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Cellulose nanostructures have been widely studied as components of materials for a variety of
applications including food packaging. They are usually incorporated as a reinforcement phase in
nanocomposites (as cellulose nanocrystals or cellulose nanofibrils). In other cases, cellulose nanostruc-
tures have been used as matrices for films—bacterial cellulose (BC) deserving a special attention in this

context, since it is produced as naturally nanostructured membranes, which may grow in a medium con-
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taining other biopolymers (producing bottom-up built bionanocomposites), be impregnated with other
components, or be disintegrated into nanofibribils or even nanocrystals. This review summarizes find-
ings and prospective applications of nanocellulose for bio-based materials to be used in food packaging
(including active packaging).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Most materials used for food packaging applications are still
produced from fossil fuels, thus non-renewable and also prac-
tically non-biodegradable, representing a serious environmental
problem. Efforts have been made to reduce packaging waste while
keeping food stability and quality, including development of bio-
based materials from renewable sources. The global market for
biodegradable polymers increased from 0.4 to 1.3 billion pounds
between 2006 and 2013 (BCC Research, 2013). However, the use
of bio-based materials for food packaging is still limited because of
their usually poor physical properties. The incorporation of rein-
forcing structures such as nanocellulose to these materials may
improve those properties.

Two main types of cellulose nanostructures may be
obtained—cellulose nanocrystals (CNCs) and nanofibrils (CNFs).
CNCs (or cellulose whiskers) are needlelike crystals measuring
4-25nm in diameter and 100-1000 nm in length (Jonoobi et al.,
2015), often produced by processes involving bleaching (especially
for lignin-rich materials) and acid hydrolysis, which remove
noncellulose and most amorphous cellulose leaving the crystalline
regions (Xu et al,, 2013). George et al. (2011) prepared BCNCs
using cellulase as a cleaner and more ecofriendly method when
compared to conventional acid hydrolysis; the enzyme-processed
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BCNCs presented improved thermal stability (degradation starting
at 379°C, against 184°C for acid-hydrolyzed BCNCs). CNFs, also
known as cellulose microfibrils, are aggregations of elemen-
tary fibrils (made up of crystalline and amorphous parts) with
micrometer length and 10-100nm in diameter (Jonoobi et al.,
2015), usually isolated by mechanical processes such as high
pressure homogenization, grinding and refining (Wang et al,,
2007). An additional kind of nanocellulose reinforcing material
is microcrystalline cellulose (MCC), closely related to CNC. It is
formed by bundles of nanocrystals together with some amorphous
parts, obtained by acid degradation which removes part of the
amorphous regions (Petersson and Oksman, 2006).

Cellulose nanostructures have been most usually applied as
reinforcing phases, but they may also be used as matrices for a
variety of materials including films for food packaging applications.
In this case, bacterial cellulose (BC) is especially useful, because
of its peculiar properties. BC is already produced as a nanoma-
terial by Gluconacetobacter species cultivated in a medium with
carbon and nitrogen sources. Although chemically identical to plant
cellulose, BC is produced as a bottom-up process, in which the
bacteria synthesize cellulose and build up bundles of nanofib-
rils forming and assembly of nanosized ribbon-shaped fibrils with
70-80nm in width (Pecoraro et al., 2008) producing a pellicle
(membrane) with a water holding capacity of 60-700 times its
dry weight (Chang et al., 2012). It is also free from hemicellulose
and lignin, reducing purifying costs and environmental damages
derived from using harsh chemicals (Duarte et al., 2015). BC may
be used to form films in different ways (Fig. 1). Intact BC membranes
may be impregnated with dispersions containing other polymers
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Fig. 1. Routes for use of bacterial cellulose for films: (A) impregnation with other film components; (B) physical and/or chemical disintegration of BC membranes to produce
BCNF or BCNC; (C) addition of a second biopolymer to the culture medium for bottom-up built nanocomposites.

(Barud et al., 2011; Chang et al., 2012; Lin et al., 2013), reinforc-
ing agents (Ul-Islam et al., 2012), and antimicrobials (Nguyen et al.,
2008; Zhu et al., 2010). Also, a bottom-up technique may be used
to self-assemble nanocomposites by growing BC in the presence
of a second biopolymer added to the culture medium (Gea et al.,
2010; Grande et al., 2009). However, a disadvantage in using intact
BC sheets is the impossibility of changing their shape after fer-
mentation, limiting applications such as coatings. Moreover, any
changes in composition depend on either adding other components
to the culture medium or impregnating membranes. For applica-
tions which require BC as a powder prior to formulation, sheets
may be disintegrated by chemical and/or physical methods to pro-
duce bacterial cellulose nanofibrils (BCNF), or acid hydrolyzed to
obtain bacterial cellulose nanocrystals (BCNCs) (George et al.,2011;
George and Siddaramaiah, 2012).

