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PET Polyethylene terephthalate

PHA Poly hydroxyalkanoate

PHB Polyhydroxy butyrate

PHBV  Polyhydroxybutyrate-co-hydroxyvalerate
PLA Polylactic acid

PP Polypropylene

PVA Polyvinyl alcohol

ROP Ring-opening polymerization

SEM Scanning electron microscopy

TGA Thermogravimetric analysis

WHO World health organization

WSC Water-soluble chitosan

WVPC  Water vapour permeability coefficient
WVTR  Water vapour transmission rate

1 Introduction

Human activities have already brought about changes to the ecological system
worldwide, thereby giving rise to global warming and pollution. These problems
have led to increased environmental degradation, which is destroying many things.
Many plastic packaging industries are trying to minimize their reliance on synthetic
materials in order to reduce toxicity levels [47]. Therefore, new environmental
guidelines are forcing the exploration of novel packaging materials that are com-
patible with the environment. Such materials are currently being developed from
various natural resources, among which biopolymers are the most popular.
Biopolymers have many advantages compared to petroleum-based plastics in terms
of performance, processability, and biodegradability [82]. There are several types of
biopolymer matrices including polylactic acid (PLA), polyvinyl alcohol (PVA),
polyhydroxy butyrate (PHB) and starch-based polymers. The poor gas and water
barrier properties, unstable mechanical properties and weak resistivity of plastics
have limited their use in various applications [55]. Therefore, to improve their
mechanical and barrier properties, and to impart novel features to them, biopoly-
mers are reinforced with various nanofillers for the development of
nanocomposites.

1.1 Nanocomposites

Various terms have been used for advanced multifunctional packaging such as
smart, active, and intelligent packaging. The idea behind using such terms for this
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technology is to describe the selected reaction of a certain type of packaging when
located in different environments. This reaction allows the smart or active pack-
aging to sense changes in certain properties of food products and report them to the
customer [40]. Active food packaging materials encompassing nanocomposites
play several roles, including those of protecting food products from the outside
environment, as well as increasing their shelf life by preserving their value for a
longer period of time [79]. Other than that, smart packaging materials prevent
oxidation of the food item from taking place, hence delaying its deterioration. They
also function as a moisture controller, anti-microbial agent and freshness indicator
[40]. Thus, active and intelligent packaging systems also deal with nanocomposite
materials when they show ideal properties of smart packaging through their
features.

Nanocomposites have been used in recent years in many industries such as in
textiles, home decorations, packaging, furnishings, and agriculture. The application
of natural fibers in nanocomposite materials is not a serious concern due to new
technologies on the fabrication of synthetic fibers [79]. These synthetic fibers are
mass produced for application in various industries. However, during the fabrica-
tion of these fibers, pollutants are produced that have an effect on the environment.
The structure of biopolymer plastics tends to limit their application when there is a
lack of reinforcement such as nanofillers or nanofibers [55]. Synthetic fibers are
improved by reinforcement with nanofibers to enable them to be used in packaging
applications. During this phase, the load is transferred by the matrix to the nano-
fibers. Apart from the mechanical and thermal properties, permeability is consid-
ered to be the most important parameter in the selection of materials for food
packaging applications [40]. A high resistance to vapour and moisture is important
when choosing a suitable polymer-based plastic. Bio-nanocomposites provide an
excellent balance in mechanical, thermal and barrier properties.

The incorporation of nanofillers from inorganic and organic natural fibers can
lead to green food packaging [43]. Natural fibers are more compatible with the
environment than other fibers because they are biodegradable and renewable. In
addition, these materials are cheap and have a low level of toxicity [49]. Nanofibers
are measured in nanometres (10~° m), and the term ‘nano’ relates to a range of
nanoparticles. The measurement of the diameter of nanoparticles changes to
nanometres following the shrinkage of micrometre materials. Deepa et al. [13]
mentioned that the nanometre measurement of constituents is equivalent to being
80,000 times thinner than that of the hair of a person. However, this depends on
whether the nanocomposite materials originated from material or fiber sources.
Sometimes, they may become tiny particles but do not reach the nano-size range.
The unique properties of nanocomposite materials are that they enhance the prop-
erties of composites, they have more attractive features in terms of their mechanical
properties, they have flexible surfaces, and high surface area ratios [75]. Their
surface area ratios are 10° times more than those of micrometre materials [48].

Nanofillers play a potential role in improving or altering the properties of the
material in nanocomposites. Nanocomposite materials have a more acceptable
demand due to the specific advantages that they have over non-biodegradable
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products. Being more environmentally friendly, nanomaterials are used in many
applications like the aerospace, automotive, electronics and biotechnology sectors
[63]. Nanofibers and their composites offer a highly attractive contemporary to the
research line. Nanocomposites show an outstanding improvement due to the
nano-reinforcement. Basically, nanofibers are extracted for the stiffness that they
provide to the reinforcement in nanocomposite materials [48]. Unlike natural fibers,
synthetic fibers are produced from petrochemicals, while natural fibers originate
from farm or agricultural crops. Due to environmental processes, biopolymer
nanocomposite packaging is subject to degradation when exposed to environmental
conditions such as moisture, sunlight, temperature or different pH solutions [77].

