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Abstract:This reviewdealswith the evolution of bio-based
packaging and the emergence of various nanotechnolo-
gies for primary food packaging. The end-of life issues
of packaging is discussed and particularly the environ-
mental problems associated with microplastics in the ma-
rine environment, which serve as a vector for the assim-
ilation of persistent organic pollutants in the oceans and
are transported into the food chain via marine and wild
life. The use of biodegradable polymers has been a pri-
mary route to alleviate these environmental problems, but
for various reasons the market has not developed at a suf-
ficient pace that would cope with the mentioned environ-
mental issues. Currently, the biodegradable plastics only
constitute a small fraction of the fossil-based plastic mar-
ket. Fossil-based plastics are, however, indispensable for
food safety and minimization of food waste, and are not
only cheap, but has generally more suitable mechanical
and barrier properties compared to biodegradable poly-
mers. More recently, various nanotechnologies such as the
use of nanoclays, nanocellulose, layer-by-layer technolo-
gies and polyelectrolyte complexes have emerged as vi-
able technologies tomake oxygen andwater vapor barriers
suitable for food packaging. These technological develop-
ments are highlighted as well as issues like biodegrada-
tion, recycling, legislation issues and safety and toxicity
of these nanotechnologies.
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Introduction

Synthetic polymer plastic materials aremanufactured and
designed to various needs to mankind in the global econ-
omy. The largest use segment of synthetic plastics is in
various packaging applications. Whereas sustainable pa-
per and board materials are indispensable for secondary
and tertiary packaging, synthetic polymers are needed
in food and electronic packaging because the necessity
to create barriers to oxygen and water vapor. Such bar-
riers are necessary for food packaging both to get fresh
food and avoid infections and various diseases and to
delay food spoilage and, hence, avoid food waste. To-
tal yearly world production of synthetic polymers 2016
was currently 335 million tonnes and these polymers are
predominantly based on fossil resources. Thus, there is
a great challenge to replace fossil resources with renew-
able materials. Synthetic polymers are primarily designed
to meet performance and durability and not for recycla-
bility and degradability, which has resulted in a strong
growth of disposed polymers on both land and in ma-
rine environments. The current waste disposable systems
are landfilling, incineration, composting and mechani-
cal recycling. The vast majority of plastic waste (40%)
finds its way into landfills, 25% is incinerated, while
another 22% is unmanaged dumps and rejected in re-
cycling (Degan and Shinde 2019). Landfilling will de-
stroy the soil quality and is a disaster for the marine
fauna, whereas incineration of used plastic requires ex-
tensive cleaning of flue gases. Mechanical recycling has
been a temporary recovery but the volumes are gener-
ally too small. Composting is a viable technology, ignor-
ing the material waste and economics, but is also de-
pending on the efficiency of the biodegradation. Hence,
the major strategy during the past decades has been to
use biodegradable polymers such as poly(lactide), poly-
butylene succinate, polyalkanoates etc. and various natu-
ral biopolymers from plants, wooden materials, seaweeds
etc.

There is a rich number of scientific approaches to de-
velopbiodegradablematerials andmanyexcellent reviews
in this area, to which a few reviews such as Delidovich
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et al. (2016), Galbis et al. (2016), Gandini et al. (2016),
Schneiderman and Hillmyer (2017) can be suggested.

The substitution of fossil plastics with biodegradable
materials in all different areas of food packaging remains
difficult given the broad spectrum of functionality offered
by fossil-based polymers. In addition to their high wa-
ter sensitivity, the properties of biodegradable polymers
make them economically uncompetitive in comparison
with those of conventional plastic polymers, particularly
regarding their limited barrier properties. This remains an
ultimate technical challenge in this field.

Apart from the developments of biodegradable poly-
mers and natural biopolymers there is the demand of
the circular economy approach to sustainable polymers
namely the chemical recyclable polymers (Hong and Chen
2017, MacArthur and McKinsey 2017, 2019).

An interesting recent paper has also discussed such
a circular economy approach to poly(lactide) (Payne et al.
2019).

This contribution intends to review the most avail-
able biodegradable polymers and discuss the most popu-
lar approaches to develop food packaging materials dur-
ing the past decades. It is also recognized that, there
are extensive general reviews of bio-based packaging that
has recently been published, e. g., Helanto et al. (2019).
Whereas, there is a long story of biodegradable poly-
mers, particularly in the food packaging segment of edible
packaging, the market for bioplastics (except edible pack-
aging) is still very small compared to fossil-based plas-
tics. During the latest two decades, there has also been
a focus on various nanotechnologies, like nanocellulose
and nanoclay composites, and layer-by layer (Lbl) tech-
nologies together with polyelectrolyte complexes, which
have added a niche of interesting developments, albeit
the fact that nanotechnology has its own various issues
such as toxicity, legislation issues and customer suspi-
cion.

Our ambition has been to provide a comprehen-
sive view of major bioplastics and nanotechnologies and
also including the field of plastic problems in the ma-
rine environment, end-of life issues of plastics (recycling,
legislative issues, safety issues) under current focus to-
day.

The choice of selecting food packaging is that this is
the field of packaging that has an immense complexity
and is the largest field of packaging materials and also the
most need of developments because of the need of sus-
tainability packaging and the current environmental is-
sues.

Biodegradation of plastics in
compost, soil and marine
environments
Composting is a process inwhich the organicmatter is con-
verted to CO2 and a soil-like material (humus) by a mixed
group of microorganisms (Emadian et al. 2017, Kale et al.
2007, Leja and Lewandowicz 2010, Zeng et al. 2016). The
use of compost as a microbial community for biodegra-
dation has been extensively studied for both bio-based
and fossil based bioplastics including polymers such
as poly(lactide), poly(hydroxyalkanoate), poly(caprolac-
tones) and various starch-based blends etc. and it is gener-
ally found that under the right pH, moisture and tempera-
ture conditions they are all susceptible to biodegradation.
There is a wide difference between home composting (low
temperature) and industrial composting (high tempera-
ture type 50–70 °C). Many polymers, like poly(lactide), de-
grades very slow in home composting because degrada-
tionoccurs primarily byhydrolysis andnot bymicrobial at-
tack, resulting in a slow degradation rate (Hong and Chen
2017).

The degradation of fossil based plastics results in very
little mineralization (conversion into biomass, CO2, H2O
or CH4) which has been reported, e. g. Wei and Zimmer-
mann (2017). The largest volume plastics, polyethylene
terephthalate, which has hydrolysable bonds is more sus-
ceptible to biodegradation than polyethylene, polystyrene
and polypropylene, but is still classified as not being
biodegradable.

Soil environments contain a vast number of microor-
ganisms, which enable degradation of plastics to be more
feasible than in other environments like water and air.
Generally, soils are very different depending on their
composition (microorganisms, pH, temperature, moisture
etc.), but it is expected that lower temperatures, a higher
crystallinity of the polymer will decrease the biodegrada-
tion rate.

Poly(lactide) is a major bioplastic and has several
packaging application areas, has high crystallinity and
has desirable properties for the packaging segment, but
higher temperatures are required for biodegradation as in
industrial composting. Whereas, microorganisms and en-
zymes are known to degrade polylactic acid (PLA) non-
enzymatic hydrolysis is themajor degradationmechanism
for PLA. It has been observed (Narancic and O’Connor
2019) that there is a very slow degradation, taking over
three decades, for PLA in soils. By using certain blends be-
tween PLA and other biocompostable polymers, and us-
ing a smart design, possibilities could open up for faster
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biodegradation. It can be concluded that biodegradable
plastics must be managed, and biodegradable plastics
cannot be seen as a solution for the current plastic pol-
lution problems (Narancic and O’Connor 2019, Narancic
et al. 2018, Scaffaro et al. 2019, Yin and Yang 2020).

There has been a major focus in society for the end-
of-life management of biodegradable plastics using indus-
trial composting, but another option is anaerobic gasifi-
cation, and this option have also been investigated with
various bioplastics with successful results (Narancic et al.
2018).

Plastic makes up about 80 to 85% of marine litter
(Auta et al. 2017) and this constitutes a major problem.

In general, the plastic waste is consigned to landfills.
However, large amounts end up as marine debris as a re-
sult of insufficient treatment capacity, accidental inputs,
littering, illegal dumping and coastal human activities.
It’s calculated that 275 million metric tons (MT) of plas-
tic waste was generated in 192 coastal countries in 2010,
with 4.8–12.7 million MT entering the ocean, which is ap-
proximately 60–80% of the marine litter (Jambeck et al.
2015).

Although the defined size of these microparticles has
varied between different studies over the past decade,
the National Oceanic and Atmospheric Administration
(NOAA) now defines the term “microplastic” as fragments
smaller than 5mm in diameter (Horton et al. 2017). In the
marine environment, microplastics can be generated from
primary sources and enter directly into the environment as
plastic pellets that were used as raw material in the plas-
tic industry and/or in hygiene and personal care products
(Cole et al. 2011). They may also enter indirectly from sec-
ondary sources (e. g. food packaging), such as fragments
and fibres obtained from the fragmentation of larger plas-
tic debris.

