toughness of the starch film, with elongation
increasing by up to eight times. With more xylose, the elongation rate increased. However,
when the xylose level increased, the modulus and tensile strength of the material declined.

WVTR slightly decreased after the additional xylose. CA was slightly enhanced by
xylose, indicating that the hydrophobicity of the starch film marginally increased. The
hydroxyl groups in linear xylose are more flexible and face out, which makes sense [33].

3.2. Morphologies and Interface
3.2.1. Surface Morphologies

The linkage between cellulose crystals or laver and the starch matrix was investigated
using SEM (see Figure 3). It is visible that the pure starch film has a relatively smooth
surface (Figure 3A). The cellulose crystals and laver can be seen on the film’s surface after
the film’s dried and shrinking matrix. The interface between the starch matrix and cellulose
crystalline (B) or laver (C) was homogeneous, and there was no space between the particles
and the matrix, which implies that polysaccharide crystals are fully compatible inside
the starch matrix. The mechanism may be applied to describe why the films have better
mechanical characteristics.
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various flavor bag packagings. Figure 5 depicts the images of extruded starch-comprised 

Figure 3. The surface images using SEM. (A) The pure starch film, (B) film containing cellulose
crystals, (C) film with the laver.

3.2.2. Interface

The cross-section images of the films using SEM were used to investigate the linkage
between the fillers and the starch matrix (see Figure 4). The pure starch film’s cross-section
picture has a smooth surface (a). Even after being sliced, the crystals and laver may still be
detected in the starch matrix (b). At higher temperatures, the laver’s cell structure has been
disrupted and expanded. These findings were in accordance with the surface morphology
investigation (Figure 4), and may be utilized to elaborate mechanical characteristics and
moisture barriers. The thin laver also formed a twisted gas channel in the film matrix,
which reduced gas permeability.
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Figure 4. Image of the pure starch film in cross-section using SEM (A). The film containing cellulose
crystals and laver (B) (sample CLX).

3.3. Developing Flavor Bag Packaging

The above results helped to develop coating, and extrude the starch-based films and
various flavor bag packagings. Figure 5 depicts the images of extruded starch-comprised
film and flavor bag packaging without laver (A,B), since some industries require high gas
barriers and others do not. The films were developed based on the CX and CLX films
presented in Table 1, respectively. All the starch-based flavor bags dissolve in hot water
(85 ◦C) within a few seconds.
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Figure 5. Photos of starch-based film and flavor bag packaging without (A,B) laver.

4. Discussion

It is well established that the functionality of starch-based products strongly depends
on plasticizers and environmental conditions. One of the key challenges of applying
starch-comprised film in flavor bag packaging is keeping the film with a good strength

243



Foods 2021, 10, 3105

and toughness. Improving gas permeability is an additional advantage. In this work,
xylose was used as a plasticizer, cellulose crystals were used as a reinforcing agent, and
laver was used to decrease gas permeability. Tensile strength improved, according to the
findings, after the addition of both cellulose crystals and laver. The laver also decreased
WVTR significantly. But the flexibility or toughness of the starch-based film became
worse. The films are generally brittle since they have very low elongation at the broken
point with or without cellulose crystals and laver under low RH conditions. Additional
xylose significantly improved the toughness, and the elongation increased up to 7–8 times.
The mechanical properties could be balanced through designing and optimizing various
additives. Moisture sensitivity also decreased after adding cellulose crystals and laver,
which is crucial for food packaging.

The morphologies of the starch-based film have been investigated using SEM to
explain the results. Both surface morphologies and cross-section images showed that starch
matrix was compatible with cellulose crystals and laver. That was an excellent indication
of a linkage between the strengthening components and the matrix. This was expected,
as both starch and cellulose contained in crystals and laver have the same chemical unit,
glucose. Actually, that is why they were selected as suitable materials for this work.

5. Conclusions

The edible starch-based film has been successfully developed for packaging season-
ings applied in instant noodles. To meet the specific requirements of the packaging, such
as reasonable high tensile properties, ductility under arid conditions, and low gas per-
meability, several edible additives from food-grade ingredients were applied to enhance
the functionality of the starch film. Tensile strength increased after additional cellulose
crystals and laver, whereas toughness significantly improved with additional xylose. The
laver also decreased WVTR significantly. Based on the particular function of each ad-
ditive, the balanced and optimized starch-based film for flavor bag packaging has been
successfully developed.
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Abstract: Multilayer flexible food packaging is under pressure to redesign for recyclability. Most
multilayer films are not sorted and recycled with the currently available infrastructure, which is based
on mechanical recycling in most countries. Up to now, multilayer flexible food packaging was highly
customizable. Diverse polymers and non-polymeric layers allowed a long product shelf-life and
an optimized material efficiency. The need for more recyclable solutions asks for a reduction in the
choice of material. Prospectively, there is a strong tendency that multilayer flexible barrier packaging
should be based on polyolefins and a few recyclable barrier layers, such as aluminium oxide (AlOx)
and silicon oxide (SiOx). The use of ethylene vinyl alcohol (EVOH) and metallization could be
more restricted in the future, as popular Design for Recycling Guidelines have recently reduced
the maximum tolerable content of barrier materials in polyolefin packaging. The substitution of
non-recyclable flexible barrier packaging is challenging because only a limited number of barriers are
available. In the worst case, the restriction on material choice could result in a higher environmental
burden through a shortened food shelf-life and increased packaging weights.

Keywords: multilayer packaging; flexible packaging; polyolefin; recyclability; redesign;
mono-material; shelf-life of foods

1. Introduction

Packaging is essential for maintaining the quality, safety, and security of many food
products [1,2]. Robertson [1,3] described its basic functions as protection, containment,
convenience, and communication. In addition to these functions, packaging should be
recyclable but often faces end-of-life challenges. Recycling rates, particularly for plastic
packaging, are low (42% on average throughout the European Union in 2018) [4]. Politics
at the European level demand a stepwise increase in recycling rates for packaging [5]. This
induces pressure on certain packaging solutions. Trend analysis shows that non-recyclable
plastic packaging will no longer be tolerated by brand owners and retail chains [6]. Until
2030, all plastic packaging must be reusable or recyclable [5]. To reach this goal in the EU,
most countries need investments to upgrade the collection, sorting, and recycling infras-
tructure, and principles of design for recycling must be comprehensively applied [7–9].

247



Foods 2021, 10, 2702

Guidelines from industry and academia support this transformation. They give guidance
on material choice and design for packaging, packaging aid, and decoration, mostly in
relation to established collection, sorting, and recycling infrastructure of specific regions or
countries [10–12].

Multilayer food packaging is especially under pressure since it combines various
materials such as polymers, paper, aluminium, and organic or inorganic coatings [13–15].
Considering environmental effects measured by Life Cycle Assessments, these packaging
solutions are highly efficient [16,17]. The main problem, however, is that they are hardly
recycled in the existing waste management infrastructure, as Europe widely relies on
traditional approaches of mechanical recycling in regranulation processes, which generally
means combined processing of materials [4,13,18,19]. The thermal incompatibility of the di-
verse combined materials is one major obstacle in reprocessing [20]. New technologies such
as chemical recycling show promising results, but they need further and deep investigation
and up-scaling [21,22]. Currently, a great deal of effort is put on the redesign of multilayer
flexible packaging to improve the recyclability in the existing collection, sorting, and re-
cycling infrastructure [21]. Recyclable film solutions based on polyolefins (polyethylene
(PE) and polypropylene (PP)) have already been achieved, as packaging waste material
streams exist for these films, at least for mixed polyolefin streams [23–25]. As polyolefins
already dominate flexible food packaging, the restriction of the use of certain polymers
such as polyethylene terephthalate (PET) or polyamide (PA), which are not compatible
with polyolefin recycling, is tangible [11,26–29].

A challenge is posed by the fact that enhancing the recyclability of multilayer films
often goes hand in hand with a reduction of packaging efficiency. Current solutions on
the market have been optimized over the last decades for resource efficiency and product
protection. Reducing the complexity of these films would likely lead to thicker films and
therefore heavier packaging solutions would be required [30,31]. This goes against the
goals of a circular economy to reduce resource consumption and environmental impacts [7].

Multilayer flexibles by weight account for 10% of all packaging solutions [21]. The
relative amount may not seem huge, but at least 40% of food products are packed in flexible
solutions [32]. This induces the need to review redesign suggestions. Their comparison
should allow the implementation of redesign approaches throughout and be supported by
the European packaging branch.

A brief overview of the characteristics of multilayer flexibles, their contribution to
sustainability, and their incompatibility in widely applied recycling technology make it
possible to discuss the future design of this type of packaging. Research is necessary
to bring recyclability and overall sustainability together in barrier packaging. Material
combinations and recycling options with a clear benefit for the environment have to
be developed.

The main objective of this review is to gather information on the benefits of multilayer
flexible food packaging and show the negative recyclability trade-offs, especially for food
technologists. The whole food-producing industry is under pressure to apply recyclable, at
best circular packaging solutions throughout. To get there, we have to raise consciousness
about what is considered as recyclable, and which negative effects might come along with
redesign if we strive for circularity to enhance the packaging sustainability of specific
products. This work mainly focuses on literature back to 2009, as the very first collection of
hurdles (Figure 1) started in 2019, collecting evidence on a topic that gained momentum in
the last decade.

2. Multilayer Flexible Food Packaging

Multilayer food packaging is a tailored packaging application. Beneficial properties
of diverse materials are combined into one packaging solution. Flexible packaging like
pouches, bags, lidding as well as rigid packaging like trays, cups, and bottles consist
of variable material, sometimes combined in layers. Through the approach to combine
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materials, these products offer technical and systemic strengths but also weaknesses along
the life cycle stages, from production to use phase and end-of-life scenarios [13,19,33,34].

Figure 1 shows a collection of hurdles in relation to circular packaging, with a focus on
multilayer flexible packaging, but not solely limited to it, encompassing literature research
via Science Direct, Google Scholar, and Scopus, following the keywords “circular multilayer
packaging”, “recycling flexible packaging”, “circular economy multilayer”, “multilayer
recycling”, “polymer film food”, as well as secondary sources therein. Most mentioned
hurdles, for example, the coordination along the supply chain, costs, and profitability, or
the separation of materials, were collected and assigned to life cycle stages.
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The improvement of barrier properties of packaging to control the food quality and
safety is one main intention of combining materials. The permeability against relevant gases
(oxygen (O2), carbon dioxide (CO2), nitrogen (N2), water vapor (WV)), the transmittance
of light, the barrier against grease or oil, as well as odors/aromas are important elements
controlled by packaging. Depending on mainly fat, carbohydrates, and protein contents
of food commodities, diverse permeability, and light transmission is acceptable to reduce
negative changes in food quality or safety [77].