In nanoclay composites, the barrier properties depend on the orientation of the
nanofiller, and it dispersion condition in the polymer matrix. The clay layers able to
create a barrier to delay the diffusion of molecules through the food packaging.
According to Majeed et al. [40], nanoclay composites have gained a lot of attention
from packaging manufacturers due to their cost-effectiveness, wide availability and
simple processability. Nanoclay-based composites are usually reinforced with a
polymeric starch-based material. Talegaonkar et al. [79] and his group identified the
reason behind the successful use of nanoclay composites as a nanofiller in food
packaging materials. According to them, the nanoclay that is used as a nanofiller
improves the barrier properties of the biocomposite, possibly by increasing the
tortuosity of the diffusive path for permeants, such as gas, moisture, and vapour. Li
et al. [36] also added that the addition of 60 wt% of nanoclay in agarose starch
increases the elastic modulus by five times than that of neat agarose starch at 2.4
GPa. It has been proven that the mechanical behaviour of bio-nanocomposites can
be improved with the presence of nanoclay in it.

Smart or active packaging plays the most important role in the security of food
products by preserving their integrity throughout their shelf life. The use of
nanocomposite materials in food packaging industries is a new green technology
aimed at attaining markedly enhanced packaging properties like improved
mechanical properties and water resistance, increased thermal stability and barrier
properties, and decreased migration activity. In addition, nanocomposites also offer
an environmental approach, where they can be degraded within a few months.
There are various types of nanofiller-based natural fibers that are suitable for
preparation as nanocomposite materials. Thus, the nanocomposite materials are
remarkably incorporated as packaging materials and also provide smart properties
to the packaging system, thereby ultimately increasing the shelf life of food
products and improving product quality.

2 Nanocomposite Preparation

The properties of nanocomposites heavily depend on the dispersion states of the
reinforcement phase in the matrix. In order to optimize the properties of
nanocomposites, it is necessary to disperse the particles in homogeneous
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“nano-level” dispersion. For the cases of clay reinforced nanocomposites, there are
three possible polymer/clay nanocomposite structures, i.e. flocculated, intercalated,
and exfoliated [71], with exfoliation structure, followed by intercalation are the
preferred ones. It also should be noted that in preparing nanocomposites specimens,
degradation of the matrices should be avoided.

Various procedures to disperse the nanoparticles inside the polymeric matrices
have been reported, and mainly can be classified into three classes, i.e. solution
casting, melt mixing and in situ polymerization.

2.1 Polymer Solution Casting

Solvent casting technology, for the production of high-quality flexible films, has
attracted widespread interest from plastic manufacturers. Driven by the require-
ments of the photographic industry well over a century ago, the solvent casting
method has gradually declined due to the development of new film extrusion
technology. However, due to the existence of certain limitations which constrain the
applicability of conventional polymer processing methods, researchers’ have
adopted several measures to develop and modify polymer processing methods to
suit natural polymers [53]. Solution casting is known as solvent casting or the wet
processing method and is used for forming polymer thin films. Polymer films have
many technological applications and advantages in industries such as packaging,
medical devices, and photography tools and are also used in the coating industry.
Notably, uniformity is the main characteristic for any of these applications.

Solution casting is a unique process where it is not reliant upon conventional
extrusion and injection moulding machines, yet it incorporates well-mixed con-
stituents like those produced by more traditional methods [30]. Solution casting is a
manufacturing process that involves mixing of the solubilized polymer matrix and
filler under continuous agitation via stirring, which is then followed by casting into
a flat mould and solution drying. Moreover, it is often referred to as the evaporation
method where the film is left for one day [58]. Salehifar et al. [65] stated in their
findings that the solvent casting process is used in industrial food packaging for a
broad range of applications. Accordingly, each polymer matrix has its own
co-solvent to assist in dissolving the polymer. Notably, alcohol, chemical solvent,
water or dissolving solutions are used in this kind of process as co-solvent [38].
Moreover, the dissolved polymer process can be improved using applied heat or via
areadjusted PH condition which will enhance the formation of properties of the thin
film matrix.

For the raw materials in the solvent casting method, several prerequisites are
required. First, the polymer matrix should be soluble in the inorganic solvent or PH
water. Also, the solution needs to be stable with suitable minimum solid substance
and viscosity to achieve satisfactory performance [57]. The second prerequisite is
the opportunity to produce a homogeneous thin film and removing the film after the
drying process [66]. Figure 1 illustrates the solvent casting process to produce
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Fig. 1 Process to produce polymer nanocomposites film

biocomposite film. Notably, basic film applications are produced using different
polymer and solvent combinations. During the casting process, the solid polymer
matrix of various shapes (i.e. granules, powder or pellet size) is gradually dissolved
in pure co-solvent. As a precautionary measure, the material type and geometry of
the paddle or magnetic stirrer needs to be carefully selected due to the significant
difference in viscosity between the polymer and co-solvent which may affect the
mixture solvent [69]. Therefore, the temperature and mechanical stirring rate need
to be carefully controlled given it affects the quality of solvent evaporation, polymer
chain and skin formation of the polymer film. Typically, the induced temperature is
varied between room temperature and the boiling point of the solvent [30]. Also, the
dissolution time usually takes several iterations which are dependent on the type of
solvent and method used.