Microplastics are easily taken for zooplankton, a com-
mon food source for the marine environment, and there-
fore end up in stomachs of various marine organisms.
Hence, through direct and indirect ingestion of microplas-
tics, it ends up in the marine food chain. This is critical as
hydrophobic plastics tend to adsorb hydrophobic organic
pollutants such as polychlorinated biphenyls (PCBs) and
polycyclic aromatic hydrocarbons (PAHs) to a very high ex-
tent (Tanaka et al. 2020, Yeo et al. 2019). Hence,microplas-
tics can serve as a vector for the assimilation of persistent
organic pollutants and heavy metals by marine organisms
in the environment.

As indicated before, the degradation of plastics inma-
rine environments, is different and there are, at least, three
important degradation mechanism for plastics in oceans

(Min et al. 2020). Firstly, bacteria colonize the surface (de-
pending on the surface energy) of plastics and have a
propensity for biofilm formation and this provides an op-
portunity for biodegradation in the form of mass loss via
surface erosion. There are many bacteria and microbial
enzymes that facilitate surface erosion. Typical rates for
these processes decrease as follows:

polyesters > polyamides > polyolefins.

Secondly, abiotic hydrolysis of functional groups, like es-
ters, which reduce themolecular weight (Mw) of polymers,
thereby making polymers susceptible to disintegration.
This process is facilitated by the alkalinity of seawater (pH
ranges from 8 to 8.3). Generally, the abiotic and biotic pro-
cesses proceed slowly and depend on a number of factors
such as type of functional group, Mw, surface to volume
ratio etc.

Finally, the exposure of ultraviolet (UV) radiation and
oxygen causes photodegradation and results in a decrease
in Mw and cracking that facilitates the formation of mi-
croplastics.

This is the theory, but practical experiments regard-
ing the fate of biodegradable polymers in freshwater
and seawater has concluded that even after more than
a year, there is very little degradation of polymers clas-
sified as biodegradable polymers. The authors tested
these biodegradable polymers: Polycaprolactone (PCL),
polylactic acid (PLA), Poly(3-hydroxybutyrate) (PHB) and
poly(lactic-co-glycolic acid) (PLGA) and it was only PLGA
thatwas degradedwithin a year. Neitherwas there any dif-
ference between the degradation in freshwater and seawa-
ter (Bagheri et al. 2017). This fact should be considered in
the following text, where we follow the standard classifi-
cation of biodegradable polymers.

Recycling

A wide range of technologies are currently used for waste
pre-treatment and sorting. These range from manual dis-
mantling and picking to automated processes such as
shredding, sieving, air or liquid density separation, mag-
netic separation, and highly sophisticated spectropho-
tometric sorting technologies such as UV/visible spec-
troscopy (VIS), near infrared (NIR), Laser, etc. (www.
plasticseurope.org).

Plastic fractions contained in complex waste streams
may not be easily enough sortable. In such cases, alterna-
tive recovery solutions exist, such as feedstock/chemical
recycling or recovery of the calorific value of the plastic
waste to substitute conventional fuels.

http://www.plasticseurope.org
http://www.plasticseurope.org
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Mechanical recycling of plastics refers to the process-
ing of plastics waste into secondary raw material or prod-
ucts without significantly changing the chemical structure
of the material. The difficulty of plastic sorting logistics,
washing and drying before the secondary melt processing
also leads to thermomechanical degradation due to high
operating temperatures resulting in deterioration of the
polymer properties.

These problems associated with the recycling and
degradation of synthetic plastics also motivates the devel-
opment of biobased, degradable materials.

The concept of a circular economy suggests that chem-
ical recovery may be a viable route. An end-of-life (EOL)
analysis suggests that chemical recovery has several inter-
esting options (Hong and Chen 2017, McKeown et al. 2019,
Payne et al. 2019). For instance, the conversion of PLA to
LA has by the US Department of Energy been identified as
a future platform chemical with its plethora of commodity
chemicals.

Legislative actions

The first comprehensive piece of EU legislation on packag-
ing waste entered into force in 1994 with Directive 94/62
EC on Packaging and PackagingWaste (PPWD). The direc-
tive deals with the problems of packaging waste and set-
ting targets for recovery and recycling (eur-lex.europa.eu,
document 31994L0062). Recently the EU Green Deal Pol-
icy (European commission, Brussels 11.12.2019) was taken.
Strategies for inter alia plastics waste published are the
Circular Economy 2.0 (March 11, 2020) and the Indus-
trial Strategy (March 10, 2020). The circular economy ad-
dresses all plastics packaging placed on the EU market,
either as reusable, or to be recycled in a cost-efficient way
by 2030. Further, more than 50% of the plastic waste
is to be recycled and 55% recycled content is required
in plastic packagings. Microplastics are specifically ad-
dressed with restrictions, developing labelling, standardi-
sation and regulatory measures on unintentional release.
The Commission will address sustainability challenges on
sourcing, labelling and use of bio-based plastics and the
use of biodegradable plastics (eur-lex.europa.eu, docu-
ment 52020DC0098).

The industrial strategy taken is directed towards re-
quirements for sustainable products, obligation to sus-
tainable environmental claims through standard ap-
proaches. Essential is also to foster new markets for
climate-neutral and circular products, having a trans-
parency towards consumers about carbon and environ-
mental footprints (ec.europa.eu March 10, 2020).

The single use plastic (SUP) directive was proposed
2018 which is a part of the EU plastic strategy in a circu-
lar economy. The main objectives are to phase out “un-
necessary” single use plastics and reduce consumption,
production and introduce incentives towards reusable sys-
tems. The SUP directive will be effective earliest mid-2021.
The SUP directive is taken into account in many European
countries by plastic bags bans. In the proposal it is vol-
untary to determine reduction targets and offer alternative
products within each country, which has given rise to dif-
ferences in enforcement.

Also, world-wide actions to ban plastic bags usage
have been introduced in 74 countries with varying degrees
of enforcement and in 37 countries a charge per bag has
been taken. Expanded polystyrene (EPS) is also banned in
many countries (The Swedish government official investi-
gations 2018:84).

Food packaging demands

Different foods have different demands on packaging. Ta-
ble 1 shows the maximum gain of oxygen to maintain the
freshness and the maximum water gain or loss. There are
many quality factors for foods such as colour, oxidation,
microbiology, structure, flavour, enzymatic degradation,
photooxidation and chemical changes such as hydrolysis,
protein denaturation, cross-linking etc. This means that
food packaging has a very high complexity in develop-
ing the optimumpackaging strategy for various foods. Cer-
tain examples are given below to show the complexity for
the demand of various foods, see also a very good early
review by Petersen et al. (1999). Exposure to oxygen can
cause deterioration of colours, aromas, vitamins and in-
duce oxidation. These foods benefit from packaging that
can maintain a vacuum/nitrogen that will provide a bar-
rier to oxygen. Fresh meat, poultry, pasta products bene-
fit from environments that can maintain either a vacuum
or a targeted concentration of oxygen and high concen-
tration of carbon dioxide to prevent oxidation or micro-
bial growth. Fresh meat can be the subject of enzymatic,
microbial and physical changes and demand a high oxy-
gen concentration by usingmodified atmospheric packag-
ing (MAP) with oxygen contents of 70–80% O2 and 20–
30% CO2. Cured meat on the other hand can be subject
to NO/NaCl, which changes the pigment to nitrosylmyo-
globin, which is sensitive to photooxidation demanding a
minimized O2-content.

Seafood is subjected to autolysis caused by intrinsic
enzymes,metabolic activity bymicroorganismsandoxida-

http://eur-lex.europa.eu
http://eur-lex.europa.eu
http://ec.europa.eu


T. Lindström and F. Österberg: Evolution of biobased and nanotechnology packaging – a review | 495

Table 1: Approximate critical amounts of oxygen and moisture that foods can stand in order to maintain fresh. Adapted from Robertson
(2006).

Food or beverage Maximum oxygen gain (ppm) Maximum water gain or loss

Canned milk, vegetables and fresh foods 1–5 3% loss
Wines and beer 1–5 3% loss
Instant coffee 1–5 2% gain
Canned fruits 5–15 3% loss
Dried foods 5–15 1% gain
Nuts and snacks 5–15 5% gain
Fruit juices and carbonated drinks 10–40 3% loss
Oils and salad dressings 50–200 10% gain
Jellies, syrups, pickles, olives and vinegar 50–200 3% loss
Liquors 50–200 3% loss
Condiments 50–200 1% gain
Peanut butter 50–200 10% gain

Figure 1: Relationship between food water activity and moisture
content and the relative rates for a number of chemical reactions,
enzyme activities and microorganism growth that lead to food dete-
rioration (Kester and Fennema 1986, Krochta 2006).

tion. High fat fish demands low oxygen contents in order
to avoid oxidation and a moderate water vapor barrier is
also demanded. Breads, cakes, crackers and chocolate de-
mand a high moisture barrier and a low oxygen barrier to
avoid oxidation of fatty products. Fruits and vegetables are
living organisms requiring O2 and produce CO2. Optimum
RH is 85–95% for fruits and 90–98% for vegetables. For
cheeses,MAPwithN2 or CO2 replacingO2 is recommended
etc. (Krochta 2006, Robertson 2006, 2009).