Besides some basic requirements which are usually consid-
ered for most materials (e.g., tensile and thermal properties), food

packaging materials should meet some specific requirements. The
ultimate function of a food packaging is to extend food stability and
to assure its quality/safety during shelf life. Barrier properties are
especially important to reduce gases and water vapor exchanges
between the food and the surrounding environment, decreas-
ing the rates of chemical, physical, and microbiological changes.
Water vapor permeability (WVP) and O, permeability (OP) are then
important attributes for materials intended for food protection. A
decreased water solubility of hydrophilic materials is also impor-
tant, since a certain degree of water resistance is desirable for most
food applications, especially to avoid film disintegration when in
contact with humid food surfaces such as meat and fresh-cut fruits.
Transparency is also usually desirable, so the consumer can see the
product.

The objective of this review is to summarize findings and appli-
cations of cellulose nanostructures for bio-based food packaging
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and coating purposes, focusing on the material properties related
to food stability.

2. Bionanocomposites with cellulose nanocrystals (CNCs)

The most studied effects of CNCs on polymer matrices are on ten-
sile properties. Those effects have been ascribed to the strength and
stiffness of the CNCs (Cho and Park, 2011) as well as to a mechanical
percolation effect yielded by CNCinteractions by hydrogen bonding
(Favier et al., 1995). The percolation theory predicts that enhance-
ment in composite properties requires the presence of an amount
of filler high enough to form a continuous structure, properly dis-
persed within the matrix (Ljungberg et al., 2005). Also, strength and
modulus are typically increased by CNCs up to an “optimum” CNC
content, usually around 5 wt% (Abdollahi et al., 2013; Cho and Park,
2011; Huq et al., 2012; Khan et al., 2012), then impaired by higher
CNC contents, which is usually ascribed to nanocrystal aggregation,
and frequently followed by some loss of transparency (Abdollahi
et al,, 2013). CNC aggregation is frequently a problem, because of
the hydrogen bonding interactions between OH groups on the sur-
face of nanocrystals. In a study from our group (Santos et al., 2014),
we found that sonication of gelatin-CNC-glycerol film forming dis-
persions significantly improved modulus, elongation, water vapor
barrier, and transparency of the resulting films, indicating that the
ultrasonic processing favored CNC dispersion.

Barrier improving effects of CNCs have also been reported, and
ascribed to an increased path length for diffusing molecules by tor-
tuosity effect (Dhar et al., 2015; Follain et al., 2013). Several authors
reported that CNCs reduced WVP of a variety of matrices like algi-
nate (Abdollahietal.,2013; Huqetal.,2012), alginate-acerola puree
(Azeredo et al., 2012b), chitosan (Khan et al., 2012), gelatin (George
and Siddaramaiah, 2012), hydroxypropyl methylcellulose (HPMC)
(George et al., 2014), poly(vinyl alcohol) (PVA) (Paralikar et al.,
2008), and poly(e-caprolactone) (PCL) (Follain et al., 2013). Some
studies also reported CNCs to remarkably decrease OP of films (Dhar
et al, 2015; Fortunati et al., 2012b; Li et al., 2013). CNC loadings as
low as 2 wt% decreased the OP of poly (3-hydroxybutyrate) (PHB)
films by about 65% (Dhar et al., 2015).

The water sensitivity of hydrophilic films is another property
which may be affected by CNCs. Although water vapor permeabil-
ity and water sensitivity are both related to material hydrophilicity,
they are different properties. Water vapor permeability refers to
transport of water molecules through the film, whereas water sen-
sitivity usually refers to the tendency of a film to have its own
structure affected by water, usually by swelling or by dissolv-
ing. The effects of CNCs on water sensitivity of hydrophilic films
have been determined by different tests such as water solubility
(Abdollahi et al., 2013; Dhar et al., 2015), water sorption (George
and Siddaramaiah,2012; George et al.,2014), or water uptake (Chen
et al., 2009; Dufresne et al., 2000; Khan et al., 2012; Li et al., 2009;
Wang et al., 2006). Although CNCs are hydrophilic due to their
OH groups, they have been proven effective to increase the water
resistance of hydrophilic matrices such as alginate (Abdollahi et al.,
2013), chitosan (Khanetal.,2012; Li et al., 2009), starch (Chen et al.,
2009; Dufresne et al., 2000), gelatin (George and Siddaramaiah,
2012), soy protein isolate (Wang et al., 2006), and PHB (Dhar et al.,
2015). This effect has been ascribed to the strong hydrogen bond
interactions between CNCs and the matrix, improving the cohe-
siveness of the material (Abdollahi et al., 2013), and also to the
high crystallinity of CNCs (Chen et al., 2009; De Paula et al., 2011).