The advantages of the manufacturing process of polymer solution casting over
traditional film extrusion methods are mainly due to the unique approach and
without the need to apply thermal or mechanical stress. Therefore, the degradation
process or adverse side reaction is considered to be significant. Accordingly,
solution casting is becoming an attractive process where the production of film
offers uniform thickness distribution, maximum optical purity and extremely low
toxicity [69]. Additionally, the process is conducted at a low temperature where it is
relevant for thermally activated films although, in some circumstances, it may be
temperature sensitive with active constituents. According to Salit et al. [66], due to
the process being conducted at low temperature, the thin film shelf life can be
extended to incorporate a much longer period. Furthermore, the non-melting pro-
cess from soluble raw materials will possibility produce high-temperature resistant
films. Notably, the main advantages of solvent casting are primarily due to the total
cost of manufacturing prototypes and production volumes, which are much less
than in extrusion blending. Also, this includes an inexpensive mould with a stan-
dard manufacturing/production line [57].

Next, a case study is used to examine nanocellulose reinforced with
biodegradable polymer matrix where the focus is on the polymer process and to
achieve outcomes. Jiang et al. [27] reported on cellulose nanowhisker
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(CNW) reinforced poly(3-hydroxybutyrate) (PHB) by solvent casting and extrusion
blending. Polyethylene glycol (PEG) acts as a compatibiliser or dispersion agent,
and N, N-dimethylformamide (DMF) is co-solvent for this composite. Firstly,
CNW/PEG was dissolved in a DMF stable suspension for 4 h of sonication at
258 °C. PHBV was also dissolved in DMF, and the mixture continued to be
sonicated further for 2 h for complete homogeneity, followed by the solvent mix-
ture casted on a glass plate. The film PHBV/CNW composite was formed following
the complete evaporation of DMF. Finally, the sample was removed from the glass
plate and kept in a desiccator to maintain a constant humidity. The homogeneous
dispersion of CNW posed a significant challenge in preparing the nanocomposite,
due to the possibility of hydrogen bonding inducing agglomeration on the sample.

The solvent casting technique demonstrated better dispersion of CNW in the
nanocomposite compared to the extrusion method in which good dispersion sig-
nificantly improved the properties of the PHBV nanocomposite [27]. PEG was also
added to increase the dispersion in the nanocomposite. The addition of CNW also
enhanced the PLA molecular mobility. Whisker content from 0 to 30 wt% also
increased the tensile strength and Young’s modulus obtained. Therefore, the
enhanced tensile properties indicate good dispersion and strong interfacial adhesion
between the fiber and the polymer matrix. The water resistance of the composite
also increases with whisker content. By comparing the preparation method, the
result for the composite prepared via extrusion showed lower tensile properties as
compared to solution casting. Agglomeration of cellulose nanowhisker was
reported to be observed under the scanning electron microscopy (SEM) micrograph
and no intimate contact between cellulose nanowhisker and polymer matrix even
though with the presence of a compatibilizer. Notably, the influences of agglom-
eration decreased the performance of the composite.

In conclusion, solution casting has numerous benefits compared to other fabri-
cation methods due to lower production temperature required and no mechanical
stress. Medical manufacturers are producing materials such as silicone urethane, via
solution casting to produce breakthrough products subsequently excel in manu-
facturing performance and shorter lead times in supplying the demands. Solution
casting as a manufacturing process depends only on the reaction between the
co-solvent and polymer or the natural fiber mixture [53]. One of the primary reasons
is due to solvent casting requiring lower energy, thereby reducing costs in recov-
ering the solvent, and only a small investment is necessary for installing the
facilities needed in handling the solvents and dope solutions which differs from
other manufacturing methods [30]. Therefore, high quality of the thin film can only
be achieved using the solvent casting methods and not using other methods.

2.2 Polymerization

Polymers are basically made of a large number of repeating unit of monomers.
There are various methods that can be used to produce the polymers; step-growth
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polymerization method (condensation polymer) and chain growth polymerization
method (cationic polymerization and anionic polymerization). Depends on the
constituents of the monomer, homopolymer and copolymers can be prepared. For
an example, homopolymer polypropylene (PP) has been used extensively in food
packaging industry as this polymer is known for its’ exceptional properties [8].
PP is polymerized from its monomer which is propylene through Ziegler-
Natta polymerization and by metallocene catalysis polymerization. Despite its low
impact strength at low temperatures and high gas permeability, PP is reinforced
with other components such as fillers, inorganic materials and many more in order
to improve its properties. Previous studies show significant improvement in gas
barrier properties of PP when blended with montmorillonite (MMT) by a
twin-screw extruder [11, 93] and coating with corn zein nanocomposite [34].