The water activity affects the food quality in a num-
ber of different ways. Figure 1 shows the relative reac-
tion rate of lipid oxidation, non-enzymatic browning, hy-
drolytic reactions, enzyme activity, mould, yeast and bac-
terial growth. Interestingly, a too low water activity allows
an increased oxidation of lipids, whereas in zone II oxi-

dation decreases, but tend to increase in the bulk zone
III. In conclusion, the barrier properties (the oxygen and
water vapour permeability) are the key properties in the
design of food packaging materials. There are many re-
views on applications of bioplastics for food packaging,
e. g., Jiménez et al. (2012), Lagarón et al. (2016), Peelman
et al. (2013).

Food packaging materials

Acomparison of bio-basedpolymers relatively to synthetic
polymers with respect to their oxygen transmission rate
and water vapour transmittance is given in Figure 2. From
Figure 2, the following conclusions can be made:
– The superior performance of ethylene vinyl alcohol

(EVOH) in the oxygen transmission rate (OTR) cannot
be met by PLA or polyhydroxyalkanoates (PHA).

– As far as the water vapor transmittance (WVT) is con-
cerned, the PHA is close to low-density polyethene
(LDPE).

– Neither PLA or PHA are good gas barriers.
– Polyvinylidene chloride is the only polymer with both

an excellent gas barrier and water vapour barrier.

The interplay between the polymer chemistry and the per-
meability is extremely important for the packaging indus-
try see, e. g., Koros (1990), Lagarón et al. (2004), Miller
and Krochta (1997). The type of substituent groups on a
polymer can have a very large effect on the permeabil-
ity coefficient governed by the tightness/adhesion of poly-
mer chains (cohesive energy density) and the free vol-
ume of the molecules in a polymer. An increased co-
hesive energy density is reflected by a higher polarity
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Figure 2: Barrier properties of some bio-based materials versus foil-based packaging materials. a) oxygen transmission rate; b) water
vapour transmittance (Rastogi and Samyn 2015).

of the polymer chains. Cellulose has a very high co-
hesive energy density due to the tight network of hy-
drogen bonds and the free volume of a TEMPO-treated
(2,2,6,6-tetramethylpiperidine-1-oxyl) nanocellulose has
also been determined (Fukuzumi et al. 2011).

It should be considered that there are many nanocoat-
ings, that were developed in the mid 1980s, such as thin
glass-like SiOx produced by physical or chemical vapour
deposition and many other inorganic coatings such as
nano-silver particles, nano-zink oxide, titanium nitride
etc. An early excellent review on such commercial tech-
nologies has been published (Lange and Wyser 2003)
and also later reviews, e. g., Bumbudsanpharoke and Ko
(2015), Rossi et al. (2017), but will not be of concern in this
context.

Bioplastics

The term bioplastics was coined by the European Bio-
plastics 2016 and there are some confusions about of the
world “bioplastic”. Bioplastics are defined as biodegrad-
able, biobased or both. A material coordinate for bioplas-
tics is given in Figure 3. Hence there are four different
groups of plastics:
– One group that refer to classical plastics that are not

biodegradable and made from fossil based polymers,
such as polyethylene, polystyrene etc.

– A second group is plastics made from biomass feed-
stock and are biodegradable. Examples in this group
are cellulose, starches and polyesters such as PLA and
PHA.

– A third group are biodegradable plastics from fossil re-
sources. Examples in this group are polycaprolactone

(PCL), polybutylene succinate (PBS) and poly(buty-
lene adipate-co-terephthalate) (PBAT).

– The fourth group is non-biodegradable plastics
that are produced from biomass. Example are bio-
polyethylene (PE), produced from bioethanol fuel
produced from sugar cane.

The current global production of bioplastics was around
2,1 million tonnes 2019 (European Bioplastics) and is ex-
pected to rise to 2.4 million tonnes around 2024 (Figure 4).
the non-biodegradable part accounts for 45%, whereas
the biodegradable part accounts for 55%. The total ca-
pacity of biodegradable polymers is therefore very small
compared to fossil-based plastics. The largest part of the
biodegradable polymers are the various starch blends and
PBAT manufactured by BASF (Ecoflex®).

Poly (lactic acid)

PLA is a well-known biobased plastic that has attracted
immense attention over the past few decades (Auras et al.
2011, Castro-Aguirre et al. 2016, Garlotta 2002, Rabnawaz
et al. 2017) and has enjoyed many reviews. PLA is com-
mercially synthesized via ring opening polymerization via
lactides in a two-step process. In nature, lactides pre-
dominantly exist as the L-lactide isomer along with a few
% of its D-lactide isomer. Some selected properties of
PLA are shown in Table 2 together with the properties of
PHApolypropylene (PP) and poly (ethylene terephthalate)
(PET).

Commercial PLA for the packaging industry generally
has a L-lactide content in excess of 92%. The higher the
L-lactide content, the higher is the crystallinity and at a
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Figure 3:Material coordinate system of bioplastics: EVOH: ethylene vinyl alcohol; PA: polyamide; PBAT: polybuthylene adipate terephtha-
late; PE: polyethylene; PE-HD: high density polyethylene; PE-LD: low density polyethylene; PET: poly(ethylene terephthalate); PHA: polyhy-
droxyalkanoate; PHB: polyhydroxybutyrate; PLA: polylactic acid; PP: polypropylene; PS: polystyrene; PTT: polytrimethylene terephthalate;
PVA: polyvinyl alcohol; PVC: polyvinyl chloride; TPS: thermoplastic starch. Adopted from Rujnić-Sokele and Pilipović (2017).

Figure 4: The projected global production of bioplastics 2024 (Euro-
pean Plastics).

higher content of D-lactide, PLA becomes amorphous and,
hence, deteriorating the barrier properties. Interestingly,
in contrast toproteins andpolysaccharides theoxygenper-
meability of PLAdecreaseswith ahigher relative humidity,
possibly because water blocks the pathway throughwhich
oxygen diffuses through the plastic. PLA has, however, a
poor barrier for water vapor. Compared to PP, the water
barrier performance of PLA is only 10% of the barrier per-
formance of PP. PLA has 2–3 times higher modulus than

PP and the tensile strength is higher than for PHAs. Manu-
facturing of PLA-plastic does not create any problems and
blowmoulding, extrusion and thermoforming can be con-
ducted similar to other thermoplastics. Typical applica-
tions of PLA are in compost bags, food packaging, and dis-
posable tableware.

There are numerous manufacturers of PLA, see, e. g.,
lists inArmentano et al. (2013), Castro-Aguirre et al. (2016),
Scaffaro et al. (2016). There is an extensive number of
PLA/polysaccharide composites reported, see, e. g., Scaf-
faro et al. (2016) as well as reviews on nanostructured PLA
and polyester materials, see, e. g., Armentano et al. (2013),
Bordes et al. (2009).

Polyhydroxyalkanoate

PHAs are promising polyesters produced by bacteria
through aerobic fermentation of various carbon sources.
(Anjum et al. 2016, Rabnawaz et al. 2017, Samori et al.
2015). PHAs can also be prepared synthetically. The
simplest member of the PHA-family is poly(hydroxybu-
tanolate) (PHB), which is prepared via a fermentative ap-
proach. Bacteria-based PHB is isotactic (repeating con-
formic), whereas PHBs that are prepared from butyro-
lactone are atactic (non conformic) with a lower melting
point.

Important is that the large majority of current
biodegradable polymers can only biodegrade under very
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Table 2: Selected properties of various polyesters and polypropylene (PP). Abbreviations: polyhydroxyalkanoate (PHA), polylactic acid(PLA),
poly (ethylene terephthalate) (PET), Water vapour transmitance (WVTR). Adapted from Rabnawaz et al. (2017).

Property (units) PHAs PLA PP PET

Tg (°C) 2 66 −10 73–80
Tm (°C) 160–175 141 160–175 245–265
Modulus (GPa) 1–2 2.3–2.8 1.1–1.5 2.7–4.1
Tensile strength (MPa) 15–40 74–82 31–42 48.2–72.3
Elongation at break (%) 1–15 78–97 400 30–3000
WVTR × 10−12 (kgmm−2 s−1) 27.3 28.9 1.2–6.9 4.5–5.9
P(O2) × 10−18 (kgmm−2 s−1Pa−1) 0.75–1.9 2–2.9 23.8 0.2–0.49

specific conditions of constant high temperature and hu-
midity in industrial composting installations and are not
fit for home compostingnor do they compost in reasonable
time when littered. PHAs are completely biodegradable in
both soil and marine conditions in contrast to PLA poly-
mers (Guillard et al. 2018).

The oxygen barrier properties are good, and twice as
good as the oxygen barrier of PLA. The reasonable bar-
rier properties along with the biodegradable nature of
PHAs have facilitated the development of many commer-
cial products based on this family of polymers (Bugni-
court et al. 2014). Yet, PHAs have limited applications in
the packaging industry because of the current high pro-
duction costs of these polymers.

In the 80s, Imperial Chemical industries developed
poly (3-hydroxybutyrate-co-3-hydroxyvalerate) obtained
via fermentation under the trade name of Biopol and
was distributed in the US by Monsanto and later by
Metabolix.