2.1. Production, Characteristics, and Application

The characteristics of multilayer flexible packaging are related to the molecular prop-
erties of the used materials. The polymer type, its crystallinity, branching, tacticity, and
polarity influence the gas permeability and light transmission of the film. In order to reach
the required packaging specifications, a combination of polymers or the introduction of
other non-polymeric layers like paper or aluminium is frequently applied. This could be
taken as a point for differentiation. Some multilayer flexible packaging solutions solely
include polymeric layers. In other cases, also stiffer material like paper is included [77,78].
There is hardly any limit to imaginable combinations. Even 24 layers of material combined
into one film are marketed, found in a cheese packaging solution through polarization
microscopy [79].

The production of multilayer packaging film mainly relies on extrusion or lamina-
tion processes. While extrusion (coextrusion) is reported to dominate the production of
multilayers for inter alia practicability and economic reasons, lamination is necessary to
combine material that cannot be coextruded (for example the combination of polymers
with non-polymers) [80]. Next to these two basic production methods, coatings allow the
integration of even more beneficial properties to one packaging film, e.g., more functional
layers. Whereas Selke and Hernandez [34] discussed metallization through vacuum depo-
sition or SiOx (silicon oxide) as examples for coating, Farris [80] refers to the application of
melts and liquids. Recent developments in this area include the development of nanocoat-
ings applied at levels below a critical concentration. Coatings can form a thin layer of
material that can be deposited directly on a surface, applied in liquid form (film-forming
solution/dispersion), by immersion, homogeneous spreading, or spraying [81,82]. In either
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way, customization to enhance barrier properties is possible. As an example, polyolefins as
non-polar polymers, show low water vapor but high oxygen permeability. To reduce the
oxygen permeability, barrier layers are introduced [77].

Based on the quantity, polyolefins, PET, PS, and polyvinylidene chloride (PVC) are
in general the leading polymeric materials in packaging applications in Europe [4]. Häsä-
nen [79] stated in a case study, that in samples of purely polymeric multilayer flexible
packaging, polyolefins, polyamides, and PET, followed by ethylene vinyl acetate (EVA)
and ethylene vinyl alcohol (EVOH) dominate this type of packaging.

Polyethylene in general is used as a moisture barrier and for its toughness. low-density
polyethylene (LDPE) and linear low-density polyethylene (LLDPE) are used as sealants,
bonding layers, tie resins, adhesives, or structural layers. LDPE and LLDPE are found in
several applications of flexible food packaging. Exemplary for bakery products, mono-
or multilayer solutions including LDPE or LLDPE are widely marketed. With increasing
barriers needs against moisture, high-density polyethylene (HDPE) is of higher interest in
flexible packaging. The crystallinity of HDPE induces strength and stiffness, which allows
its use as a structural layer. One prominent example of the use of HDPE in multilayer
flexibles is cereal packaging, possibly in a combination with EVOH for the enhancement of
the oxygen barrier [15,34,78,83,84].

Polypropylene in packaging is referred to as a moisture barrier, connected to benefits
through its crystallinity. Reflected in the high melting point, it offers strength and is
stable against exposures to higher temperatures. It shows clarity and stiffness and is also
used as a sealant. Specifically in multilayer flexible packaging, it is frequently combined
with PE. Metallization of PP is common for dry food products, requiring high oxygen
barriers [13,15,34,78].

Polyamide is used for its mechanical properties, as an oxygen as well as oil, grease, and
aroma barrier. Beneficial optical and thermal properties also lead to its use in multilayer
food packaging. PA is also used in vacuum packaging or applications with modified atmo-
spheres, for example in the food group of meat. Addressing possible polymer combinations
with PA for meat, PE is common [15,34,77,83].

Oil and grease resistance is also known to be a beneficial property of PET, not only for
PA. Its printability, thermal, mechanical as well as optical properties are the reasons for its
use in multilayer packaging solutions, similarly for example in meat packaging [15,34,77,84].

In addition to the commonly used polymers in packaging (PE, PP, PET), EVOH and
EVA can broaden the attributes of the bulk plastics [4]. EVOH finds use predominantly
as a barrier material against oxygen, oil, and grease. In multilayer flexible packaging,
it is widely used for food products, which in contact with oxygen, would face quality
degradation. This includes a variety of possible applications, for example, snacks products.
Contrary to metallization, it offers transparency [15,34,77,78]. EVA is used as a sealant and
adhesive in multilayer food packaging. Furthermore, also its optical properties are said
to promote its use. Applications in multilayer flexibles include inter alia combinations
with polyolefins, for example in fresh convenience products like pre-cut salads [15,34,78].
Another adhesive used in packaging is Polyurethane (PU) [78].

Polyvinylidene dichloride (PVDC) is used for its barrier properties against oxygen and
moisture, its optical properties, as well as a layer resistant to oil and grease. Its stiffness or
softness is highly customizable. Food products in multilayers with PVDC are for example
snacks. Its use in shrink films or stretch wraps, mono- or multilayer variations, can also be
found [15,34,77,78].

Next to the above-specified polymers, aluminium is used to protect the food from
moisture, oxygen, and light. Optical properties too account for its use in multilayer
flexible packaging. One multilayer example with aluminium foil is packaging of food with
sterilization steps in production, for example, ready-to-eat meals [15,34,77].

Coatings such as aluminium oxide (AlOx) and silicon oxide both facilitate highly
enhanced barrier properties against oxygen and moisture while offering transparency
at thicknesses in the nanometer range, compared to several micrometers for polymer-
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based barrier layers. In multilayer flexibles, one can find for example combinations with
PET. However, these coatings are discussed as being prone to cracks affecting the barrier
properties, inter alia when used on flexible substrate materials. In general, the coatings can
be used between layers to enhance the durability [13,51,77,78,80].

Furthermore, paper is a material commonly used in multilayer flexible food packag-
ing, including non-polymeric layers. Depending on the paper, it can increase the rigid-
ity/stiffness of multilayer packaging. Marketed solutions include combinations with PE,
also EVOH or foil. Paper is beneficial in the context of printability and shows different
possible haptics and optics compared to polymer packaging. It is also used as a light
barrier [34,51,78,80].

Within this multitude of possible materials to combine, Kaiser et al. [13] gave an
overview of widely used polymers in multilayer flexible packaging and their associated
application purpose. A modified version is shown in Table 1. It points up that single
multilayer structures are hard to exemplify as “typical”.

Table 1. Properties and materials in multilayer flexible food packaging. Modified after the work
in [13] based on the works in [51,85,86].

Mechanical
Stability

Oxygen
Barrier

Moisture
Barrier

Light
Barrier

Tie
Layer Sealant

PO EVOH PO Aluminium PU PO
PET PVDC EVA Paper PO EVA
PS PA PVDC PA

Paper PET Aluminium PET
SiOx
AlOx

PVOH
Aluminium

Abbreviations: PO (polyolefins: polyethylene, polypropylene), PET (polyethylene terephthalate), PS (polystyrene),
EVOH (ethylene vinyl alcohol), PVDC (polyvinylidene dichloride), PA (polyamide), SiOx (silicon oxide), AlOx
(aluminium oxide), PVOH (poly vinyl alcohol), EVA (ethylene vinyl acetate), PU (polyurethane).

Other than the properties overview from Kaiser et al. [13], Morris [15] describes
multilayer film structures depending on food products. Two multilayer flexible packaging
solutions for meat products are illustrated in Figure 2, irrespective of layer thicknesses. To
avoid oxygen ingress as one major quality determinant in processed meat products, PVDC
and EVOH offer enhanced barrier properties in these examples. The use of PA for meat
products is mainly referred as beneficial, on one hand for printability and on the other
hand, thermal stability.
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Figure 2. Two exemplary multilayer solutions for meat packaging: (a) 5-layered packaging solution
and (b) 3-layered packaging solution. Abbreviations: PE (polyethylene), PA (polyamide), EVOH
(ethylene vinyl alcohol), PVDC (polyvinylidene dichloride), PE (polyethylene). Figure adapted from
the works in [15,87].

It is not only meat products that require enhanced barrier properties and profit from
the use of combined materials; most products that are sensitive to water loss or uptake,
oxygen ingress, light, and possible loss of aroma, require barriers to maintain quality over
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long periods of shelf-life. The shelf-lives of, for example, specific dairy products, sweets and
confectionary, cereals, or processed fruits and vegetables are related to barrier properties of
the applied packaging solutions. Various degradation mechanisms (e.g., biological) can be
slowed down by proper packaging, as the products are for example subjected to ripening,
wilting and oxidation processes, just to name a few. Next to that, the microbiological
safety stands in relation to gas/vapor permeability. Packaging can be one key within a
hurdle concept, to keep food products at high quality [3,77]. However, the matching of
product needs together with the possible barrier ranges of packaging material in Figure 3
shows, that often, one material alone, cannot serve the barrier requirements (water vapor
transmission rate (WVTR)/oxygen transmission rate (OTR)) of specific products [88].

Figure 3. Water vapor and oxygen transmission rates versus the barrier requirements of food products and barrier ranges of
polymers for packaging. Modified after the work in [88].

Robertson [1,3] and Morris [77] thoroughly describe the needs of specific food groups
through associated quality determining intrinsic and extrinsic factors that can be influenced
by packaging applications. They show the tolerable levels of permeation and describe the
required storage conditions for a broad range of fresh as well as processed food products.