Another polymer extensively used as packaging material is polyethylene
terephthalate (PET). PET is produced by a step-growth polymerization of ethylene
glycol and terephthalic acid or dimethyl terephthalate [20]. PET exhibit exceptional
properties such as strength, permeability, chemical resistance and high transparency
making it suitable for many applications. PET is also blended with other compo-
nents such as clay by stretch blow molding machine in order to study the migration
of aluminium and silicon from the composite into acidic food simulant bottle [20].
The study shows that the migration of aluminium and silicon is dependent on
storage time and temperature. Another study had produced a nanocomposite by
blending PET with layered double hydroxide by using high energy ball milling
process and the results obtained showed that the oxygen diffusion and permeability
are lower than that of neat PET [80].

Both PP and PET are known as non-degradable polymers. Despite its
non-degradability, they are extensively used as food packaging material as they
possess suitable properties for application in packaging. Nowadays, the biopolymer
is emerging to substitute this conventional plastic as they can degrade naturally into
the environment [20]. Biopolymers are categorized into their synthesis process
namely from biomass product, microorganism, biotechnology and oil-products.
Starch can be used to form a biodegradable film and different sources of starch can
be obtained from plant biomass such as corn or sugarcane [81]. A study done by
Heydari et al. [23] prepared corn starch film with glycerol by casting method where
with increasing glycerol content, the tensile strength decreases. Chitosan is another
polymer synthesize from chitin which is the most abundant agro-polymer in nature
next to cellulose. Chitosan nanocellulose is developed in previous studies in order
to improve its anti-microbial properties in food packaging, for extending the shelf
life of meat in particular [14].

Poly hydroxyalkanoate (PHA) is a biopolymer synthesize from a microorgan-
ism. The homopolymer of PHA, poly(3-hydroxybutyrate) (PHB) and copolymer
hydroxyl-valerate (HV) have been extensively studied to improve their properties
[81]. From a previous study, PHA is combined with nano keratin by using two
methods, direct melt compounding and pre-incorporated into an electrospun mas-
terbatch of PHA and also solution casting [31]. Barrier properties are enhanced by
both methods while sample prepared by solvent casting shows good adhesion.



Sustainable Nanocomposites in Food Packaging 421

Another study had been done by incorporating polyhydroxybutyrate-co-
hydroxyvalerate (PHBV) with cellulose nanowhiskers using electrospinning tech-
niques and showed improve barrier properties despite the extreme brittleness [31].
In another study, PHB had also been fabricated with cellulose nanocrystal by using
solution casting technique and the results from the study show enhance gas barrier
and migration properties [67]. Previous studies had also blended Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) with other components such as clay
[31], zinc oxide [15] and cellulose nanocrystal [92].

PLA is a polymer formed by ring opening polymerization of lactic acid [81].
PLA is considered a renewable material as it is manufactured by fermentation of
renewable agriculture resources. Despite the attention towards PLA for its com-
mercialization towards substituting conventional plastic, PLA brittleness and high
cost limit its application. Many research had been done to modify PLA in order to
widen its applications. PLA/zinc oxide film prepared by twin-screw extruder proven
to improve PLA mechanical properties [44]. Other than that, PLA had also been
blended with MMT by using a twin-screw extruder to form a nanocomposite.
Comparing to neat PLA, the study shows that PLA/MMT exhibit good mechanical
and oxygen barrier properties. Another study had been done by Pinto et al. [59]
where PLA is incorporated with graphene by using solvent casting method. This
study also shows improvement in mechanical and oxygen barrier properties.

Poly(e-caprolactone) (PCL) is a synthetic biopolymer that can be synthesized
either by ring opening polymerization from é-caprolactone (monomer) or by free
radical ring opening polymerization of 2-methylene-1-3-dioxepane [6]. Because of
its high cost and brittleness, PCL applications is limited to medical purpose.
However, many researchers have attempted to modify PCL by blending it with
other components in order to widen its applications to other fields such as in food
packaging sector. Beltran et al. [6] had done a study on blending PCL with
hydroxytyrosol (HT) and a commercial montmorillonite by melt blending method.
The presence of montmorillonite decrease oxygen permeability but enhance the
elasticity PCL. Another study had developed an antimicrobial PCL/clay
nanocomposite films by melt blending method [90]. Results obtained from the
study shows that mechanical water vapour barrier properties and antimicrobial
properties improved for the nanocomposite, showing that it is suitable for the
application in food packaging.

PVA is another type of synthetic biopolymer. Unlike other polymers, PVA is not
synthesized from its monomer, instead, PVA is prepared by partial or complete
hydrolysis of polyvinyl acetate to remove acetate groups [10]. According to
Butnaru et al. [10], for PVA to be used in applications such as food sector and
pharmaceutical, PVA need to be cross-linked first by the freeze-thawing method.
Butnaru et al. [10] also had done a study to prepare a nanocomposite by blending
PVA with chitosan and clay. The study shows enhanced properties in terms of
thermal stability, mechanical and antimicrobial properties. A previous study had
also been done where PVA had been blended with cellulose nanocrystal by a
solvent casting method and the result proven to improve its mechanical properties
[18] (Table 1).
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2.3 Melt Mixing

Amongst the three methods, melt mixing is the most economically attractive and
scalable method for dispersing nanoparticles into polymers. To some extent, this
method is also preferable over other two methods because it aligns well with the
currently established industrial processing routes. This method also can be con-
sidered as environmentally benign, due to the unnecessity to use organic solvents.
Melt mixing process involves melting of the thermoplastic polymer matrix to form
viscous liquid followed by incorporation of nanoparticles.