Polybutylene succinate

Polybutylene succinate (Gigli et al. 2016, Xu andGuo 2010)
is a biodegradable aliphatic polyester with similar prop-
erties to those of PET. PBS is produced by condensation
of 1,4-butandiol and succinic acid. Conventional processes
for the production of 1,4-butandiol use fossil feedstocks.
The bio-based process involves the use of glucose to pro-
duce succinic acid followed by chemical reduction to pro-
duce 1,4-butandiol.

PBS is a semi-crystalline polymer with a higher melt-
ing point than polylactic acid. In comparison with PLA,
PBS is tougher but with lower rigidity and Young’s mod-
ulus, but by changing the monomer compositionmechan-
ical properties can be tuned to suit applications. PBS de-
composes naturally in water (Xu and Guo 2010) and has
therefore poor water resistance and limited gas barrier
properties, but better than PLA (Genovese et al. 2016). PBS

can be processed into films, bags, or boxes for food pack-
aging and has also other industrial applications, see, e. g.,
Babu et al. (2013).

The Japanese company Showa High Polymer started
production of PBS 1993, and sold PBS under the trade
name Bionolle, but terminated their production 2016.
Other manufacturers include Mitsubishi Chemicals, and
Chinese producers Hexing Chemicals and Xinfu Pharma-
ceutical and IRE Chemical in Korea (Babu et al. 2013).

Poly(butylene adipate terephthalate)

PBAT is synthesized (Zhao et al. 2010) from the poly-
mer of 1,4-butanediol and adipic acid and the polymer
of dimethyl terephthalate (DMT) with 1,4-butanediol. The
polymer is a fully biodegradable polymer. The polymer
has very limited water vapor resistance (Xie et al. 2016)
and has a higher oxygen permeance than PLA. As with
most biodegradable polymers, there are an extensive num-
ber of composite formulations that have been investigated
with PBAT (Ferreira et al. 2019). Highlighted applications
by manufacturers are cling wrap for food packaging, com-
postable plastic bags and water resistant coatings for var-
ious materials.

PBAT is produced commercially by many companies
suchasBASFunder thenameEcoflex®and in ablendwith
poly(lactic acid) called Ecovio, by Novamont as Origo-Bi®
and in a blend with starch called Mater-Bi®, by Zhuhai
Wango Chemical Co Ltd under the name Wango®, by Jin-
Hui Zhaolong as Ecoworld® and in a blend with starch
called Ecowill®, and by Eastman Chemical as Eastar Bio®
etc.

Polysaccharides
Polysaccharides are long-chain polymers formed from
mono- or disaccharide repeating units joined together by
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glycosidic bonds. As a result of the large number of hy-
droxyl groups, there is extensive hydrogen bonding,which
are important for film formation and for the characteristics
of the films.

A variety of polysaccharides and their derivatives have
been tested for potential use as edible packaging because
they are abundant, low cost, and easy to handle.

Polysaccharides have good film forming properties
and exhibit good mechanical and gas barrier properties
and are efficient barriers against oil and lipids but offer lit-
tle resistance to water migration.

Polysaccharides can easily be modified to improve
their physiochemical properties by salt addition, solvent
changes, heat gelatinization, pH changes, chemical modi-
fication of hydroxyl groups and cross-linking of polysac-
charides, hydrolysis of polysaccharides, and employing
various nanotechnology options (Nesic et al. 2019).

Starch

Starch is composed of two polymers, amylose and amy-
lopectin. There are many reviews in this field such as
Cazón et al. (2017), Jiménez et al. (2012), Thakur et al.
(2019). Native starch molecules arrange themselves in the
formof starch granules inwhich amylose and amylopectin
are structured by hydrogen bonding in a semi-crystalline
network.

The manufacturing of starch films is obtained by two
techniques: the dry process and the wet process. The
dry process is based on extrusion of thermoplastic starch
(TPS). In this method the starch is plasticized and heated
above its glass transition temperature in conditions of low
water contents. In thewet process the starch is gelatinized,
whereupon a film is formed and dried. The wet process is
preferred to form edible preformed films, or to apply coat-
ings by dipping, brushing or spraying. Nevertheless, the
dry method is preferred for industrial applications.

Starch films have a good oxygen barrier at a low RH,
but high water vapor permeability. It’s common to use
lipids in combination with starch and the most popular
plasticizers are glycerol and sorbitol. The hydrophilic na-
ture of starch and retrogradation phenomena limit their
usefulness. Edible starch films and coatings are used in
bakery, fresh fruits, confectionary and meat products.

Cellulose, hemicelluloses and its derivatives

Cellulose is composed of (1-4)-α-D-glucopyranosyl units
and is insoluble in water and paper materials do not con-

stitute any significant barrier properties, with the excep-
tionmicro/nanobased cellulosic materials, discussed sep-
arately below. On the other hand, there has been extensive
research activities over many years in order to combine
bioplastics with paper/paperboard materials, e. g., Ander-
sson (2008), Aulin and Lindström (2011), Khwaldia et al.
(2010), Rastogi and Samyn (2015), Su et al. (2018). Water
soluble derivatives can be formed by etherification and the
commonly commercial cellulose ethers are: methyl cellu-
lose, carboxymethyl cellulose (Paunonen 2013), hydrox-
ypropyl cellulose, hydroxypropyl methyl cellulose (Gha-
dermazi et al. 2019), which all have good film forming
properties. Coatings of these derivatives have been applied
to various foods to provide barriers to moisture, oxygen
and oil resistance (Janjarasskul and Krochta 2010), but
none of these derivatives have gas barrier properties at the
high end of the scale.

There have also been extensive activities using hemi-
cellulose barriers, e. g., review by Ibn Yaich et al. (2015).

Chitosan

Chitin is a β-1,4-linked linear polymer of 2-acetamido-2-
deoxy-D-glucopyranosyl residues. It is made by treating
the chitin shells of shrimp and other crustaceans with
an alkaline substance, like NaOH. The cationic amino
groups of chitosan confers opportunities for chemical
modification because cationic groups can react with neg-
atively charged groups on polysaccharides such as car-
boxymethyl cellulose, alginate, pectins and various pro-
teins, extracts like beeswax and synthetic polymers, and
therefore there has been extensive investigations of chitin
films recently, see reviews (Dufresne et al. 2013, Elsabee
and Abdou 2013, Wang et al. 2018). Another advantage of
chitosan is the antibacterial properties of this polymer.
The cationicity has also been investigated with nanoclays,
layer-by layer films as well as polyelectrolyte complexes
for food packaging. A drawback is that chitosan is ex-
pensive, so new technologies are still needed for mass-
production of chitosan-based films to meet packaging ap-
plications.

Pectin

Pectins are water-soluble anionic polymers composed
mainly of (1→ 4)-α-D-galactopyranosyluronic acid units.
Pectins with a degree of esterification (DE) above 50% are
labeledhigh-methoxyl pectin (HMP) and thosebelow50%
are termed low-methoxyl pectin (LMP). The differences in
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methyl ester content and DE affect solubility and gela-
tion properties of pectin. The main industrial sources for
pectins are apple pomace and citrus peels. In general, ed-
ible films like pectin do not pretend to replace traditional
food packaging materials, but is used for specific food re-
lated functions like antimicrobial functions, such as anti-
browning, texture enhancers, probiotics, flavors etc. The
manufacture of films is done by using the casting method
or extrusion (Espitia et al. 2014, Janjarasskul and Krochta
2010).

Alginate

Alginate is a naturally occurring polysaccharide and is
mainly derived from brown algae species. Alginate is a lin-
ear (1 → 4) linked polyuronic acid molecule containing
three types of block structures. These highly anionic poly-
mers have the ability to form strong gel structures by react-
ing with multivalent cations.

Monovalent salts of alginates are water soluble, but
the solubility is limited at low pH-values. Alginate films
can be formed from evaporating solvent from alginate gel
or by a two-step procedure that involves drying of alginate
solution followedby treatmentwith a calciumsalt solution
to induce cross-linking at the interface. Film strength and
permeability can be altered by the concentration and type
of polyvalent cations.

The rate of its addition and time of exposure, pH, tem-
perature, and the presence of composite constituents are
important. Owing to their good O2 barrier properties, algi-
nate coatings can protect foods against oxidation but has
a highwater vapor permeability (Janjarasskul andKrochta
2010, Kester and Fennema 1986, Senturk Parreidt et al.
2018).

Carrageenan

Carrageenan is a complex mixture of several polysac-
charides. Three principal carrageenan fractions, kappa
(κ), iota (ι), and lambda (λ), differ in sulfate ester and
3,6-anhydro-α-D-galactopyranosyl content, which results
in various degrees of negative charge and solubility in
water. Thermo-reversible carrageenan gels can be used
as food coatings to retard moisture loss from an enrobed
food by acting as a sacrificing agent. Carrageenan has
been applied to a variety of foods to carry antimicro-
bials and to reducemoisture loss, oxidation, or disintegra-
tion (Janjarasskul and Krochta 2010, Kester and Fennema
1986).