2.2. Efficiency and Sustainability—Trade-Offs Regarding Recycling

The protection of food through combinations of materials with desired characteristics
is highly effective. Thin layers of materials in multilayer flexibles suffice to make use of
beneficial properties. This allows the development of lightweight, efficient packaging
solutions, which is related to questions of overall sustainability of packaging solutions.
Mono-material flexible packaging can also be such lightweight solutions, however, having
often inferior barrier properties. This goes hand in hand with packaging efficiency and
effectiveness. The complexity of the material can be reduced. Still, thickness and therefore
weight increases have also negative environmental consequences. The main question
is, what the environmentally favorable solution is when overall, a resource reduction
is the goal. In the discussion about multilayer versus mono-material, the focus lays
on recyclability trade-offs. One less complex solution might show better recyclability;
however, it is probably linked to higher material inputs what is neither environmental
favorable [30,51].
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In Wellenreuther [16], the comparison of environmental effects (energy demand,
raw material demand, and waste) connected to multilayer flexible pouches versus rigid
solutions shows beneficial properties in the context of efficiency on the side of the multi-
layer solution. Branch reports and communication charts highlight optimized product-to-
packaging ratios stated as, at a maximum, 10 times lower compared to rigid packaging
solutions. In the longer term, this is related to benefits in transportation (weight, space) and
in general, a reduction of used associated resources [32,89]. The Flexible Packaging Associ-
ation [89] summarizes these factors as “beneficial life cycle metrics” of flexible packaging,
referring to a reduction of water use, fuel use, and a reduced carbon footprint of products.
According to Flexible Packaging Europe [32], flexible packaging makes on average less
than 10% of a packaged food products CO2 footprint. Despite these benefits that are often
highlighted through industry near associations, which is part of critical voices arguments,
it is clear that the optimal point of packaging between the protection of used resources in
food and the resources used for the packaging material itself is where the least possible
environmental impact occurs. Food products are expected to keep their quality until con-
sumption and therefore prevent food losses and waste. Parallel, quantitative packaging
material input is kept at a low level [2,90]. Both aspects are of high importance in reaching
sustainable production and consumption. This is shown by projects and publications
analyzing and evaluating the effects of zero packaging as well as the environmental burden
of unconsumed food residues. These scenarios clearly show that the protection of the
filling good is key to sustainable consumption and still, the input of packaging material
should be kept at a minimum. This is an important argument/feedback loop to make
use of the highly improved, customized, and often combined material flexible packaging
solutions [91]. Efficiency and low carbon footprints are the major benefits of multilayer
packaging in comparison to other packaging solutions [14,30,51].

However, the weak spot of multilayer packaging is, that it is difficult to recycle,
and its recycling rate is very low [13,18,19]. Ellen MacArthur [21] estimated in 2017 that
26 weight percent of flexible packaging is multi-material, representing 10% of global plastic
packaging. Worst case, these 10% are lost for the aspired circular economy, as with the
current infrastructure, the properties of the materials cannot reach the ones of virgin
material again.

Currently applied mechanical recycling technology consists of shredding, sorted, and
washed plastic input material and its re-granulation [4]. The incompatibility/immiscibility
of diverse plastic materials in the melting process limits this approach to pure waste
streams/fractions, so that many material combinations present in multilayer materials
cannot be processed, due to different melting points and thermal stability [43,92]. These
material combinations in flexible packaging are therefore considered as non-recyclable
with the current sorting and mechanical recycling infrastructure [12]. The incompatibility
of polymers in thermal processes is not a new discovery as already described by Nickel [20]
more than 25 years ago (Table 2). Describing the incompatibility, differences can be found
in the literature [20,93]. However, redesigning to fit the existing infrastructure is currently
an absolute priority [7–12].

Although compatibilizing agents can partly solve this problem, they are only used
for some applications, inter alia due to high costs [19,48,94]. Uehara et al. [94] described
for example the use of maleic anhydride and glycidyl methacrylate. To enable the blend-
ing of polymers by compatibilizers, the unknown composition of the material stream is
another obstacle to be faced [95]. Pinzón and Saron [96] showed for example the blend-
ing of post-industrial LDPE multilayers with up to 20% PA through compatibilization.
Furthermore, the potential of blending PET/PE multilayers with compatibilizers was
already assessed and described as useful, considering the recyclability of incompatible
polymers [94]. More recently, Jönkkäri et al. [92] tested the compatibilization of input
material from post-consumer multilayers with virgin LDPE, excluding packaging with non-
polymeric layers (paper, cardboard, aluminium). Secondary material thereof is described
to be suitable for applications not requiring specific optical properties or high thermal
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stability. Without the use of compatibilizers, the extrusion of different types of polymers
shows mainly incompatibility towards homogeneous blends and the deterioration of visual
and mechanical properties of the secondary material [97].

Table 2. Compatibility of polymers in recycling. Modified after works in [20]. * indicates differences
in the comparison to the works in [93,98].

PE PP PVC PS PA PET

PE + ~ (+ *) − − ~ (− *) −
PP ~ + − − ~ (− *) −

PVC − − + ~ (- *) − −
PS − − − + ~ (− *) ~ (− *)
PA − − − ~ + ~

PET − − − − (~ *) ~ +
+ (compatible), ~ (partly compatible), − (incompatible). Abbreviations: PE (polyethylene), PP (polypropylene),
PVC (polyvinylidene chloride), PS (polystyrene), PA (polyamide), PET (polyethylene terephthalate).

Furthermore, the available waste management infrastructure in collection and sorting
is country-specific and influences the recyclability of food packaging [10]. Flexible packag-
ing itself is a heterogeneouswaste fraction, which is, although dominated by polyolefins,
frequently accompanied by other polymers and non-polymeric material [62,78]. One other
reason for the heterogeneity is due to the collection in mixed fractions or “undifferentiated
garbage” [14]. Regarding specific material fractions of collected flexible packaging, PE
dominates, whereas flexible PP and PET, according to the flow charts in van Eygen [23], are
not separately considered in the film category for the widely available mechanical recycling
processes. Marrone and Tamarindo [14] supports this perspective: not only multilayer
flexibles but also mono-material films are not collected consistently.

Referring further to the lightweight character of flexible packaging, proportionately
large amounts of impurities from food residues accompany collected post-consumer flex-
ibles. This leads to possibly high ratios of impurities per packaging weight [43,60,69].
Irrespective of the already high level of contamination through the diverse materials used,
major cleaning efforts might be necessary prior to extrusion processes [50,59,64].

Moreover, the typical sorting procedures are not widely optimized for a high-quality
sorting of flexible films, although NIR detector (near-infrared) technology could detect
material layers [30,97,99]. That flexible packaging is collected separately, then sorted
and recycled, therefore depends on economic considerations, related to the mentioned
hurdles [19,51]. New approaches to optimize the sorting for this fraction are sought, as this
process is a vital pre-request to enhance recyclability and circularity [21].

3. Discussion

As the situation described above shows, multiple criteria are leading to a strong
tendency in the European Union, to substitute non-recyclable multilayer barrier films with
recyclable solutions based on polyolefins. Taken together, three main factors are found to
build the core of the redesign suggestions. The first, for sure, is the mentioned ban of all non-
recyclable plastic packaging from the European Market from 2030 on and the even stricter
commitments from parts of the food and packaging supply chain [5,100]. The second
determining factor is the currently available waste management infrastructure in collection,
sorting, and recycling. As many material combinations are incompatible, this prevents the
recycling of polymer combinations such as PET or PA with polyolefins, as the layers, in
general, are not separated before the melting process [4,13,18–20]. This brings economic
factors into play. The waste stream of post-consumer flexibles is dominated by polyolefins,
with PE and PP constituting more than 60% of the weight of flexible packaging [26]. The
level of other polymer types is small and therefore the establishment of separate recycling
streams for PET or PA-based films is not profitable [4,48,49,66]. Decontamination steps
to clean plastic waste from residuals such as food, and the small size of many flexible
packaging, makes sorting even more demanding [21,84]. In addition, as incineration is
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widely accessible, recycling of this fraction is often not profitable [5,7,60,64]. It seems
beneficial, that the substitution of polymers incompatible with the mechanical reprocessing
of polyolefins could lead to higher market shares of polyolefins, which might increase
the efficiency and the economics of the recycling process of flexibles, as the variability of
material might find reduction [45,46,70].

3.1. Redesign and Trade-Offs to Fit the Actual Recycling Technology

Suggestions to reduce the material variability to mainly polyolefin material, tolerating
EVOH, metallized aluminium layers as well as coatings to a certain extent, have been pub-
lished widely [10–12,27–29,101–103]. That polyolefins show the best compatibilities with
other polyolefins entails the theoretical basis for published redesign options. Moreover, it is
possible to blend different grades of post-consumer polyolefins in certain percentages, how-
ever, it results in lower quality recyclates. The content of polyolefins should at least reach
90% to be considered as mono-material, which is seen as beneficial composition for recy-
cling [10]. Combinations of polyolefins with other polymer types such as PET or PA are not
considered as recyclable in traditionally applied mechanical recycling processes [11,27–29].
Looking at the available infrastructure in Europe, the incompatibility of most polymers
in traditional approaches of mechanical recycling and the complex sorting of multilayer
flexible packaging, the step to return to already recyclable solutions seems obvious.

Economies of scale for potential valorization are in favor of polyolefins as they domi-
nate packaging applications [4,101].

Considering the need for enhanced barrier properties in the substitution of multilayers,
the consensus on redesign suggestions includes the following material combinations:

• mono-polyolefins with EVOH,
• mono-polyolefins with SiOx or AlOx,
• mono-polyolefins metallized [10,11,27–29,103].

The details on how combinations should look vary slightly between the guidelines.
Some suggestions are more restrictive than others. The optimal flexible packaging from the
recycling point of view is unpigmented/transparent mono-polyolefin material. The use of
EVOH and SiOx and AlOx layers does not significantly reduce the quality of secondary
materials if these contaminations do not surpass certain critical thresholds. Aluminium
laminated and metallized does lead to greying of the recyclate and is therefore not con-
sidered as an optimal barrier material to choose. Nevertheless, metallization is mostly
tolerated to a certain extent. Possible negative interactions with sorting infrastructure are
addressed and discussed in guidelines what leads to stated limitations or investigation
needs, for example in cases of surface metallization. The combination of polyolefins with
PET, PS, Polylactic acid (PLA), paper, PVC, PVDC, and PA is not recommended. However,
you can find statements that PA layers and PVDC coatings as barrier material are under
investigation [10,11,27–29]. Table 3 shows slight differences in recommendations for barrier
layers for polyolefin films between two popular guidelines. Where one excludes most
combinations of polyolefins with common barrier materials, the other allows more options
according to weight percent in a certain packaging solution. One interesting point is that
EVOH content is not fully harmonized. The information on EVOH levels tolerated in PP
film is in one guideline stated as 5% (Ceflex), whereas Recyclass lists it in “conditional–
limited compatibility” in tables of 2020 as “may be suitable”. As the recommendations
for EVOH changed quite drastic from accepted 10% to 5% to 1% and in the meantime
even “no–low compatibility” (at least for rigid PP packaging—until 2021— back to 6% for
specific cases, questions on further developments arise in the case of PP film [12,104–107].