In order to ensure proper dispersion of the nanoparticles during melt processing,
two key factors need to be considered, i.e. (i) favourable interaction between the
polymer matrix and the nanoparticle, and (ii) suitable processing conditions [50].
The favourable enthalpic interaction between particles and the matrix is necessary,
because, in the absence of such favourable interactions, the dispersion of the
nanoparticles within the matrix becomes difficult, and may only result in the for-
mation of micro-composites instead of nanocomposites. Meanwhile, the processing
conditions are also needed to be controlled carefully. Although high shear mixing in
principle can improve the dispersion states of the particles, too high mechanical
shearing, combined with high temperature and possible oxidation, may degrade
certain types of polymers, especially biopolymers [50].

There are numerous works that reported successful attempts in preparing PLA
based nanocomposites by melt mixing method. PLA nanocomposites reinforced
with various types of particles such as silica [32, 86, 94], clay [33, 72], carbon
nanotube [87], graphene [28, 46], titanium dioxide (TiO,) [17] and nanocellulose
[2, 22] have been successfully prepared by melt mixing process. In most cases,
nanoparticles were surface modified to facilitate favourable interaction with the
polymer matrix, which leads to better dispersion states. For example, -COOH
surface modified multi-walled carbon nanotube (MWNTs) displayed better dis-
persion in the PLA matrix than the unmodified MWNTs [87], or polyethylene
glycol methyl ether (PEGME)-modified nanosilica exhibited better dispersion states
in the PLA matrix compared to pristine nanosilica.

Beside surface modification of nanoparticles, processing conditions in melt
mixing method also affect the dispersion state of the particles in PLA nanocom-
posites. Villmow et al. [83] showed that higher rotating speed (500 rpm compared
to 100 rpm), more mixing elements in extruder screw configuration, and temper-
ature profile with raising value towards the extruder die contributed to better dis-
persion of CNT inside PLA matrix. Okubo et al. [52] exhibited that dispersion of
cellulosenano- or microfibers was improved with decreased gap distance
in roll-milling, while Oksman et al. [51] also pointed out that the type of screw in
extruder influence the dispersion states of nanoparticles inside the matrix, i.e. in
case of nanocellulose processing, the co-rotating twin-screw extruders are preferred
over counter-rotating, because they are better for mixing and dispersing. In prin-
ciple, higher mechanical shearing may lead to better dispersion of nanoparticles
inside the matrix.



Sustainable Nanocomposites in Food Packaging 425

Preparation of PHA family based nanocomposites by melt mixing method has
also been reported. The examples include PHBV reinforced with carbon nanotube
(CNT) [68], PHBV reinforced with hydroxyapatite [54], PHB/clay nanocomposites
[9, 39], etc. Similar to PLA based nanocomposites, surface chemistry of
nanoparticles play a critical role in helping good dispersion. Organo-modified
MMT dispersed better compared pristine MMT inside PHB matrix [9]. In PHBV
matrix, hydroxyapatite treated with silane coupling agent exhibited better disper-
sion states and mechanical properties compared to untreated hydroxyapatite parti-
cles [54]. However, since many of PHA are sensitive to thermo-mechanical
degradation, the melt-processing of PHA nanocomposites occurred within a short
window and caution should be taken be taken to avoid degradation during pro-
cessing [9, 50].

3 Characterization of Nanocomposites

3.1 Mechanical Property

Mechanical characteristic is one of the crucial factors in nanocomposite especially
in designing food packaging. Chemical resistance of the product can be affected by
its process-ability and mechanical properties such as tensile strength, tear strength,
elongation, toughness, softness and puncture resistance [5]. So, it is mandatory to
perform the suitability test for nanocomposite food packaging stored with food as a
function of duration. For example, the tensile test is conducted to determine the
tensile strength, Young’s modulus, yield stress and elongation at break of the
nanocomposite. Generally, this testing is carried out according to the ASTM D88
standard testing method for tensile properties of thin plastic sheeting and ASTM
D638 for testing materials up to 14 mm of thickness.

Moreover, impact properties test is also conducted to determine the amount of
energy needed for the plastic deformation at certain condition according to ASTM
D1709 for plastic film. Impact test consists of Charpy and IZOD specimen con-
figuration according to ASTM D256 and ASTM 6110, respectively. The flexural
test measures the force required to bend the sample under three-point loading
conditions according to ASTM D790. This test is conducted as an indication of a
material’s stiffness when flexed. The sample lies on a support span and the load is
applied to the centre by the loading nose producing three-point bending.

The modification of polymer content leads to increase in tensile performance up
to 50% of the original value [5]. Nanocomposite film with the addition of
water-soluble chitosan (WSC) increased the tensile strength of the polymer [78].
Relative elongation is also an important mechanical property as it could affect the
biodegradable rate during the degradation process. As studied by Mostafa et al. [45],
the percentage of elongation values for starch blend film was reduced in inoculated
soil faster than in non-inoculated soil. Elongation of starch blend film dropped
rapidly by 56% in inoculated soil compared to 12% decrement in elongation within
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the fixed time basis. Therefore, mechanical stability properties help to improve the
new innovations in biobased food packaging for commercial use.