Proteins

Proteins aremade up ofmany different amino acids linked
together. Amino acids can be categorized into various
groups on the type of interaction they create, such as co-
valent bonding, ionic, disulfide cross-linking or hydrogen
bonding. There are twenty different types of these amino
acid building blocks commonly found in plants and ani-
mals.

Only few of the many proteins are widely commer-
cially available for packaging applications, and high costs
and unfavorable technical properties make many proteins
less interesting for packaging. The intrinsic hydrophilicity
of proteins results in good adhesion to polar surfaces such
as paper materials and they provide good gas barriers but
have limited water vapor resistance. Cross-linking plays a
fundamental role for proteins in order to enhance theirwa-
ter vapor barriers. Procedures such as thermal crosslink-
ing, enzymes, such as transglutaminase can crosslink pro-
teins and disulfide crosslinking, or chemical crosslinking
using, e. g., glutaraldehyde, formaldehyde and glycol are
also commonmethods. Plasticizers are usually required in
the development of protein films in order to acquire the de-
sired physiochemical properties such as material flexibil-
ity.

There are two major processes for making protein
films: awet process basedondispersion and solubilization
of proteins and a dry process based on the thermoplastic
properties of proteins, when they are extruded.

It will be obvious that the proteins have many simi-
larities regarding their barrier properties. The oxygen per-
meability of proteins is very good at low RH-conditions
because of their hydrophilicity, but it also results in a
high water vapor permeability. Therefore, developments
focus often on multilayering or use of nanocomposites,
and the cost for that may be offset if the proteins are
cheap byproducts from other manufacturing uses of pro-
teins.

Most proteins havebeen subjected to various bionano-
composite materials and there are many recent reviews on
these investigations, e. g., Coltelli et al. (2015), Zink et al.
(2016), Zubair and Ullah (2020).

Casein and caseinates

Casein is the principal protein fraction in cowmilk, which
accounts for 80% of its total protein content and is used
ubiquitously by the food industry. Casein appears as mi-
celles with 50–300nm micelles and is relatively heat sta-
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ble. In contrast to whey proteins, caseins lack sulfhydryl-
groups, hence they do not show the typical denaturation
behavior of proteins.

Caseins are precipitated from the milk by adjusting
the pH to the isoelectric point. Casein tends to aggregate
once dried but the functionality of the protein can be re-
stored by re-neutralization using alkali. The Na-caseinate
(NaCAS) can be dissolved in water and forms easy to films.
Like most proteins NaCAS shows a high water vapor per-
meability, but shows a higher oxygen barrier than non-
ionic polysaccharides, and has high cohesive energy den-
sity and a low free volume (Miller and Krochta 1997). It has
been reported that carnaubawax and glycerol had a strong
effect on the water vapor barrier. Whereas glycerol had
increased the permeability, the carnauba waxes strongly
decreased the permeability. There have been many ef-
forts to crosslink casein in various ways, but the effects
of an enhanced water vapor barrier have not been con-
firmed. On the other hand, the water vapor permeability
can be enhanced bymolecular weight and developed crys-
tallinity (Coltelli et al. 2015, Khwaldia et al. 2010, Zink et al.
2016).

Whey proteins

Whey protein is the soluble part of the milk and consti-
tutes about 20% of the total amount of the proteins. As
whey protein is a by-product of cheese and casein man-
ufacturing, it’s highly available but still underused due to
its highwater content andhigh processing and transporta-
tion costs.

In order to manufacture whey proteins, they are pro-
cessed by membrane and ion exchange chromatogra-
phy techniques, followed by spray drying to create pu-
rified whey protein isolate powders (WPI). WPI contains
above 90% protein based on dry matter and comprise
α-lactalbumin and β-lactoglobulin in a ratio of 1:4 when
manufactured using the membrane process and some-
what less α-lactalbumin when employing the chromatog-
raphy process. ß-lactoglobulin contains disulphide bonds
and a free thiol group, which can form disulphide bridges
once themolecule is unfolded. Due to the crosslinking and
intermolecular hydrogenbonds,wheyproteins provide ex-
cellent oxygen barrier properties and at low RH, the oxy-
gen permeability is in the range of EVOH polymers and is
therefore useful to improve the oxygen barrier properties
of food packaging. Whey proteins are also useful for oil
resistance (Coltelli et al. 2015, Khwaldia et al. 2010, Zink
et al. 2016).

Gelatin

Gelatin refers to a purified and modified collagen protein.
Collagen is the primary component in animal connective
tissue such as cartilages, skins and bones and appears in a
fibrous triple helical structure consisting of three proteins.

There are two types (A and B) that are synthesized
by partial hydrolysis of collagen proteins. The type A is
extracted by acid hydrolysis, whereas the B-type is pre-
pared by solubilization with alkali at a temperature be-
tween 60–90 °C. Gelatin is a heterogeneous mixture com-
prising glycine, 4-hydroxyproline and proline contents.
Gelatin has suitable film forming properties with good ad-
hesiveness andgoodbarrier properties against oxygen and
aroma but is brittle and plasticizers, e. g., polyvinyl alco-
hol (PVA) and sorbitol, are necessary for most applica-
tions. The best treatments for improving the water vapor
barrier has been found to be enzymatic treatments, be-
cause of the fact that the polymer is partly hydrophobic.
Cross-linking is not significant for the oxygen barrier prop-
erties (Coltelli et al. 2015, Khwaldia et al. 2010, Zink et al.
2016).

Wheat gluten

Wheat gluten is known to form elastic networks for a
wide range of bakery and other food products since cen-
turies. Gluten is a generic term for more than 50 differ-
ent electrolyte insoluble wheat flour proteins of different
classes representing up to 85% of all proteins. Gluten con-
tains glutelin, prolamin fractions, referred as glutenin and
gliadin, respectively. Although insoluble in most natural
waters, wheat gluten can be dissolved in aqueous solu-
tions at high or low pH-values (avoiding the isoelectric
point of proteins) at low ionic strength.

The ability of glutenin to form covalent disulphide
bonds and covalent bonds with tyrosine side chains ac-
count for the elastic properties of gluten networks.

The manufacture takes place by shearing wheat flour
with water, which enables the separation and purification
of aggregated wheat gluten in industrial scale, while sep-
arating the starch, fibres and other components in the wa-
ter.

Gluten films are typically prepared fromaqueous alco-
holic protein solutions. The manufacturing of gluten films
takes place by solvent coating, aided by mechanical mix-
ing, heating as well as adjustments to acid and alkaline
conditions. The breaking of native disulphide bonds takes
place during heating, resulting in free thiol groups, which
can form new bonds during drying.
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As with other hydrophilic proteins, gluten films have
good oxygen barriers at low RH while the water vapor
barriers are low. Films prepared from the glutenin frac-
tion showhigher water vapor permeability than those pro-
duced by the gliadin fraction (Coltelli et al. 2015, Khwaldia
et al. 2010, Zink et al. 2016).

Soy protein

Proteins from soy consist of two principal components and
about 20% stems from water soluble albumins, whereas
the major fraction exists of large globular storage pro-
teins. In soy, these proteins are named ß-conglycinin and
glycinin. The aqueous extraction procedure to manufac-
ture soy protein isolates (SPI) is based on alternating in-
creases and decreases in the pH, akin to other protein ex-
traction procedures. The soy protein isolates are usually a
by-product from the soybean oil industry. Soybean films
show good-film-forming properties and is useful for edi-
ble films and coatings and are often produced by aqueous
casting. The plasticizer mainly used is glycerol and by us-
ing plasticizers, dry processes like extrusion can also be
possible. Like other protein films the oxygen permeability
is reasonably good, but the water permeability is high, but
it has been observed that thermally induced cross-linking
of the barriers can decrease the water vapor permeability
(Coltelli et al. 2015, Khwaldia et al. 2010, Zink et al. 2016).

Corn Zein

Corn contains all the Osborne fractions of proteins (al-
bumins, globulins, prolamin and glutelin). The prolamin
fraction is named corn zein or corn gluten and is the prin-
cipal component in corn, where it represents about 50%
of the protein followed by glutelin. The protein composi-
tion varies, however, widely depending on the corn vari-
ety. Zein consists of a polypeptide with amolecular weight
of 85 kDa or higher and zein dissolves in 70–80%aqueous
ethanol or pure propanol and is insoluble in water at room
temperature. The commercialmanufacture of zein is based
on products extractedwith aqueous-alcoholic and contain
a purity greater than 90%. Themanufacturing of zein pro-
tein isolates (ZPI) is more sophisticated than proteins from
other plants and therefore zein isolates are quite expen-
sive. The barrier properties suffer similar disadvantages as
other proteins, so to produce efficient barriers, the devel-
opments of multilayering products are considered similar
to the above proteins (Coltelli et al. 2015, Khwaldia et al.
2010, Zink et al. 2016).

Lipids, waxes, and resins

Many lipids, waxes and other resin materials have been
utilized as protective coatings against moisture transfer.
There are disadvantages of employing these materials in
packagingmaterials, such as their waxy taste and texture,
greasy surface, and potential rancidity. The lipid compo-
nent in formulations reduce the water transmission and
the hydrocolloid component serve as a gas barrier and pro-
vide some strength and structural integrity.