Against this background, Table 4 shows the remaining materials to be used in future
multilayer packaging design and highlights design restrictions with regard to mechanical
and barrier properties. Future solutions for multilayers are technically still not only one
material. However, combinations can be categorized as mono-material, if the amounts of
barrier materials stay under tolerated levels. It is evident that, in comparison to Table 1,
only a few materials remain for recyclable design.
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Table 4. Materials suggested for recyclable multilayer flexible food packaging. Modified after the works in [10,11,13,27–
29,51,85,86].

Mechanical
Stability

Oxygen
Barrier

Moisture
Barrier

Light
Barrier

Tie
Layer Sealant

PO EVOH PO Aluminium
(metallised) PU PO

PET PVDC EVA Paper PO EVA
PS PA PVDC PA

Paper PET Aluminium
(metallised) PET

SiOx
AlOx

PVOH
Aluminium
(metallised)

Strikethrough indicates design restrictions. Abbreviations: PO (polyolefins: polyethylene, polypropylene), PET (polyethylene terephthalate),
PS (polystyrene), EVOH (ethylene vinyl alcohol), PVDC (polyvinylidene dichloride), PA (polyamide), SiOx (silicon oxide), AlOx (aluminium
oxide), PVOH (poly vinyl alcohol), EVA (ethylene vinyl acetate), PU (polyurethane).

The trends for design for recycling also induce trade-offs concerning the substitution
of specific material properties, the barrier requirements, the related shelf-life as the further
connected products sustainability [21,30,73]. Due to the pressure to reduce EVOH-content
and metallization to avoid quality impairment in secondary material properties, the de-
velopment of novel recyclable barriers, mainly against oxygen, is needed. It must be
assured, however, that the redesigned flexible packaging protects the food correctly and
that reduced shelf-life does not result from inferior oxygen or water vapor barriers. Many
confectionary products for example hardly tolerate the ingress of water vapor or oxygen
resulting in rancidity and loss of crispness [21,77].

Thus, a strong research need is present to develop recyclable barriers substituting
EVOH and other barrier polymers such as PA and PVDC. A clear tendency is visible that the
percentage of allowed EVOH in recyclable packaging solutions is one focus of discussion,
as could be seen in the case of rigid PP packaging in 2020 and 2021 [105,107]. The range of
currently available barrier options is small with SiOx and AlOx, and most SiOx- and AlOx
coatings are currently neither generally suitable for sterilizable packaging nor deep drawing
applications, which is of importance in the sector of, for example, convenience foods [77].

The focus on mostly mono-polyolefins with certain tolerated barrier layers for en-
hanced recyclability of multilayer flexibles should not lead to higher resource consumption,
as this would increase the environmental burden. This is particularly important in the
specific case of flexible packaging where in recent decades, lightweight solutions have been
developed and optimized [30,31].

The elimination of PA, PET, and other polymers in this context also induces the need
for further developments of satisfactory substitutions for puncture-resistant materials.
Another point to consider is to optimize the sealability of PP-films. The combination of PET
on the external side and polyolefins as a sealing layer on the internal side has been used
very often. PET (or PA) shows higher melting points than polyolefins, which in general
allows good sealing properties [13,15,83].

3.2. Harmonization of Recyclability Guidelines in Europe

Multilayer flexibles are considered as a sustainable packaging solution due to low
resource consumption and low carbon footprint but are being difficult to recycle with
the collection and recycling infrastructure currently in place. Thus, there is this clear and
urgent need for a redesign that balances recyclability and sustainability [16,17,21,84]. The
switch from non-recyclable multilayer flexible to easily recyclable, predominantly mono-
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material packaging solutions, within the intention to increase recycling rates, however,
leaves questions for discussion: If all rigid packaging (excluding beverage packaging) was
100% recyclable but substituted by non-recyclable flexible packaging, the global warming
potential would decrease [17]. Questions arise referring to the intended goals of packaging
redesign, underlying the increase of recycling rates.

Although replacing one material with another is already not a simple task, employing
the best material for each food system is also still necessary. This is a true challenge
that only when addressed, will result in its implementation. However, there are already
commercial applications of flexible packaging available, that seem to close the gap between
recyclability and enhanced barrier needs through, for example, improved orientation
processes of mono-polyolefin films, which can be found in web search.

Still, currently, recycling is not the best solution for all types of packaging, if enhanced
sustainability is the target of increased recycling rates [25].

To compare future packaging options, a holistic sustainability assessment is necessary.
The harmonization of guidelines must build the basis for global standards. It should
proactively include changes in shelf-life due to changes in barrier properties and therefore
food waste as well as aspects of littering. Holistic and harmonized approaches are vital for
the sustainability assessment and the perspective of a common market. The understanding
of recyclability must be the same, at least in all European countries. The implementation
of a redesign for recyclability needs the support of the packaging industry. This includes
the improvement of collection, sorting, and recycling infrastructure to allow a high-quality
secondary material production [21,22,108,109]. The discussion currently shows a highly
Eurocentric perspective, however, other global regions like the US and Australia are already
following [110].

3.3. Novel Recycling Technologies and Secondary Material for Food Contact

Next to the option to fit packaging design into existing infrastructure, other recycling
technologies or collection logistics can cope with multilayer films/material combinations.
The developments in chemical recycling could lead more quickly to improved secondary
materials. Delamination technologies of the single materials from multilayers as a pre-
treatment is promising, as it could allow the further use of traditional mechanical recycling.
Developments include inter alia

• chemically separating the layers of multi-material,
• recovering the aluminium content of multilayer food packaging by microwave-induced

pyrolysis, and
• separate collection of specific multilayers for regranulation with compatibilizers [13,

42,75,92,95,111].

Nevertheless, these exemplary solutions are either in development or not yet widely
introduced, and thus, the focus on the available instead of new recycling technology, still
asks for the development of mono-material solutions [13].

Even if the redesign and recycling of flexible packaging becomes successful to a high
degree, closing the material cycle faces another obstacle. Apart from a very few exceptions
such as HDPE from milk bottles, secondary post-consumer polyolefins are currently not
permitted for use in food contact materials [112]. Due to a more complex decontamination
in comparison to PET, as well as degradation in reprocessing, polyolefins lag behind
as available secondary material. Cecon et al. [113] resumed the hurdles, but also new
approaches in recycling technologies that could enable the use of polyolefins as secondary
material in food contact in the future.

Still, in the current infrastructure, this above all is one knock-out criterion inhibiting
the attempts to achieve truly circular flexibles for food packaging at present.

4. Conclusions

Multilayer flexible packaging is efficient. It combines the properties of polymers
and non-polymeric materials to thin, lightweight packaging solutions for foods with and
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without barrier needs. The main problem is that it is rarely recycled in the existing waste
management infrastructure. This is caused by multiple circumstances. The variability of
used materials, the collection infrastructure, the complex sorting, and high levels of food
residues outline the situation. Furthermore, the focus on mechanical recycling through
combined processing complicates the situation. New solutions in recycling technology exist
but are not yet available on a larger scale. This leads to a concentration on mono-material
solutions to fit into the existing recycling infrastructure and diminishes the material choice
to overcome thermal incompatibilities. The maximum tolerated levels of barrier materials
are widely discussed and are in the process of being reduced. The substitution of a specific
material is challenging, as only a limited number of barriers are available. In relation to
the main purpose of packaging, the products’ protection, this could result in negative side
effects. A reduction of food shelf-life, higher packaging weights, and derived increased
environmental burden are imaginable consequences that need to be considered when
taking steps towards the goal of packaging redesign for holistic sustainability.
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Abstract: The handling of fresh fruits and vegetables in reusable plastic crates (RPCs) has the
potential to increase the sustainability of packaging in the fresh produce supply chain. However, the
utilization of multiple-use containers can have consequences related to the microbial safety of this
type of food. The present study assessed the potential cross-contamination of fresh cauliflowers with
Salmonella enterica via different contact materials (polypropylene from RPCs, corrugated cardboard,
and medium-density fiberboard (MDF) from wooden boxes). Additionally, the survival of the
pathogenic microorganism was studied in cauliflowers and the contact materials during storage. The
life cycle assessment (LCA) approach was used to evaluate the environmental impact of produce
handling containers made from the different food-contact materials tested. The results show a higher
risk of cross-contamination via polypropylene compared with cardboard and MDF. Another outcome
of the study is the potential of Salmonella for surviving both in cross-contaminated produce and in
contact materials under supply chain conditions. Regarding environmental sustainability, RPCs have
a lower environmental impact than single-use containers (cardboard and wooden boxes). To exploit
the potential environmental benefits of RPCs while ensuring food safety, it is necessary to guarantee
the hygiene of this type of container.

Keywords: pathogenic bacteria; food contact surface; transfer; Brassica; life cycle analysis; wooden
boxes; environmental impact

1. Introduction

Reusable plastic crates (RPCs) are utilized in different steps of the fruit and vegetable
supply chain, including harvest, handling, packaging, and transport operations, as well
as in the retail sector [1]. The use of RPCs for the handling of fresh produce has some
advantages, such as the potential to improve environmental sustainability [2]. On the other
hand, different studies have raised awareness regarding the hygienic status of RPCs and
their possible role as a source of microbiological contamination [3–5].