3.2 Thermal Property

Addition of nanoparticles into polymeric materials also may enhance the thermal
properties. Higher thermal stability is important in food packaging application to
withstand a wide range of temperature exposure during food processing, trans-
portation, and storage [55]. A recent report by De Silva et al. [12] showed that
incorporation of magnesium oxide (MgO) into chitosan exhibited higher thermal
stability and fire retardancy, due to the high thermal stability of MgO along with the
homogeneous distribution of MgO nanoparticles in chitosan films. Kim and Cha
[29] also reported that addition of organically modified MMT nanoclays into
ethylene vinyl alcohol copolymer (EVOH) resulted in enhancement of thermal
stability as indicated by thermogravimetric analysis (TGA), as well as shifting the
crystallization temperature of EVOH as displayed by differential scanning
calorimetry (DSC) result.

3.3 Degradation Behaviour

Development of new food packaging materials that capable to be degraded in a
controlled manner has been a focus of interest of researchers nowadays.
Incorporation of nanoparticles into degradable polymeric matrix may affect the
degradation behaviour of the composites. Addition of cellulose nanocrystals (CNCs)
into PLA helps to enhance the disintegrability rate of PLA since this nanocellulose is
equipped with hydrophilic nature [3, 19]. However, different observation has been
found when PLA is added with coated CNC with surface surfactant (s-CNC). Even
though s-CNC accelerate the disintegration process of PLA, however, water diffu-
sion is slightly restricted due to the improvement in barrier properties and therefore
slowdowns the hydrolysis process and delays the degradation process [19]. It can be
concluded that the addition of appropriate plasticizers will help to improve the
disintegration of PLA in composting conditions [3, 35], which indirectly speed up
the disintegration of PLA-plasticizer nanocomposites.

In other literature reported by Pandey et al. [56], the addition of addition of
nano-layered silicate into PLA matrix increased the biodegradation rate of the materials.
The increment was predicted due to the presence of terminal hydroxylated edge groups
in the silicate layers. Addition of 4% of nano-layered silicate lead to the good dispersion
of silicate layer in PLA matrix and these hydroxy groups begin the heterogeneous
hydrolysis of PLA matrix by absorbing water from compost. Up to one month, the
weight loss and hydrolysis of PLA and PLA with 4% filler is about the same, however,
after one month, the degradation of nanocomposites increased significantly.
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3.4 Migration Testing

Migration is the process where chemicals are transferred from nanocomposites to
food as they come in contact with each other. The term “migration”, according to
Icoz and Eker [26], is used to define the diffusion of substances from high con-
centration regions to low concentration regions within the food and the packaging
material. The chemical substances that are added to polymeric materials to enhance
the characteristics of a composite may interact with the food components and move
into the food during the processing, storage, and distribution. The quality, such as
taste and odour, as well as safety of the food will be affected and cause significant
health problems to the consumer. There are various factors that influence the rate of
migration, such as the contact time, temperature, structure of the nanocomposite
(thickness for plastics), chemical properties (molecular size, polarity, vapor pres-
sure, etc.) of the migrants, and the types of materials that come in contact with the
food [7, 26]. Migration can occur in different ways such as contact migration, gas
phase migration, penetration migration, set-off migration, and condensation or
distillation migration [26].

Generally, this testing is carried out according to the EN 1186 standard testing
method, and several types of food simulants are used to analyze the overall
migration testing. These food simulants are chosen as they are less chemically
complex than foods [7] according to the regulations by EU 10/2011. The recom-
mended simulants, as stated by Bhunia et al. [7], are: ethanol (10% v/v) (simulant
A) to simulate aqueous foods (pH > 4.5); acetic acid (3% v/v) (simulant B) to
simulate acidic foods; ethanol (20% v/v) (simulant C) to simulate alcoholic prod-
ucts; ethanol (50% v/v) (simulant D1) and vegetable oil (simulant D2) to simulate
fatty foods, and lastly, Tenax (PPPO) (simulant E) to simulate dry food. The overall
migration is limited to 10 mg/dm® on a contact area basis or 60 mg/kg in the
stimulant or food (for plastics).

The food contact material or migration testing is important especially in producing
food packaging as it affects the quality and shelf life of food and has a bad impact on
human health. The substances that migrate into food can transform to become toxic
and hazardous to consumers, especially babies and children. The composition of the
materials that come in contact with food, such as additives and plasticizers, may
affect the safety and quality of food. They affect the human reproductive system and
are carcinogenic as both of them are described as endocrine disruptors. Phthalate
esters, alkyl phenols (APs) and 2,2-bis (4-hydroxyphenyl) propane, also known as
bisphenol A, are examples of hazardous chemicals that have serious toxic effects if
exposed to the human body even at low concentrations [85].