Waxes are esters with a long-chain fatty acid with
a long-chain alcohol. Waxes are more resistant to diffu-
sion of water than lipids owing to their low level of polar
groups. Typical waxes are carnauba wax, candelilla wax,
rice branwax, beeswax and syntheticwaxes such as paraf-
fin wax and petroleum wax and have been used as pro-
tective coatings alone or as components with other ingre-
dients. Edible resins such as shellac, terpene and wood
resin have also been used in various formulation (Aulin
andStröm2013, Janjarasskul andKrochta 2010, Kester and
Fennema 1986).

Nanotechnologies and food
packaging

From the very beginning of the emergence of various
nanotechnologies, such technologies were considered to
have a high potential for food packaging. Nanotechnolo-
gies have, however, failed to have the large expected use,
mainly because of uncertainties regarding safety issues,
life-cycle consideration, recycling etc. which have limited
legal and consumer acceptance. Regulatory and toxicity is-
sues, migration issues, as well as environmental consider-
ations and various nanotechnology applications for pack-
aging have been given extensive reviews recently (Wyser
et al. 2016, Din et al. 2020).

The range of nanomaterials and nanotechnologies are
extremely broad and span into the fields of active and in-
telligent packaging in various forms such as oxygen scav-
engers, antimicrobial packaging, freshness indicators, in-
teractive packaging etc, and are not considered in this con-
text.

During the last decades, a number of different routes
to develop new types of packaging materials, such as the
use of nanocellulose, nanoclays, LbL technology and poly-
electrolyte complexes. Apart from these technologies, a
general trend in the literature is the focus on different
blends of materials, see, e. g., Din et al. (2020).
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There is also the field of nano-inspired oxygen barrier
coatings, which dates back to the end of the last century,
when the Ormocer® coating technology was developed at
the Fraunhofer institute (Haas et al. 1999). This was prob-
ably one of the first relevant examples for food packag-
ing applications using nanocoatings (Rovera et al. 2020).
It should be mentioned that there is a large field of ad-
vanced hybrid organic-inorganic nanomaterials with nu-
merous different applications (Sanchez et al. 2011).

A selected number of general reviews are suggested
to mirror these developments (Amass et al. 1998, Duncan
2011).

Nanocellulose and food packaging

The original inventors of microfibrillar cellulose (Herrick
et al. 1983, Turbak et al. 1983), later called nanofibrillar
cellulose or cellulose nanofibrils (CNF) in the late 90s
were simply produced by delamination of fibres through
high-pressure homogenizers, but later it was understood
that chemical/enzymatic treatment and hydrolysis pre-
treatments of pulps could decrease the energy consump-
tion during delamination to a large extent and could also
produce materials with a higher content of the elementary
fibrils.

There are three major families of nanocellulosic ma-
terials: CNF (width: 5–60nm; length over a micrometer),
cellulose nanocrystals (CNC) (width 5–70nm; length 100–
250nm) and bacterial nanocellulose (width 20–100nm;
length exceeding micrometers) (Klemm et al. 2011) and
there are numerous reviews on themanufacture and prop-
erties of CNF materials in the field, e. g., Klemm et al.
(2011), Moon et al. (2011), Isogai et al. (2011), Siró and
Plackett (2010) to which the reader is referred to regard-
ing their manufacturing processes and properties. In the
context of food packaging materials, the CNF materials
are in focus. Apart from the mechanical properties of CNF
films and composite materials, their oxygen and moisture
permeability together with grease and oil resistance is in
focus. It should be noted that CNF materials have been
found to be a better gas barrier than CNC materials (Bel-
bekhouche et al. 2011). There is an extensive number of
publications and many excellent reviews on the use of
CNF materials in the field of packaging, e. g., Abdul Khalil
et al. (2016), Bharimalla et al. (2019), de Azeredo et al.
(2017), Ferrer et al. (2017), Hubbe et al. (2017), Lavoine
et al. (2012), Lavoine et al. (2014), Scaffaro et al. (2016).
When it comes to the oxygenbarrier properties, itwas early
recognized that highly charged films produced higher den-
sity films compared to non-treated fibres or enzymatically

Figure 5: Oxygen permeability of the original TOCN-COONa and ion-
exchanged TOCN-COOM films under various conditions (Shimizu
et al. 2016).

treated films (Aulin et al. 2010a, 2010b, Fujisawa et al.
2011, Minelli et al. 2010, Syverud and Stenius 2009). Ba-
sically, the higher the charge density, the higher is the film
density and the oxygen permeability decreases the higher
the carboxyl group content as illustrated in Table 3.

Another very important factor is the effects of the
counterion. It has been found that if the sodium salt is
exchanged to a cation of higher valency, e. g., Ca2+, the
oxygen permeability decreases two orders of magnitude,
as shown in Figure 5. As the authors (Minelli et al. 2010,
Shimizu et al. 2016) discussed, there is no simple order in
terms of metal ion valency and the oxygen permeability
is considerably lower for the Ca2+ ion compared with the
Mg2+ ion, which is not easy to understand, but is an in-
teresting result. The upscaling is not straightforward as
anion-exchange in water will induce flocculation, which
may destroy the films if the ion-exchange isn’t made by
repressing the water through the film as the investigators
did.

Because of a high crystallinity and a high cohesive
energy density such films have a superior oxygen barrier
compared to other polymers (Figure 6) but only at a low
relative humidity. At a high relative humidity the oxygen
barrier is destroyed and the permeability increases with
several orders ofmagnitude (Figure 7). This is by nomeans
surprising as the moisture content swells the films and
open up the films for gas transfer. All biodegradable ma-
terials sorb moisture so a low oxygen barrier is akin to all
biopolymers.

The films have a density close to the density of cel-
lulose, indicating little porosity, but only at higher basis
weights than 3–5 g/m2. Obviously, there are more pores
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Table 3: Characteristics of sodium carboxylated CNF films on 50 micrometers PET-films at 0% RH. Adapted fromWang et al. (2017).

Oxygen permeability (cm3 mic./m2 day) Coating (mic.) Carboxylate (mmol/g) Dp Density (g/cm3)

0.17 1 1.74 1440 1.47
4 1,5 1.5 550 1.43
4 1 1.4 400 1.45

10 1 1.2 550 1.11
107 2 0.8 690 1.10

1293 5 0.3 920 1.13

Figure 6: Oxygen permeability and water vapour permeability of
some polymers at 50% RH (Aulin et al. 2010a).

at the surface of the films, which was also concluded by
Minelli and co-workers (Minelli et al. 2010).

When it comes to the moisture barrier properties of
CNF-films they are inherently inferior because of themois-
ture uptake. The use of waxes, such as paraffin, candelilla,
carnauba, beeswax to decrease the moisture and water
barrier properties of paper has been known to papermak-
ers for more than 100 years, see, e. g., Minelli et al. (2010),
Donhowe and Fennema (1993) but has also been inves-
tigated for nanocellulose, e. g., Spence et al. (2011) and
alkyd resins (Aulin and Ström 2013, Dufresne 2018) and
beeswax (Hult et al. 2010).

At this point it should also be remembered that
nanocellulosic materials have been extensively investi-
gated as green nano reinforcements for polymer nanocom-
posites (Dufresne 2018).

Nanoclays in food packaging

The first steps toward the fabrication of polymer-clay hy-
brid materials goes back the developments Toyota Cen-
tral Research and Development Laboratory in the mid
80s. The technology was demonstrated with a nanome-

Figure 7: Oxygen barrier properties for a carboxymethylated CNF at
different relative humidities (Aulin et al. 2010a).

Figure 8: Illustration of the tortuous pathway created by incorpora-
tion of exfoliated nanoclay in a polymer matrix film (Duncan 2011).

ter sized composite of nylon-6 and a nanometer thick ex-
foliated aluminosilicate (Kojima et al. 1993). This consti-
tuted a new type of composite material that could exhibit
large improvements in mechanical, barrier properties and
high transparency by means of nanofiller geometry and a
high surface area exceeding higher than 500m2/g. The in-
creased diffusion distance for a penetrant through a film
is caused by the increased tortuosity, which decreases the
gas penetration, see the cartoon in Figure 8. The primary
mechanism is the tortuosity pathway, but there is also
changes in the polymer-particle interaction at the inter-
face region. If there is a strong interaction between the
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Figure 9: Three types of composites when layered clays are incorporated with a polymer: a) tactoid, phase separated microcomposite; b) in-
tercalated nanocomposte; c) exfoliated polymer-clay nanocomposite (Duncan 2011).

nanoparticle and the polymer, the polymer interface can
be immobilized, which causes a decreased hopping rate
between free volumes a fact that has been observed via
positron annihilation lifetime spectroscopy (PALS), see,
e. g., Choudalakis and Gotsis (2009).

The nanoclays could have a thickness in the order of a
few nm and flakes with a width up to 100nm. The nan-
oclays investigated for this purpose are mostly from the
group of 2:1 phyllosilicates, including minerals such as
montmorillonite, hectorite, saponite, vermiculite. Mont-
morillonites (Si8) (Al4−yMgy) O20 (OH)4) are by far themost
investigated minerals among the phyllosilicates. A wide
range of nano-biocomposites have been investigated such
as. PCL, PLA, PHA, starches, chitosan etc. (Alexandre and
Dubois 2000, Giannelis et al. 1999, Rhim et al. 2013, Rhim
and Ng 2007, Sinha Ray and Okamoto 2003, Sinha Ray
et al. 2002).