Fruits and vegetables are increasingly being recognized as a source of foodborne
outbreaks [6,7]. Pathogenic microorganisms can survive in fresh produce throughout the
supply chain, thereby posing a risk to consumers [8]. Cauliflower-containing products have
faced recalls due to the potential presence of pathogenic bacteria [9]. Zhang et al. [10] de-
tected L. monocytogenes in fresh-cut cauliflower (florets). Quiroz-Santiago et al. [11] detected
Salmonella in 9% of the cauliflower samples they analyzed (n = 100). The contamination
of fresh produce can come from several sources, including food-contact surfaces where
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pathogenic microorganisms can survive and be transferred to food [5]. Bacterial transfer be-
tween contact surfaces and food and vice versa is influenced by many factors, including the
bacterial species, handling of the inoculum, degree of contamination, type of surface, type
of food, temperature, moisture, duration of the contact, and pressure [12,13]. The transfer
of microorganisms between fresh produce and equipment surfaces (including harvest bins
and packaging boxes or crates) is significant [14,15]. Although the use of RPCs has not
been linked directly with foodborne outbreaks, indirect evidence indicates that there is
a potential risk when hygiene fails to be properly maintained [1]. Inadequate cleaning
can enhance Salmonella survival in plastic containers used in harvest operations [16]. The
presence of fresh produce residues (e.g., intact tissues, organic matter, decaying plant mate-
rial) can enable growth and biofilm formation by Salmonella in food-contact surfaces [17].
Furthermore, different studies have suggested that there is a higher transfer of microorgan-
isms to fresh produce from plastic containers in comparison with containers made of other
materials. Patrignani et al. [18] showed a higher transfer of bacteria from RPCs to peaches
compared with cardboard, hypothesizing that such a difference would be caused by the
higher entrapment capability of cardboard. Aviat et al. [19] observed a higher transfer
of E. coli to apples from polypropylene surfaces compared with wood and cardboard
surfaces. In their study, apart from the higher entrapping capability of wood and cardboard
compared with plastic, the authors also suggested the ability of microorganisms to form
biofilms on plastic surfaces as a potential cause for the differences with the other materials.
The study by Siroli et al. [20] also indicated that the risk of microbial cross-contamination
is higher via plastic surfaces than via cardboard surfaces.

In the present study, events of cross-contamination between inoculated (Salmonella
enterica) and non-contaminated cauliflowers via different contact materials were simulated
and assessed. The materials tested were: polypropylene from RPCs, corrugated cardboard,
and medium-density fiberboard (MDF) from wooden boxes. These materials are commonly
used in the manufacturing of fresh-produce handling containers. The survival of the
pathogenic microorganism in the vegetable and on the contact surfaces under supply
chain conditions was also evaluated. Furthermore, a life cycle assessment (LCA) approach
was used to evaluate the sustainability of packaging containers made of the different
materials studied.

2. Materials and Methods
2.1. Transfer and Survival of Salmonella via Different Fresh-Produce Container Materials
2.1.1. Via Polypropylene
Salmonella Strains and Inoculum Preparation

Three Salmonella enterica subsp. enterica strains (CECT 443, CECT 4141, and CECT
4372) were used for the preparation of the inoculum. Starting from a refrigerated stock
culture, the strains were grown separately in Tryptic Soy Broth (TSB) for 20 h at 37 ◦C.
Subsequently, a cocktail was prepared by mixing 15 mL of each strain, for a total volume of
45 mL. The cocktail was centrifuged at 4500× g for 20 min, the supernatant was discarded,
and the cells were resuspended in saline solution (0.85% NaCl). Finally, the Salmonella
suspension was used to inoculate 5 L of saline solution at room temperature to reach a level
of Salmonella of ≈107 cfu/mL. The inoculum was used immediately after its preparation.

Plant Material and Inoculation

Cauliflowers (Brassica oleracea var. botrytis cv. ‘Altair’) provided by Jimbofresh Interna-
tional S.L. (La Unión, Murcia, Spain) were used in the experiment. These mini-cauliflowers
are harvested when the diameter of the head is in the range of 8–11 cm, so they are smaller
than regular cauliflowers (harvested when they reach a diameter of 15–25 cm) [21]. Detailed
information on the dimensions of the cauliflowers used in the experiment can be found in
the Supplementary Materials (Table S1). After harvesting (the day before the experiment),
the cauliflowers were stored under refrigeration (4 ◦C). On the day of the experiment, they
were taken out of the cold room and allowed to reach room temperature before inoculation.
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The curds were then immersed (only the apical half) in the inoculated saline solution for
1 min. After draining thoroughly, they were dried for 2 h in a biosafety cabinet until no
visible liquid remained on or between the florets. By measuring the weight difference, it
was estimated that a mean volume of 4.5 mL of the Salmonella suspension was withheld by
each cauliflower head after inoculation and draining, and before drying.

Cross-Contamination

Figure 1 shows the steps of the simulated cross-contamination events. The square
polypropylene (PP) pieces (3.5 × 3.5 = 12.25 cm2) utilized in the experiment were obtained
by cutting RPCs used for the handling of fruits and vegetables. They were washed using
water and dishwasher, rinsed with distilled water, and sterilized by autoclaving before the
experiments. The inoculated cauliflowers were placed on top of the sterile PP fragments
for 1 h at room temperature to permit the transfer of the inoculated bacteria. The same
contact time has been used in other studies assessing microbial cross-contamination of
fresh produce via handling container surfaces [19,22]. The cauliflowers were placed upside
down, to allow for contact of the inoculated area (apical half) with the PP. Afterwards, the
inoculated cauliflowers were removed, and non-inoculated cauliflowers were immediately
placed on top of the PP pieces, in the same position (the apical part in contact with the PP).
Once again, a contact time of 1 h was used to allow for the transfer of bacteria from the
PP surface to the cauliflowers. The cross-contamination of these cauliflowers was studied.
Temperature and relative humidity (RH) during these cross-contamination steps were
monitored using a thermometer and a psychrometer, respectively. A test was performed to
evaluate the real contact area between cauliflowers and the PP pieces [13]. In this test, the
apical part of cauliflowers (n = 24) was placed in contact with a permanent black ink pad,
and then immediately placed on top of PP pieces. Photographs of the stained pieces were
taken using a camera, and the blackened area of the PP pieces was measured using the
image processing software ImageJ (National Institutes of Health, Bethesda, MD, USA) [23].
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Figure 1. Schematic depiction of the cross-contamination events simulated in the lab. Step 1: Dip
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arrows represent the direction of the transfer of Salmonella cells.
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Storage

Inoculated and cross-contaminated cauliflowers were packaged separately in polyethy-
lene terephthalate (PET) trays covered with perforated polyethylene (PE) film as usually
performed by the fresh produce industry. Packaged cauliflowers were stored in a cold
room at 4 ◦C for seven days to simulate the storage and transport conditions, followed by
six days at 8 ◦C to simulate supermarket and household conditions. The PP pieces were
placed on trays with the inoculated side facing upwards and were stored in the same cold
room used for the cauliflowers.

Sampling and Microbiological Analysis

Table 1 shows the types of samples that were analyzed at different moments during
the experiment. At each sampling time, three independent samples from each sample type
were analyzed. In the case of the cauliflowers, the apical half was cut, and 50 g was taken
aseptically for analysis. After adding 200 mL of buffered peptone water (BPW, 20 g/L) to
the sample (dilution 1 in 5), it was homogenized using a stomacher for 1 min. The presence
of Salmonella in the PP pieces and PE films was analyzed using sterile cotton swabs (Aptaca
Spa, Canelli, Italy) wetted in BPW (20 g/L). In the case of the PP pieces, the whole area
(12.25 cm2) was swabbed. In the case of the PE films, an area of ≈100 cm2 (10 × 10 cm) of
the zone in contact with the apical area of the inoculated or contaminated cauliflower was
swabbed. Swabbing was performed in a standardized way regarding the number and the
direction of swab passes. In both cases, swabs were placed in test tubes containing 9 mL
of BPW (20 g/L) after use. Serial dilutions in BPW (2 g/L) were prepared as needed, and
samples were plated in Xylose Lysine Deoxycholate Agar (XLD; Scharlab, Barcelona, Spain).
Apart from the direct plating, an enrichment of the samples was performed by incubation
at 37 ◦C for 24 h. After incubation, the enrichment was also plated in XLD, and the plates
were incubated at 37 ◦C for 24 h before interpretation of results. Red colonies with a black
center were considered to be Salmonella spp. The detection limit before enrichment was
5 cfu/g in cauliflower, 0.7 cfu/cm2 in the PP pieces, and 0.09 cfu/cm2 in the packaging film.

Table 1. Sampling plan of the experiment on transfer and survival of Salmonella via polypropylene. Types of samples
analyzed at different sampling times.

Sample Type
Sampling Time (Days)

0 0.1 1 3 6 9 13

IC a before contact with PP pieces X
IC after contact with PP pieces X X X X X X X
PP pieces after contact with IC X

PP pieces after contact with IC and non-IC X X X X X X X
Non-IC before contact with PP pieces X

Cross-contaminated cauliflower b X X X X X X X
Polyethylene film from IC X X X X X X

Polyethylene film from cross-contaminated
cauliflower X X X X X X

PP: Polypropylene. a Inoculated cauliflower. b Non-inoculated cauliflower after contact with PP pieces contaminated previously by contact
with inoculated cauliflowers. Samples were stored for seven days at 4 ◦C plus six days at 8 ◦C.

2.1.2. Effect of the Inoculum Size

The impact of lower inoculum sizes on the transfer from the inoculated product to
the PP surface and on the subsequent cross-contamination of uncontaminated cauliflower
was studied. The setup of the experiment was similar to that described in Section 2.1.1
albeit with some modifications. In this case, no storage was performed as the goal was to
assess if lower inoculum levels could also lead to cross-contamination. In contrast with
the inoculated saline solution prepared in the previous experiments (≈107 cfu/mL), in
this case, two saline solutions containing a level of ≈106 cfu/mL and ≈104 cfu/mL of
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Salmonella were prepared for the inoculation of the cauliflowers. Five independent samples
from each sample type were analyzed at each sampling time.

2.1.3. Via Cardboard and MDF

Transfer and survival of the pathogenic microorganism via other materials were
assessed. Cardboard and fiberboard (medium-density fiberboard (MDF)) from wooden
boxes were tested as materials commonly used in the manufacturing of vegetable handling
containers [24]. The experimental setup was as described in Section 2.1.1 with modifications.
In this case, the pieces could not be washed or sterilized by autoclaving but were sanitized
by exposure (both sides) to UV light in a biosafety cabinet for 1 h as in Li et al. [25]. In this
experiment, the survival of Salmonella during storage was assessed in cross-contaminated
cauliflower and the container pieces, but not in the inoculated cauliflower or the PE films.
In this test, the analysis of cauliflower and pieces during storage was performed at three
time points (after 1, 6, and 13 days of storage).

2.1.4. Statistical Analysis

The statistical analyses were executed using IBM SPSS statistics version 26. A level
of statistical significance of p < 0.05 was used. Data on microbial populations were log-
transformed. The Shapiro-Wilk test and Levene’s test were used to assess the normality
and the homogeneity of variance, respectively. When normality could be assumed, t-tests
or One-way ANOVA were used to compare treatments, using Tukey’s HSD or Dunnett’s
as post hoc tests depending on the homogeneity of the variances. For data not following a
normal distribution, non-parametric tests (Mann–Whitney U and Kruskal–Wallis) were
used to search for differences between treatments. Binary logistic regression was used for
the analysis of presence/absence data.