Therefore, migration testing is very important in food packaging applications in
order to maintain the safety and quality of the food and also consumer health. It is
necessary to choose carefully the materials and their properties to protect the quality
and safety of food.
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3.5 Antimicrobial Testing

Nanomaterial has revealed many benefits in various fields. As the uses of nano-
materials have been increasing, it has been found to be a promising advancement
for the food packaging productions in the global market. However, the use of
nanomaterials in food packaging could be challenging due to the method in
reducing particle size and the fact that characteristic of nanoparticles material is
quite different from microparticles [24]. Food packaging offers to maintain the
quality of food taste, prolong shell life and protect food from contamination.
However, food security is an excessive problem due to increasing disease from
contamination adverse from food packaging materials. World Health Organization
(WHO) stated the spoilage of food arise at any time during production of food to
consume. Pathogens bacterial are to blame in many cases because it easily grows on
food surface [84]. This leads to the introduction of nanocomposite as an active
antimicrobial packaging and particularly designed to control the bacteria from
adversely affect health. By using active packaging, the internal environment is
modified via constant interaction with the food over the specified shell life [41].

Nanoscale materials consist of a high surface to volume ratio than micro-size
particles which make them easier to attach with a numerous number of the molecule
and increased the efficiency [88]. Nanoparticles such as copper, silver and zinc
oxide usually used in the retarded growth of microorganism due to strong
antibacterial or antifungal activities. The reinforcement of this kind nanoparticles in
biocomposite may overcome the problem of food spoilage. So, the main goal of
active packaging enhances the packaging products quality by guarantee food
security and improve sensory properties of food while sustaining food quality [61].
Active antimicrobial packaging may be described as a structure that alters the
environment inside the plastic package by modifying the condition of the packaged
food system. Food spoilage can be formed when it is exposed to air via processing,
production, and packaging of food [70]. Generally, active food packaging is divided
into two categories; biodegradables and non-biodegradable materials.
Petroleum-based packaging has particularly benefit of high mechanical strength,
low cost of raw material, availability, ease production process, good barrier prop-
erties but not biodegradable [84]. They cause environmental pollution as they can
take hundreds of years to completely degrade.

Besides, petroleum-based packaging material can also preserve food over the
particular period but, currently, consumers do prefer products made of biodegrad-
able resources [76]. Besides, those packaging have chemical additives diffused
through the plastic barrier into food products thus provides a negative effect on the
health. Biopolymer materials have attracted widespread industries because they can
be decomposed easily. Therefore, utilization of antimicrobial material in biopoly-
mer packaging can provide significant enhancement of property which can help to
increase health security and shelf life of food. It is one of the methods that effec-
tively kill or inhibit pathogenic microorganism from growth in infected food [62].
Hence, a good food packaging able to reduce contamination over the food [44, 64].
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The improvement of biopolymer-based nanocomposites with antibacterial agent
presents interesting potentials because the bio-based polymer can be varied
according to specific technology requirements and also fulfil the nanostructures
with envisaged applications [60]. The antimicrobial elements most commonly
introduced into packaging products can be characterized into many types such as
plant oil extract, enzymes, bacteriocin, preservation, chemical substance and others
[76, 84]. Previous literature have recognized the potential application of antimi-
crobial nanocomposite for wound dressing [89], bactericides [60] and medical
devices [16].

Nanoparticles have different activities depending on pathogenic and spoilage
microorganism species [44]. Pinto et al. [60] reported based on their finding in
antimicrobial activity test, the presence of nanoparticle copper (0.93-4.95%) can
against K. pneumoniae (Gram-negative bacteria) in cellulose nanocomposite
specimens. The inhibition of bacteria depends on the nanofiller content in the
specimens, where increasing copper content gave significant inhibited bacteria
growth. This study believed that Gram-negative bacteria can be affected by
copper-based material as they have a strong antimicrobial action against peptido-
glycan layer. The interaction of nanoparticles could cause in changing its perme-
ability and the structures promote the membrane degradation which ultimately
causing the death of bacteria [25]. According to Lai et al. [33], the incorporated
nanoclay into PVA film showed strong antimicrobial activity against Gram-positive
bacteria (L. moncytogenes and S.aureus). Nanoclay was known as an active agent
due to its highly dispersed in biocomposite and increased their exposure toward
microorganism [37]. These may result in deteriorated bacterial cell membranes and
cause cell lysis. Current food technology used antimicrobial in covering substances
because this method will make sure food product are safe and lead to extend shell
life [61]. Therefore, selection of removal of any microorganism should be identified
for selection of an appropriate antimicrobial agent.