The phyllosilicates mainly present three different
multi-scale structures as shown in Figure 9:
a. Aggregated particles (tactoids), where the size of the

particles is from 0.1micron to 10microns (microcom-
posite structures).

b. Aggregated particles with a thickness of 10 nm. Inter-
calated structures are obtained by a moderate expan-
sion of the clay interlayer.

c. Disc or a platelet having a width from 10nm up
to 1micrometer and a thickness of 1 nm. (Exfoliated
structure). The clay should be exfoliated into a sin-
glet platelet and distributed homogeneously through-
out the polymer matrix to take full advantage of the
high surface area of the clays.

The incorporation of the nanoclay,may be carried outwith
three major procedures:
a. In situ polymerization. In thismethod layered silicates

are swollen into a monomer solution, but this can ob-
viously not be the case for polysaccharides, as they are
synthesized during growth.

b. Solvent intercalation. This process is based on a sol-
vent system that can swell the silicate layers (aque-
ous systems) and this is the natural way for polysac-
charides, which can be melt processed due to thermal
degradation.

c. Melt intercalation process.

The clays have in general a negative charge resulting from
the fact that the silica (Si4+) is substituted by aluminium
cations (Al3+) in the clay structure. The negative charges
are very important for the dispersion of the flakes into the
polymeric matrix and it’s important to be able to modify
their surface characteristics through ion-exchange reac-
tions.

Generally, many matrix materials are hydrophobic
and it is important to reduce the interfacial energy or re-
ducing the cohesive force between the clay and thematrix.
For hydrophobic matrix materials the most used method
is to use ammonium cations attached to long chain alkyl
chains (C14–C18).

The use of nanohybrid composites for food packaging
started some 15 tears ago, e. g., Chivrac et al. (2009), Dun-
can (2011), Ray et al. (2002), Sorrentino et al. (2007), Yang
et al. (2007) and there are also several recent reviews in the
field (Attaran et al. 2017, Kuswandi 2017, Youssef and El-
Sayed 2018).
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Figure 10: The effects of various types of montmorillonites on the carbon dioxide, oxygen and nitrogen permeability of PLA-clay composites
(Rhim et al. 2013).

The tortuous diffusion of gas has also been modelled
byNielsen (1967) assuming the that theplatelets are evenly
dispersed throughout the matrix and supposes the tortu-
osity is the only factor influencing the gas diffusion. In this
model the gas permeability is given by the following equa-
tion:

Kcomposite/Kmatrix = (1 −⌀)/(1 + 0.5α⌀)

where the K-values represent the permeabilities of the
composite structure and of the matrix in absence of the
platelets and ⌀, the volume fraction of the platelets and
α, the aspect ratio of the of the platelets. Assuming a 10%
volume fraction and an aspect ratio of 100, the gas diffu-
sion rate should decrease 12.5% of the gas diffusion in the
polymer matrix. The Nielsen formula has also been veri-
fied by Choudalakis and Gotsis (2009).

An investigation of the gas permeation through
nanohybrid materials (Attaran et al. 2017, Choudalakis
and Gotsis 2009, Rhim et al. 2013) also reveal that the gas
permeation (oxygen and moisture permeation) decreases
less than an order of magnitude, which is helpful but re-
quires additional measures to combat an inferior gas per-
meation. Figure 10 displays, for instance, typical data on
the effects of different montmorillonite on the oxygen per-
meability of PLA-clay composites.

Biodegradability of bio-nanocomposites is one of the
most interesting, but also controversial issues. Since the
purpose for using biopolymers in nanocomposites mate-
rials is to utilize the biodegradability, it is important to
secure that these composites are biodegradable. Most in-
vestigations have beenmade on PLA-nanocomposites and
indeed it has been found that the biodegradability is en-
hanced in the nanocomposite when compared with the
PLApolymer, see, e. g., reviews (Duncan 2015, Kumar et al.
2009, Rhim et al. 2013). The enhanced biodegradability

may be explained by the high hydrophilicity of the clay,
allowing an easier permeability of water into the polymer
matrix and activating the degradation process.

Most investigations on nanocomposites have been
executed on thermoplastic fossil-based polymers and
there are only a smaller number of investigations on
bio-nanocomposites, but still a considerable number of
reviews, e. g., de Azeredo (2009), Ghanbarzadeh et al.
(2015), Rhim et al. (2013), Reddy et al. (2013), Tang et al.
(2012).

There is another related area to montmorillonite,
namely Layered Double Hydroxides (LDH’s), which is a
class of lamellar anionic clays. The first was termed hy-
drotalcite, it was found in a Norwegian geological spec-
imen. The LDH’s aspire to replace aluminium packaging
to enter the area of high barrier food packaging (Yu et al.
2019). The synthesis of LDH nanosheets is, however, ex-
tremely demanding because the very high in-plane charge
density need to be over-comed requiring demanding ex-
foliation procedures, but has created orders of decreased
oxygen and water vapor transmission rates.

Layer-by Layer assembly to improve barrier
properties

Lbl-assembly is a technology to build multifunctional thin
films through alternating exposure of a substrate to aque-
ous cationic and anionic polymers, see Figure 11. Instead
of utilizing charged polymers the assembly can be built
using nanoclays like montmorillonites, vermiculites etc.
and various nanocellulosic substrates. The thickness of
such films depends on the number of layers and the ad-
sorption thickness. The adsorption thickness is depend-
ing on a number of many variables such as Mw of poly-
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Figure 11: Outline of LbL assembly through electrostatic interaction
(Duncan 2011).

mers used, pH, ionic strength and type of counterion, de-
position mixture and the relative humidity of the manu-
facturing environment. Typically, the films are fabricated
to a thickness of 1–100nm. This technology can be used to
build Lbl layers by using various polyelectrolytes, but also
using nanoclays and various nanocellulosic materials. Af-
ter the report by Iler (1966) the group of Decher (Decher
1997, Decher and Schlenoff 2003) first realized and estab-
lished the Lbl assembly and a recent review is also avail-
able (Richardson et al. 2015) reviewing the various Lbl-
categories: i) immersive, ii) spin, iii) spray, iv) electromag-
netic, and v) fluidic assembly.

This method is a very elegant way to build multi-
layers though the method has its disadvantages with the
upscaling (multiple deposition technology) of the tech-
nology and is not applicable for many kinds of non-
amphiphilic materials (Ariga et al. 2007). By alternatively
depositing oppositely charged materials conformal and
ultra-thin coatings can be prepared by the Lbl- technol-
ogy from aqueous environments (Li et al. 2020, Richard-
son et al. 2015). Lbl assembly is a nanocoating technology
for gas barrier and gas separation coating (Qin et al. 2019a,
2019b, Song et al. 2018).

Interestingly, Lbl manufactured from PEI and CMC or
CNF outperforms CNF-films with respect to oxygen perme-
ability (Aulin et al. 2013). It was early found that Lbl man-
ufactured from PEI and montmorillonite clay had such a
low oxygen transmission 0.013 cc (m2 day atm) that it was
below the detection limit of commercial instruments (Pri-
olo et al. 2010) (see Figure 12).

Despite excellent oxygen barriers polyelectrolyte mul-
tilayers (PEM) (Song et al. 2018) coatings have very limited
moisture barrier coatings, loosened chain packing and
higher chain mobility (Qin et al. 2019a). There are, how-
ever, approaches that may alleviate this problem. Hence,
it has been shown that SiOx sandwich between two PEM
layers based on PEI and polyacrylic acid had a very high
moisture resistance (Qin et al. 2019b).

Figure 12: Oxygen permeability values for “brick wall” films of var-
ious bilayer numbers formed from branched poly(ethylene imine)
(PEI) and sodium montmorillonite at pH 10 (Priolo et al. 2010).

Multilayer micro and nanolayer co-extrusion

Whereas, there has been extensive work on Lbl using dip
coating, spraying and spin-coating, the upscaling of these
technologies is often not suitable for large scale applica-
tions with the solvent manipulation. Multilayer (micro-
nanolayer) coextrusion is such a technology (Li et al. 2020,
Zhang et al. 2019), were layered composites can be manu-
facturedwith up to thousands of layers. This technology is
not newbutwas developed by theDowChemical company
in the 70s (Ponting et al. 2010). The uniqueness of this co-
extrusion technology is the combination of conventional
coextrusion of two or more polymers in a layered feed-
block with additional layer multiplication accomplished
through a series of multiplayer dies. This design creates a
highly flexible and novel process for production of poly-
mer film with tens to thousands of layers, see Figure 13.

There are very few investigations dealing with this
high barrier technology using biodegradable polymers,
but this melt processing technology has been demon-
strated at MIT using polyvinyl alcohol and polyhydrox-
yalkanoates (Thellen 2010).