2.2. Environmental Impact of Different Types of Fresh Produce Handling Containers

A life cycle assessment (LCA) was performed according to the ISO standards 14040
and 14044 [26,27] using Product Category Rules for Crates for Food [28]. LCA includes
four stages: (1) Goal and scope definition, (2) Inventory analysis, (3) Impact assessment,
and (4) Interpretation. In LCA studies, the functional unit (FU) is used to normalize all the
inputs and outputs. The functional unit in this study was defined as the distribution of
1 kg of cauliflowers in plastic crates, wooden boxes, or cardboard boxes.

2.2.1. Goal and Scope

The goal of this LCA was to compare the environmental impact of reusable plastic
crates (RPCs, polypropylene) with that of single-use cardboard (corrugated cardboard) and
wooden boxes (poplar wood + pinewood + MDF) using the LCA methodology. Regard-
ing the system boundaries, upstream, core, and downstream processes must be defined.
Figure 2 shows the system boundaries of the different types of boxes. In relation to the
upstream processes, for wooden and cardboard boxes the life cycle starts in forestry agri-
culture (production of plants and extraction of resources), while for plastic crates it starts
in the extraction of resources and the production of polymer. The next step, in all cases,
is the transport of the raw materials to the core process. The core stage covers the manu-
facture of the final product, including the use of fuel and electricity, emissions generated
during manufacturing, machinery maintenance, and treatment of the residues. The final
stage (downstream) includes the transport to final disposal and waste treatment, which is
different for each type of box.
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2.2.2. Life Cycle Inventory

Cradle-to-grave LCA was performed considering a total of 150 rotations (uses) for
plastic crates ([2], and personal communication from a RPC managing company). In
other words, it was assumed that each plastic crate is cleaned and reused 150 times, while
wood and cardboard boxes are not reused, and it is necessary to produce new boxes for
subsequent shipments. Spanish law establishes that wooden and cardboard packaging
used for fresh food, regardless of whether they are primary or secondary packaging, can
only be used once [29]. In all the cases, the dimensions of the boxes were 40 × 60 × 12
(width × length × height) in cm, and the inner volume was 28.8 L. Each box, regardless
of the building material, can be used to carry 6 kg of cauliflower. The list of materials
consumed for the manufacturing of each type of box is listed in Table 2. The plastic crates
assessed in this LCA are made using primary granulated polypropylene only. The materials
in the cardboard boxes evaluated are recycled cardboard (35% in weight) and virgin
cardboard (65%). Finally, for the manufacture of the wooden boxes assessed, medium-
density fiberboard (MDF) (65.1%), pinewood (20.8%), poplar wood (13.9%), and stainless
steel (0.2%) are used. The different transport steps assumed are shown in Table 3. These
transport steps included: the shipment of materials to the box manufacturing centers; the
transport of crates/boxes to fresh produce packing-houses and retail centers; the return of
plastic crates to the cleaning centers; and the transport of crates/boxes to the end-of-life
steps. In the case of RPCs, apart from the material for crate production, and the transport
steps, the energy and water consumption requirements for the cleaning of the crates during
the 150 rotations before disposal were also considered. Based on technical data sheets from
RPC washing tunnels [30,31], it was assumed that for the washing of one plastic crate,
0.4 L of water, 0.2% of caustic detergent, and 0.04 kWh of energy are needed. Moreover,
scenarios for the waste disposal of the different types of boxes were assessed according to
the Spanish annual report on the generation and management of waste [32]. For plastic
crates, it was assumed that 79% are recycled, 17% go to landfill, and 4% are incinerated. A
total of 65% of cardboard boxes are recycled and 35% go to incineration. Finally, in the case
of wooden boxes, 87% of pine and poplar tables are recycled to obtain particle board, 3%
finish in the landfill, and 10% are incinerated, whilst in the case of MDF, 77% is incinerated
and 23% ends in the landfill.
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Table 2. Life cycle inventory of plastic, cardboard, and wooden boxes. MDF: medium density fiberboard.

Type of Box Materials Weight (kg)

Plastic Polypropylene 1.550
Cardboard Corrugated Cardboard 0.440

Wooden

All 1.586
MDF 1.032

Pinewood 0.330
Poplar wood 0.221
Stainless Steel 0.003

Table 3. Transport network for single-use cardboard and wooden boxes and reusable plastic crates (RPCs) from manufacture
to the end-of-life scenario.

Type of Box Phase Mean Distance (km) Reference

RPCs Material–manufacturing plant 1000 [2]
RPCs Manufacturing–packaging center 500 [2]

Cardboard boxes Material–manufacturing plant 467 [33]
Cardboard boxes Manufacturing–packaging center 50 [33]

Wooden boxes Material–manufacturing plant 400 [34]
Wooden boxes Manufacturing–packaging center 100 [34]

All Packaging center–logistics platform 400 [2]
All Logistics platform–retailer 100 [2]
All Retailer–logistics platform 100 [2]

RPCs Logistics platform–washing center 100 [2]
RPCs Washing center–packaging center 200 [2]
RPCs Washing center–End-of-life 650 [2]

Cardboard boxes Logistics platform–End-of-life 100 [2]
Wooden boxes Logistics platform–End-of-life 100 [35]

2.2.3. Impact Assessment

The LCA was performed using SimaPro 9.1 software (PRé Sustainability, Amersfoort,
The Netherlands) [36] with the Ecoinvent 3.6 database (Ecoinvent, Zurich, Switzerland) [37].
The CML baseline (Institute of Environmental Sciences, Leiden University, The Nether-
lands) (Global warming potential, ozone layer depletion, photochemical oxidation, abiotic
depletion, acidification eutrophication, freshwater, marine aquatic, and terrestrial ecotoxic-
ity, and human toxicity) and Cumulative Energy Demand (CED) methods were applied.

3. Results
3.1. Transfer and Survival of Salmonella in Cauliflowers via Different Container Materials
3.1.1. Via Polypropylene
Transfer

The level of Salmonella detected in the inoculated cauliflowers before contact with the
PP fragments was 5.55 ± 0.14 log cfu/g. There were no significant differences between
the inoculated cauliflower samples analyzed before and after contact with the PP pieces
(p > 0.05). This lack of difference is logical, as only a small fraction of the inoculated
surface area of each cauliflower was in contact with the PP pieces. Although the total
surface of the PP fragments was 12.25 cm2, the actual contact area between the PP and
the cauliflowers was much smaller due to this vegetable’s uneven surface. The tests
performed to elucidate the actual contact surface between cauliflowers and PP pieces
showed that the mean global surface contact was 0.5 ± 0.3 cm2. Most of the PP pieces
analyzed both on the day of the experiment and also during storage showed the presence
of Salmonella (Table 4). Therefore, transfer of the inoculated microorganism between the
inoculated cauliflowers and the PP pieces was detected in most cases. The fact that the
pathogenic microorganism was not detected in some of the PP samples could have been
due to the limitations of the methods used for the microbiological examination of food
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contact surfaces [38]. Keeratipibul et al. [39], for example, reported a Salmonella recovery
efficiency of ≈40% using cotton swabs on dry polyester urethane surfaces. The population
of Salmonella detected in the PP fragments right after contact with inoculated cauliflower
was 0.49 ± 0.71 log cfu/cm2 (Table 5).

Table 4. Proportion of positive samples (Number of positive samples/Number of samples analyzed) for each type of sample
in the experiment of transfer and survival via polypropylene. Storage for seven days at 4 ◦C plus six days at 8 ◦C. NA:
Not analyzed.

Sample Type
Sampling Time (Days)

Total (*)
0 0.1 1 3 6 9 13

Inoculated cauliflower 3/3 3/3 3/3 3/3 3/3 3/3 3/3 21/21 (100%)
PP pieces 3/3 3/3 3/3 3/3 3/3 2/3 1/3 18/21 (33%)

Cross-contaminated cauliflower 3/3 2/3 3/3 3/3 2/3 2/3 2/3 17/21 (35%)
Polyethylene film from inoculated cauliflower NA 3/3 3/3 3/3 3/3 3/3 2/3 17/18 (71%)

Polyethylene film from cross-contaminated cauliflower NA 0/3 1/3 0/3 0/3 0/3 0/3 1/18 (0%)

* % of the positive samples detected by direct plating.

Table 5. Prevalence (mean ± standard deviation (proportion of positive samples after enrichment)) of Salmonella enterica
in container pieces and cross-contaminated cauliflowers during storage (seven days at 4 ◦C plus six days at 8 ◦C). Data
expressed in log cfu/cm2 for the container materials, and in log cfu/g for the cauliflowers. PP: polypropylene.

Storage
Time
(days)

PP Cardboard Fiberboard

Cross-
Contaminated

Cauliflower
(PP)

Cross-
Contaminated
Cauliflower
(Cardboard)

Cross-
Contaminated

Cauliflower
(Fiberboard)

0 0.49 ± 0.71 (3/3) 1.14 ± 0.83 (3/3) 0.10 ± 0.40 (3/3) <0.7 (3/3) <0.7 (2/3) <0.7 (2/3)
1 0.40 ± 0.92 (3/3) 0.71 ± 0.15 (3/3) <−0.14 (3/3) 0.85 ± 0.21 (3/3) <0.7 (0/3) <0.7 (0/3)
6 0.20 ± 0.35 (3/3) <−0.14 (3/3) <−0.14 (3/3) <0.7 (2/3) <0.7 (0/3) <0.7 (0/3)
13 <−0.14 (1/3) <−0.14 (3/3) <−0.14 (3/3) 0.90 ± 0.17 (2/3) <0.7 (0/3) <0.7 (0/3)

No Salmonella was detected in non-inoculated cauliflowers before contact with the
PP pieces (absence after enrichment of samples). After the cross-contamination via the
contaminated PP pieces to non-inoculated cauliflowers, in the samples analyzed on the
day of the experiment, Salmonella was detected only after enrichment (<0.7 log cfu/g). As
the pathogenic microorganism was also detected in most cross-contaminated cauliflower
samples analyzed during storage (Table 4), we can conclude that there was widespread
transfer between the inoculated and non-inoculated cauliflowers via the PP pieces. A
larger bacterial transfer from food contact surfaces (plastic, glass, ceramic, stainless steel)
to fresh produce than from fresh produce to food contact surfaces had been observed
previously [13,40]. More detailed information on the calculations on the transfer of cfu
from contact surfaces to non-inoculated cauliflower can be found in the Supplementary
Materials (Table S2).