The main function of nanomaterials to act as an antioxidant agent is, it consists
of microbial cidal effects and microbial static effects on the microorganism.
Microbial static effects related to the active function of substance to enhance the
concentration below minimal inhibitory during preserved or storage process of food
product [41]. This state may reduce perishable to occur by contamination. The main
concept permitted in this packaging are wrapping system with presence of
antimicrobial agent either natural or synthetic agents. The existence of an antimi-
crobial agent in packaging product is more significant than adding antimicrobial
agent directly onto food, the fact of covered product that consists antimicrobial
agent could not diffuse into food product as well as can be thrown away after its’
usage [25]. The major challenge in food packaging is the design of nanocomposite
material with active antimicrobial products. Lately, many customers concern about
potential health risks when chemical additives are added to packaging products.
The achievement by scientists with the new formulation of reinforced nanoparticles
verified the potential of bio-nanocomposites as an active food packaging, can be
considered as an alternative to conventional composites used in the packaging
material.
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3.6 Optical Behaviour

Greater lightness and transparency in food packaging are vital as they are in high
demand by consumers. Most non-composite foods packaging are colourless and
transparent. These characteristics, however, are slightly affected by the addition of
other materials, which in the end influence the aesthetic value of the food pack-
aging. Arrieta et al. [4] revealed that the lightness of PLA is 94.08 + 0.07, while
that of PLA/limonene is 93.86 + 0.10. Both PLA and PLA/limonene have high
brightness characteristics, but their lightness is reduced once additives are added. In
other researches, the lightness and transparency of coated films for food packaging
were affected in the presence of proteins and plasticizers.

Lee et al. [34] stated that the transparency of protein-coated films was increased
from 16.9 to 19.7 for corn zein, 13.3 to 30.3 for soy protein isolate and 17.8 to 28.6
for whey protein isolate. Moreover, the transparency of protein-coated films also
increased with the addition of plasticizers. Yoo and Krochta [91] compared the
transparencies of biopolymer, biopolymer blended and synthetic polymer films. The
results indicated that the percentage of transparency of biopolymers like hydroxyl
propyl methyl cellulose (HPMC) films was higher compared to synthetic polymers
such as low-density polyethylene (LDPE), high-density polyethylene (HDPE) and
polypropylene (PP) films.

Generally, the optical properties of nanocomposites are evaluated according to
the CIELAB colour system. In this system, the colour coordinates L*, a* and b*
represent lightness, red-green and yellow-blue, respectively. An increase in the L*
value indicates that the nanocomposite specimen is lightening. The colour is
switching to red if the* value is increasing, while it is turning green if the value is
decreasing. The increase in the value of b* shows that the colour is switching
towards yellow, and a decreasing value indicates that it is turning to blue.
Therefore, the total colour difference (AE) can be determined by using Eq. 1.

AE = (AL* + Ad* + Ab)'? (1)

Transparency and opacity are essential properties in food packaging application
as they improve the appearance of a product. Opacity is the degree to which light is
not allowed to travel through. Products with high transparency, especially in
packaging, have become more popular in the market as consumers prefer
see-through rather than opaque packaging. Thus, nanocomposites with high
transparency and lightness are important in food packaging applications as there is a
high demand for them from consumers.
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3.7 Permeability and Barrier Properties

The determination of the barrier properties of the nanocomposite is important as it
determines the shelf-life of the product. Various factors may affect the barrier
properties to gases and vapours on the nanocomposite such as environmental
conditions like temperature and relative humidity. Permeability according to
Siracusa [73], stated that the ability of the gas or vapour transmits through a
resisting material. Permeates diffusion is influenced by the structure of the
nanocomposite, permeability to specific gases or vapour, area, thickness, temper-
ature, the difference in pressure or concentration gradient across the nanocomposite.

Oxygen transmission rate (OTR), water vapour transmission rate (WVTR) and
carbon dioxide transmission rate (CO,TR) are main examples of the barrier prop-
erties that used in food packaging application [74]. The oxygen permeability
coefficient (OPC) exhibits the amount of oxygen that permeates into packaging
materials in term of per unit area and time (kgm/m?sPa) [73, 74]. When the
nanocomposite film packaging has lower oxygen permeability coefficients, it pro-
longs the product’s lifespan as the pressure of the oxygen inside the packaging
decrease to the point where it slows down the oxidation. The OPC is correlated to
the OTR by using Eq. (2)

OTR -1
2
AP (2)

OPC =

For water vapour permeability coefficient (WVPC) and carbon dioxide perme-
ability coefficient (CO,PC), both indicate the amount of water vapour and carbon

dioxide, respectively that permeates per unit area and time as well (kg m/m? s Pa).
The WVPC and CO,PC are correlated to the WVTR and CO,TR by using Egs. (3)
and (4), respectively.

WVIR -1

WVPC = 3

AP 3)
CO,TR -1

COPC =" 4

2 AP )

where [ is the thickness of the nanocomposite film and AP is P,—P,, P is the gas
partial pressure at the temperature test on the test side and P, is equal to zero on
detector side.

In order to improve barrier properties to gasses, vapour and aromas due to the
sensitivity of various food products to oxygen degradation, microbial growth
stimulated by moisture and aroma for keeping the food quality, nano or microfilters
can be incorporated into biopolymers food packaging. Mali et al. [42] stated that the
oxygen permeability was decreased while mechanical and heal seal properties were
improved in bio-nanocomposite films from sago starch and bovine gelatin with
nanorod-rich zinc oxide as the nanofillers.
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Thus, oxygen and water vapour permeabilities in nanocomposite are essential
properties as they give a major impact on the shelf-life of fresh and processed foods.
It is important to know if there is an interaction between food and packaging and
factors that influence the transport mechanism through the material.
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