Polyelectrolyte complexes (PEC)

The discussed Lbl technology has many advantages, but
from a technological point, the many processing steps to
make Lbl-films is an inherent disadvantage. It has, how-
ever, been shown that the sedimentation of PEC has been
shown to produce coalesced and uniform thin films (Ball
et al. 2013, Cain et al. 2014). Thin PEC-films have also been
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Figure 13: (Left) Two component multilayer system comprised of extruders, pumps, feedblock, multiplying dies, surface layer extruders, and
exit die. (Right) Below: Layering structure of the composites (Li et al. 2020).

manufactured by spraying oppositely charged polyelec-
trolytes onto a substrate but in fewer steps similar to Lbl-
films (Lefort et al. 2010, Porcel et al. 2005).

The formation of polyelectrolyte complexes is driven
by the entropy gain, when the counterions are released
from the polyelectrolytes and an interesting array of in-
teresting morphologies are formed and there is an exten-
sive number of publications to make PEC-films from op-
positely charged biopolymers for food-packaging applica-
tions, see, e. g., Chi and Catchmark (2018a, 2018b), Far-
ris et al. (2009), Ibn Yaich et al. (2015). These blends have
been shown to have desirable gas-barrier properties when
deposited onto substrates and has opened up opportu-
nities for engineers to make novel food packaging sys-
tems. Nonetheless, the gas and water barrier properties
of biopolymers are impaired at high relative humidities,
which limits their applications in food packaging applica-
tions.

It should, however, be pointed out that the very thin
films of PEC materials using non-biobased materials may

not be a problem with regard to microplastic if non-
biobased PEC-films are deposited onto biobased plastics.
Such systems constitute a viable route to efficient food
packagingmaterial also at high relative humidities. It has,
for instance, been shown that a PEC-system of poly (di-
allyldimethylammonium chloride) and poly(acrylic acid),
albeit not on a biobased substrate, but on a poly (ethylene
terephtalate) film, decreased the oxygen transmission two
orders of magnitude (Smith et al. 2018).

It should be pointed out that there are numerous pa-
rameters that must be controlled making PEC-systems:
Apart from the choice of polymers theMw of the polymers,
mixing order, the extent of homogenization and the poly-
electrolyte concentrations, pH, electrolyte conc. and zeta-
potential affect the variousmorphologies of the complexes
(Sæther et al. 2008). It’s very difficult to control the mor-
phology at the iso-electric point of the complex because of
coagulation and some charge overcompensation is neces-
sary for control of the morphology as discussed by Fares
and Schlenoff (2017).
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Finally, there is an emerging area of PECwith nanocel-
lulosic materials that are promising, see, e. g., Chi and
Catchmark (2018a).

Safety issues, and toxicity of
nanomaterials in food packaging
Whereas, nanoclays like montmorillonites are considered
as generally recognized as safe (GRAS) organomodified
clays may not be safe. In food packaging, using hy-
drophobic barrier materials, the nanoclays are organi-
cally modified to allow for better exfoliation within the
polymer matrix. The organic modification generally oc-
curs through an ion-exchange reaction with a positively
charged ion present between the nanoclay platelets. Ex-
amples of organomodified nanoclays used in food pack-
aging are modifications like aminopropyltriethoxysilane
and octadecylamine (Nanomer I.31PS), which have raised
some concern, because they show some toxicity (Wagner
et al. 2017).

This concern relates to the release of such nanoclays
duringmanufacturing and disposal of food packagingma-
terials, which may pose health concerns if the exposure is
via inhalation and or ingestion routes.

The conclusion, however, is that the probability of mi-
gration into foods is very low as long as the nanoclays
are completely embedded in the polymermatrix. However,
due tomechanical impact, nanoparticlesmaycome in con-
tact with the food. Therefore, it is important to investigate
migration of nanoparticles before and after flexing of food
packaging materials (Bandyopadhyay and Ray 2019).

For nanocellulose there have been an overwhelming
number of cytotoxic studies on nanocellulosic materials,
basically concluding that there are no cytotoxic effects as
defined by ISO Standard 109993-5, i. e. it does not reduce
the cell viability by more than 30%, see, e. g., Camarero-
Espinosa et al. (2016), Shatkin and Kim (2015).

There is, however, a concernover occupational inhala-
tion exposure with handling of nanocellulose nanomate-
rials as dry powder and this has been the highest priority.

Basically, particles in the size of 5–50nm can be stuck
in the Alveolar part of the respiratory tract. Such particles
are dangerous for the human health, because there are no
enzymes breaking down cellulose in the lung tract and
their bioduration will cause concern. Even though wood
cellulose pulp, powdered cellulose, and microcrystalline
cellulose are considered as safe materials, wood and cot-
ton dust may contain cellulose nanoparticles among other
constituents of wood and such dust has been shown to

be cancerogenic and a well-known example is cotton dust
in cotton factories. The current state of the risk analysis
of nanocellulose materials by inhalation is that the qual-
ity of the available studies is generally inadequate for risk
assessment (Ede et al. 2019). There are, however, numer-
ous different nanocellulose materials, treated in different
ways, having widely different morphologies and size dis-
tribution, and moreover they are difficult to characterize,
which was a reason that a number of scientists recently
published an extensive review and characterization issues
(Foster et al. 2018, Shatkin 2020)

In conclusion, it’s the occupational air dust exposure
for both nanoclays and nanocellulose, which are of con-
cern and appropriate engineering approaches must there-
fore be taken into account to assure the safety measures
(Shatkin 2020).

Outlook

It is clear that nonbiodegradable plastics poses a major
problem to the environment. Hydrophobic microplastics
in the marine environment serve as a vector for the assim-
ilation of persistent organic pollutants in the oceans and
are transported into the food chain via marine life and an-
imals in general. This constitutes a challenging threat to
wild-life and also to the safety of foods in general. On the
other hand, fossil-based plastics have a tremendous role
for the preservation of foods and their security aspects and
it’s obvious that a single solution to secure food safety and
these large environmental problems are not at hand. His-
torically, the use of biodegradable polymers has been con-
sidered as a solution to these environmental problems, but
the evolution of biodegradable plastics has been retarded
not only by economics due but to their inferior barrier
properties, but also because that all biodegradable poly-
mers must be susceptible to water sorption, which spoils
the barrier properties at high humidities.

The European Commission has recently published a
Green deal with strategies for a circular economy and for
an industrial strategy. Requirements are published for an
increased recycling and an inmixing of recycled plastics in
new products as well as replacement of fossil based plas-
tics. Microplastics are of special concern with restrictions
of unintentional usage as well as promotion of biobased
plastics.

The survey addresses food packaging demands and
requirements for a safe food contact. Oxygen and humid
barriers are essential properties of food packaging, which
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need to be addressed for alternative bioplastics. The sur-
vey describes some different materials to replace the tradi-
tional food safety plastics. A problem is the non-existence
of a single replacement material, which will fulfill these
requirements. There is a need for a combination of sev-
eral materials in sandwich constructions and layer-by-
layer techniques are identifiedoptions to achievebothoxy-
gen and humidity barriers suitable for food packaging.

The evolution of biodegradable plastics points in sev-
eral different directions: Firstly, the biodegradable poly-
mers have not been enjoying large upscaling and its asso-
ciated economic advantages. Secondly the use of blends
between different biodegradable polymers to cope with
economics (e. g., use of starch blends) and optimizing
barrier performance and other properties and finally the
emerging field of various nanotechnological solutions dis-
cussed in this review. Nanotechnology is of great interest
with promising barrier properties. There is, however, the
uncertainty regarding safety, toxicity and life-cycle consid-
erations of nanomaterials, public skepticism and a legal
acceptance needs to be taken into account.

It is obvious that there is not one solution like com-
posting or incineration and othermeasures thatwill be the
key to the alleviation of the environmental hazards, but
a broad palette of technical and political solutions (leg-
islative) that must be managed and will constitute a major
challenge for mankind.
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Abbreviations

CNC cellulose nano crystals
CNF cellulose nanofibrils
DE degree of esterification
DMT dimethyl terephthalate
EOL end-of-life
EPS Expanded polystyrene
EVOH ethylene vinyl alcohol
GRAS generally recognized as safe
HMP high-methoxyl pectin
LBL layer-by layer
LDH Layered Double Hydroxides

LDPE low-density polyethene
LMP low-methoxyl pectin
MAP modified atmospheric packaging
Mw molecular weight
MT metric tons
NIR near infrared
OTR oxygen transmission rate
PAH polycyclic aromatic hydrocarbon
PALS positron annihilations lifetime spectroscopy
PBS polybutylene succinate
PBAT poly(butylene adipate-co-terephthalate)
PCB polychlorinated biphenyl
PCL polycaprolacton
PE polyethylene
PEC Polyelectrolyte complexes
PEM Polyelectrolyte multilayers
PET poly (ethylene terephthalate)
PHA polyhydroxyalkanoate
PHB poly(hydroxybutanolate)
PLA polylactic acid
PLGA poly(lactic-co-glycolic acid)
PP polypropylene
PPWD Packaging and Packaging Waste Directive
PVA polyvinyl alcohol
PVC polyvinyl chloride
SPI soy protein isolates
SUP single use plastic
TPS thermoplastic starch
UV ultraviolet
VIS visible spectroscopy
WPI whey protein isolate powders
WVT water vapor transmittance
ZPI zein protein isolates
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