Salmonella Survival

The relative humidity measured in the cold room during storage ranged from 73%
to 81% at 4 ◦C, and from 70% to 77% at 8 ◦C. Figure 3 shows the slight changes in the
populations of Salmonella in the inoculated cauliflower during refrigerated storage. The
levels remained stable without significant changes throughout that period (p > 0.05).
Additionally, the change in storage temperature from 4 to 8 ◦C did not lead to changes in
Salmonella levels in the inoculated cauliflowers. The stability of the populations of Salmonella
on vegetables stored in the range of temperatures used in this study (4–8 ◦C) has been
observed in other studies. Kroupitski et al. [41] observed minor changes (<0.5 log cfu/g)
in Salmonella populations after storage of lettuce leaves at 4 ◦C for nine days, while the
results from Delbeke et al. [42] show stability of Salmonella populations in basil leaves
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stored at 7 ◦C for one week. Pinton et al. [43] observed survival and even growth of the
psychrotrophic pathogen Listeria monocytogenes on cauliflower and broccoli stored at 4 ◦C.
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Figure 3. Salmonella enterica population (log cfu/g) in inoculated cauliflower during general storage
(7 d at 4 ◦C plus 6 d at 8 ◦C) in the experiment performed to assess transfer and survival via
polypropylene.

Regarding the PP pieces, most of the samples analyzed during the storage were posi-
tive for Salmonella (Table 4). Throughout the storage, only a few of the positive samples
were detected by direct plating (three out of 15 positive samples), whilst the other 12 sam-
ples were found positive only after enrichment. Li et al. [24] reported better survival of
Salmonella in plastic (polyethylene) containers at a refrigeration temperature (3.2 ◦C; similar
to the temperatures used in our tests (4–8 ◦C)) compared with 22.5 ◦C.

In the case of the cross-contaminated cauliflowers after contact with contaminated
PP, the pathogenic microorganism could not be detected by direct plating during storage,
but most of the samples were positive for Salmonella after enrichment (Table 4). The
proportion of positive samples did not change significantly during storage (p > 0.05). These
results indicate that, as well as the larger populations present in the inoculated cauliflower
(≈5 log cfu/g), the smaller populations present in the cross-contaminated cauliflower
(<1 log cfu/g) were able to survive throughout the storage period. Ma et al. [44] reported
no effect of the inoculum size (range 0.1–3 log cfu/g) on the survival of Salmonella on fresh-
cut tropical fruits stored at 4 ◦C. Strawn and Danyluk [45] also observed stable populations
of Salmonella on fresh-cut mango inoculated at different initial levels (1, 3, and 5 log cfu/g)
and stored at 4 ◦C.

The packaging film was also analyzed to assess the transfer of Salmonella from the
inoculated and cross-contaminated cauliflowers to the polyethylene film. In the packaging
film from inoculated cauliflowers, Salmonella could be detected by direct plating in most of
the samples, and only one sample out of 18 was negative both by direct plating and after
enrichment. In contrast, in the packaging film from cross-contaminated cauliflowers, no
Salmonella could be detected by direct plating, and only one sample out of 18 was positive
after enrichment (Table 4).

3.1.2. Effect of the Salmonella Inoculum Size

The inoculum size can affect both the number of microorganisms transferred and the
transfer rates in the contact between surfaces [46]. Figure 4 shows the results of the test
performed to assess the effect of inoculum size on the transfer of Salmonella via the PP. The
level of Salmonella detected in the inoculated cauliflower after drying the inoculum was
4.61 ± 0.11 and 2.58 ± 0.41 log cfu/g for the high and the low inoculum tests, respectively.
The PP pieces, after contact with inoculated cauliflower with high inoculum, showed a
level of 1.01 ± 0.60 log cfu/cm2. In the case of the pieces after contact with low-inoculum
cauliflower, the pathogen could not be detected by direct plating or by enrichment. In
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the case of the cross-contaminated cauliflower, both from high and low inoculum tests,
Salmonella was not detected by direct plating (<0.7 log cfu/g), but it was detected in all
the samples after enrichment. The fact that, in the low inoculum test, the pathogen could
be detected in cross-contaminated cauliflower but not in the PP pieces suggests a higher
efficiency of recovery of the Salmonella cells from cross-contaminated cauliflower compared
with the PP pieces.
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Figure 4. Salmonella enterica population (log cfu/g or log cfu/cm2) and proportion of positive samples (Number of positive
samples/Number of samples analyzed) in different types of samples in the experiment performed to assess the effect of
inoculum size on the transfer of the pathogen. (A): High inoculum; (B): Low inoculum. PP: Polypropylene.

3.1.3. Via Cardboard and MDF

The level of Salmonella detected in the inoculated cauliflowers before contact with the
cardboard and MDF pieces was 5.21 ± 0.06 log cfu/g. Regarding the transfer to the different
materials, right after contact with the inoculated cauliflowers the cardboard and the MDF
pieces showed a mean level of Salmonella of 1.14 ± 0.83 and 0.10 ± 0.40 log cfu/cm2,
respectively (Table 5). In the case of the cross-contaminated cauliflowers analyzed after
contact with the cardboard and MDF, no Salmonella could be detected by direct plating
(<0.7 log cfu/g), but it was detected after enrichment in two out of the three samples,
both for cauliflowers cross-contaminated via cardboard and via MDF. The RH in the
cold room during storage was between 73% and 81% at 4 ◦C and between 70% and
77% at 8 ◦C. In the case of the cardboard pieces, Salmonella could be detected by direct
plating after one day of storage, but it was detected only after enrichment in the analyses
performed after six and 13 days of storage (Table 5). In MDF pieces, the pathogenic
microorganism could not be detected by direct plating during storage, but all the samples
were positive after enrichment, even after 13 days in the cold room. Regarding the cross-
contaminated cauliflowers, Salmonella was not detected during storage for both materials;
all the samples were negative (by direct plating and also after enrichment) even after only
one day of storage (Table 5). The results for the different materials suggest that the transfer
of Salmonella from the inoculated to non-inoculated cauliflowers was stronger via the PP.

3.2. Environmental Impact of Different Types of Fresh Produce Handling Containers

Tables 6–8 show the results of the different types of boxes in the various impact
categories assessed. The wooden boxes showed a higher environmental impact in all the
categories assessed. In the global warming category, we obtained values (per FU) of 0.186,
0.059, and 0.006 kgCO2eq for wooden boxes, cardboard boxes, and RPCs, respectively. In
all cases, the production step was the stage causing the most greenhouse gas emissions. The
materials contributing most to this impact category were the MDF boards used in wooden
boxes production, fluting medium and linerboard in cardboard boxes, and obtaining the
polypropylene granulate in RPCs. Other activities with a significant contribution to global
warming were the end-of-life stage in the case of wooden boxes, and the washing step in the
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case of the RPCs (electricity and the production of detergent). The contribution of transport
in this impact category was negligible in the three cases. The impact of the end-of-life stage
of corrugated boxes in the global warming category was negative (this stage reduces the
emissions) due to the cardboard production avoided by the recycling process.

Table 6. Life cycle impact per functional unit in reusable plastic crates.

Impact Category Unit Total Plastic Crate
Production Cleaning Transport End-of-Life *

Global warming kg CO2 eq 6.02 × 10−3 73% 22% 5% −25%
Ozone layer depletion kg CFC-11 eq 1.03 × 10−9 39% 54% 6% 1%

Photochemical oxidation kg C2H4 eq 1.30 × 10−6 77% 20% 3% −23%
Acidification kg SO2 eq 2.59 × 10−5 70% 26% 4% −16%

Eutrophication kg PO4
3− eq 1.22 × 10−5 64% 26% 3% 7%

Abiotic depletion kg Sb eq 7.82 × 10−8 65% 26% 9% −20%
Fresh water aquatic ecotoxicity kg 1,4-DB eq 3.23 × 10−3 67% 31% 2% −3%

Marine aquatic ecotoxicity kg 1,4-DB eq 7.27 × 100 69% 30% 2% −2%
Terrestrial ecotoxicity kg 1,4-DB eq 1.55 × 10−5 48% 49% 3% 0%

Human toxicity kg 1,4-DB eq 3.46 × 10−3 69% 27% 4% −17%
Total energy (non-renewable

and renewable) MJ 1.77 × 10−1 70% 28% 2% −35%

Total non-renewable MJ 1.48 × 10−1 75% 22% 2% −39%
Non-renewable, fossil fuels MJ 1.09 × 10−1 84% 13% 3% −45%

Non-renewable, nuclear MJ 3.92 × 10−2 35% 64% 0% −8%
Non-renewable, biomass MJ 3.68 × 10−6 64% 32% 4% 4%

Total renewable MJ 1.80 × 10−2 39% 61% 0% −3%
Renewable, biomass MJ 4.89 × 10−3 61% 39% 1% −7%

Renewable, wind, solar,
geothermal MJ 6.13 × 10−3 20% 80% 0% −1%

Renewable, water MJ 7.00 × 10−3 40% 59% 1% 0%

* The negative value in end-of-life is due to material avoided in the recycling process.

Table 7. Life cycle impact per functional unit in single-use cardboard boxes.

Impact Category Unit Total Cardboard Box
Production Transport End-of-Life *

Global warming kg CO2 eq 5.88 × 10−2 92% 8% −26%
Ozone layer depletion kg CFC−11 eq 7.54 × 10−9 88% 12% −24%

Photochemical oxidation kg C2H4 eq 1.22 × 10−5 95% 5% −36%
Acidification kg SO2 eq 2.59 × 10−4 92% 8% −23%

Eutrophication kg PO4
3− eq 9.62 × 10−5 97% 3% −50%

Abiotic depletion kg Sb eq 2.35 × 10−6 97% 3% −48%
Fresh water aquatic ecotoxicity kg 1,4-DB eq 5.56 × 10−2 99% 1% −49%

Marine aquatic ecotoxicity kg 1,4-DB eq 2.15 × 102 99% 1% −47%
Terrestrial ecotoxicity kg 1,4-DB eq 3.04 × 10−4 98% 2% −44%

Human toxicity kg 1,4-DB eq 8.29 × 10−1 97% 3% −47%
Total energy (non-renewable and

renewable) MJ 5.53 × 10−1 94% 6% −71%

Total non-renewable MJ 9.32 × 10−1 92% 8% −26%
Non-renewable, fossil fuels MJ 8.29 × 10−1 91% 9% −26%

Non-renewable, nuclear MJ 1.02 × 10−1 99% 1% −26%
Non-renewable, biomass MJ 2.40 × 10−4 100% 0% −62%

Total renewable MJ 1.38 × 10−1 100% 0% −79%
Renewable, biomass MJ 1.08 × 10−1 100% 0% −82%

Renewable, wind, solar, geothermal MJ 7.73 × 10−3 99% 1% −45%
Renewable, water MJ 2.15 × 10−2 98% 2% −33%

* The negative value in end-of-life is due to material avoided in the recycling process.
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Table 8. Life cycle impact per functional unit in single-use wooden boxes.

Impact Category Unit Total Wooden Box Production Transport End-of-Life

MDF Pine Poplar Stainless
Steel

Global warming kg CO2 eq 1.86 × 10−1 51% 9% 3% 1% 14% 23%
Ozone layer depletion kg CFC−11 eq 2.90 × 10−8 42% 7% 3% 1% 16% 32%

Photochemical oxidation kg C2H4 eq 8.07 × 10−5 55% 6% 5% 1% 4% 28%
Acidification kg SO2 eq 1.16 × 10−3 42% 7% 2% 1% 9% 40%

Eutrophication kg PO4
3− eq 2.50 × 10−4 70% 11% 4% 2% 10% 5%

Abiotic depletion kg Sb eq 2.47 × 10−5 89% 2% 1% 0% 2% 5%
Fresh water aquatic

ecotoxicity kg 1,4-DB eq 1.12 × 10−1 57% 5% 1% 3% 4% 30%

Marine aquatic ecotoxicity kg 1,4-DB eq 2.53 × 102 45% 5% 1% 5% 3% 40%
Terrestrial ecotoxicity kg 1,4-DB eq 4.80 × 10−4 67% 11% 7% 2% 8% 6%

Human toxicity kg 1,4-DB eq 2.47 × 10−1 41% 4% 1% 1% 5% 48%
Total energy

(non-renewable and
renewable)

MJ 7.63 × 100 41% 28% 17% 0% 5% 8%

Total non-renewable MJ 4.54 × 100 39% 5% 2% 1% 9% 45%
Non-renewable, fossil fuels MJ 4.05 × 100 40% 5% 2% 0% 10% 43%

Non-renewable, nuclear MJ 4.86 × 10−1 30% 3% 3% 1% 1% 61%
Non-renewable, biomass MJ 1.35 × 10−4 49% 22% 26% 0% 2% −65%

Total renewable MJ 3.09 × 100 31% 43% 26% 0% 0% −31%
Renewable, biomass MJ 2.96 × 100 30% 43% 26% 0% 0% −33%

Renewable, wind, solar,
geothermal MJ 3.79 × 10−2 53% 5% 2% 1% 2% 38%

Renewable, water MJ 9.87 × 10−2 38% 8% 10% 1% 3% 41%

The ozone layer depletion and photochemical ozone oxidation had the same behavior
as global warming in cardboard and wooden boxes, i.e., the step that showed the largest
impact was production, followed by the end-of-life. In the end-of-life scenario of wooden
boxes, the MDF boards contributed to a higher extent to ozone layer depletion while the
pine and poplar boards contributed to a higher extent to photochemical ozone oxidation.
In RPCs, the major contribution in ozone layer depletion was caused by the detergent used
for the cleaning of the crates, while the photochemical oxidation category was affected
mainly by the RPC production and cleaning process.

The box production step was the major contributor to the acidification and eutrophica-
tion potential categories, except in the case of plastic boxes, in which the cleaning process
had a larger impact on eutrophication than the RPC production.

Regarding abiotic depletion, the major impacts were caused by MDF in the case of the
wooden boxes and by corrugated cardboard production in the cardboard boxes. In both
cases, the contribution of these materials exceeded 90%. In the case of RPCs, the production
step was the main contributor in the abiotic depletion category, followed by the cleaning
step (mainly because of the Spanish electric mix used in this phase).

Environmental ecotoxicity is divided into freshwater, marine, and terrestrial ecotoxic-
ity. The production of boxes and crates affected the marine ecotoxicity category, whilst the
washing of RPCs affected the fresh water and terrestrial ecotoxicity. Independently of the
type of packaging, the transport had a greater impact on marine ecotoxicity. In contrast
to wooden boxes, the end-of-life step of RPCs and cardboard boxes led to a reduction in
the environmental ecotoxicity impact. The end-of-life scenario of wooden boxes mainly
affected the marine ecotoxicity due to the incineration of the MDF boards.

During the life cycle of boxes and crates, there are emissions of chemical compounds
that are toxic to human beings (human toxicity category). In the case of wooden boxes,
the toxic compounds are mainly released in the MDF production step and in the end-
of-life stage (in the process of making particle board with pine and poplar wood waste).
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For cardboard boxes, these chemicals are mainly released in the corrugated cardboard
manufacturing process. In RPCs, the detergent used in the washing step is the main
contributor to human toxicity, followed by the production of granulated polypropylene.
Most of the energy embedded in plastic and cardboard boxes comes from non-renewable
sources, mainly fossil fuels and nuclear power. In wooden boxes, renewable and non-
renewable sources are more balanced, although the proportion of non-renewable energy
is larger. The wooden and cardboard boxes required more energy per functional unit
than the RPCs, 7.63 MJ and 0.55 MJ, respectively (Tables 7 and 8). These energies were
needed for the extraction of box building materials (wood and pulp) and manufacturing,
as compared with the plastic crates that only demanded 0.18 MJ (Table 6). That value
is much lower because plastic boxes have 150 rotations during their life cycle whilst for
wooden and cardboard boxes it is necessary to produce more materials in the manufacture
of new wooden and cardboard boxes, as they are single-use items. The high value of
renewable biomass demand for wooden boxes can be explained by the gross calorific
energy embedded in the wood used to manufacture wooden boxes.

Other studies assessing the environmental impact of different types of boxes reached
conclusions similar to those presented in our study. Lo-Iacono-Ferreira et al. [47] performed
an LCA of different cardboard boxes used to transport fruit and vegetables to different
countries and with different end-of-life scenarios. They calculated the global warming
potential of each type of box and concluded that the highest impact was linked to the
manufacture of cardboard boxes, followed by the transport. On the other hand, in their
study, the impact on climate change of the end-of-life stage was found to be negligible,
considering that in this scenario nearly 87% of the cardboard boxes are recycled. In
our study, by recycling cardboard boxes the carbon footprint showed a 26% decrease.
Del Borghi et al. [48] used the LCA approach to compare the impact of RPCs and wooden
and cardboard boxes used for food transport. They concluded that the reuse of plastic crates
led to a reduction in greenhouse gas emissions compared with single-use plastic crates,
thereby reducing the carbon footprint by 96%. In their study, the life cycle of corrugated
cardboard contributed the most to the eutrophication potential in comparison with wooden
and plastic crates, mainly because of the wastewater from cardboard production. Our
results show a larger eutrophication potential in the case of wooden and cardboard boxes
compared with RPCs, mainly due to the box production step. In accordance with our
results, Abejón et al. [2] also concluded that RPCs have a significantly lower environmental
impact than single-use cardboard boxes. In their study, the stages with the highest impact
in the case of the cardboard boxes were the manufacturing stage and the recovery of
the paper fibers at the end-of-life, while for RPCs the highest environmental impact was
linked to sanitation and transport. In our case, the impact of RPCs was caused by crate
production and cleaning, whilst the impact due to crate transport was negligible (the
contribution in the assessed impact categories was in the range of 2–8%). The consumption
of materials avoided by the recycling processes has a beneficial effect on the environment.
The recycling of materials during the waste treatment of cardboard boxes and RPCs reduced
the impact in all the impact categories assessed, except for ozone layer depletion and
eutrophication potential in RPCs. Tua et al. [49] evaluated the environmental performance
of RPCs with a different number of rotations (uses) and concluded that a minimum of
three rotations is required to improve sustainability, obtaining a 65% carbon footprint
reduction. In our scenario, if we change the number of rotations to three we obtain
the same reduction in the carbon footprint (65.6%), but a minimum of approximately
15 rotations would be necessary to reduce all the impacts in comparison to single-use
cardboard and wooden boxes (Figure 5). Accorsi et al. [35] compared the economic and
environmental impact of single-use wooden and corrugated cardboard boxes to that of
RPCs from production until the end-of-life in different scenarios. They obtained that the
transport stage affected the sustainability of the reusable plastic crates, while for single-use
boxes the principal contributor to the environmental impacts was the manufacturing phase.
Similar to our results, in their study, the RPC system led to lower emissions in terms of
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CO2eq. Albrecht et al. [24] also used the LCA methodology to study the environmental
impact of RPCs and single-use wooden and cardboard boxes. Similar to our study, they
concluded that the principal contribution to the environmental impacts in single-use boxes
(wooden and cardboard) and RPCs is caused by the manufacturing phase. In their study,
the activity with the second-greatest impact was the end-of-life in the case of wooden and
cardboard, and service life (which involves delivery to the retailer, take-back, inspection,
and washing) for RPCs. In our study, the end-of-life was also the second main contributor
in the case of wooden boxes, but not for cardboard boxes. The washing step of RPCs also
showed a significant impact in our study.
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Figure 5. Comparison between single-use wooden and cardboard boxes, and reusable plastic crates with a different number
of rotations.

4. Conclusions

The results obtained highlight the risk of fresh produce cross-contamination with
pathogenic microorganisms via food-handling containers. Cross-contamination of cauliflow-
ers was more widespread when it occurred via polypropylene than via cardboard or MDF.
Furthermore, the survival potential of Salmonella under supply chain conditions in the
contaminated contact materials and the cross-contaminated cauliflower was demonstrated.
The LCA performed showed that RPCs are a better choice to reduce the environmental im-
pacts than single-use cardboard and wooden boxes. The RPCs obtained the lowest impact
values for all the categories. Operations used to obtain raw materials for manufacturing
wooden and corrugated cardboard boxes have a large impact on marine and terrestrial
ecotoxicities and acidification categories. Therefore, the use of RPCs is environmentally
beneficial; in fact, in our scenario, a service life of only 15 rotations was sufficient to reduce
all the impacts in comparison with single-use cardboard and wooden boxes. However,
the hygiene of these reusable containers must be properly maintained to reduce food
safety risks.
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