CNCs have also been reported to improve thermal stabil-
ity of biopolymers such as alginate (Huq et al., 2012) and PLA
(Oksman et al., 2006; Petersson et al., 2007), whereas their
effects on glass transition temperature (Tg) of nanocomposites
have been disputed—sometimes increasing T, (Alemdar and Sain,

2008; Anglés and Dufresne, 2000), sometimes presenting negligi-
ble effects on it (Martinez-Sanz et al., 2013a; Sanchez-Garcia and
Lagaron, 2010). The Tg of a starch-CNC nanocomposite plasticized
with sorbitol increased with CNC contents up to 15% (which was
ascribed to the increased crystallinity, inducing physical crosslinks)
and decreased above 15% CNC, which could be due to sorbitol ejec-
tion from the crystalline domains, increasing its concentration in
the amorphous parts (Mathew and Dufresne, 2002).

George et al. (2011) used BCNC produced by cellulose action in
nanocomposite PVA films, which exhibited better thermal proper-
ties than pure PVA. Also, the addition of 4 wt% BCNC resulted in
increased tensile strength and modulus (from 62.5 to 128 MPa, and
from 2 to 3.4 GPa, respectively), when compared to pure PVA.

CNC from different sources usually present different properties,
which may affect the metrices differently. Our group (Azeredo et al.,
2012b)studied the effects of CNCs from cotton fiber or coconut husk
fiber (the latter submitted to one- or four-stage bleaching to remove
lignin) on alginate-acerola puree films. The films with coconut CNCs
were expected to present inferior tensile properties when com-
pared to those of cotton CNCs, because of the hydrophobicity of the
remaining lignin in coconut CNCs and its low compatibility with
the polar matrix. However, films with coconut CNCs (despite of
the bleaching harshness) presented similar tensile and water vapor
properties to those of films with cotton CNCs, which was ascribed
to a counterbalancing effect of the higher aspect ratios of coconut
CNCs.

In a second part of the study (Azeredo et al., 2012a), CNC from
coconut fiber and a montmorillonite nanoclay (MMT) were stud-
ied and compared as reinforcing agents in alginate-acerola puree
films and coatings. The film forming dispersions were added with
10% CNC or MMT and used to form films and applied as coat-
ings on fresh acerolas. Both nanocomposite films (with CNC and
with MMT) presented similar WVP values, which were about 30%
lower than that of the unfilled film, demonstrating the effectivity
of the fillers in enhancing film barrier to water vapor. The perfor-
mance of the different coatings was evaluated by comparing the
properties of acerolas before and after 7 days of storage. The CNC-
containing coating decreased the fruit weight loss by 53%, the decay
incidence by 46%, and the ascorbic acid loss by 70%, when com-
pared to uncoated acerolas. Also, the CNC- and MMT-containing
coatings resulted in lower weight and ascorbic acid losses when
compared to an unfilled alginate-acerola puree coating, suggesting
that both CNC and MMT improved the overall barrier properties of
the coating. When comparing the performance of CNC- and MMT-
containing coatings, the MMT coating provided a better fruit weight
retention, while both coatings were comparable in terms of reduc-
ing decay incidence and retaining ascorbic acid.

An unusual plasticizer (limonene) was used by Fortunati et al.
(2014) in bionanocomposite PLA films reinforced with CNCs (1 and
3wt%). The CNC addition resulted in increased elastic modulus
(from 930 to 1050 MPa) without impairing film transparency, while
limonene was effective as a plasticizer, increasing elongation of the
3% CNC film from 38% to 272%. Considering that limonene is one of
most important contributors to citrus flavor, the resulting material
could be used for applications requiring (or benefiting from) citrus
flavor—such as coatings for citrus fruits.

Emulsion bionanocomposite films were produced by Pereda
et al. (2014) from chitosan, glycerol, and CNCs, with or without
olive oil as the hydrophobic phase. Both CNC and olive oil con-
tributed to enhance water resistance and water vapor barrier of the
films. The combination of 3% CNC and 10% olive oil reduced WVP
and water solubility by 55% and 62%, respectively, while increas-
ing elastic modulus by 78%, when compared to the film without
lipid or CNC. The opacity was surprisingly decreased by CNC con-
tents of up to 7%, which was attributed to CNC-glycerol interactions,
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leaving less free glycerol in the glycerol-rich phase on chitosan-
glycerol phase separation, thus favoring transparency.

Since CNCs present strong hydrogen bonding between one
another, achieving an appropriate percolation network may be
challenging (Dufresne, 2010). These hydrogen bondings may pro-
mote the formation of CNC aggregates within the polymer matrix
but, on the other hand, they are important to develop the CNC
network in the matrix (Mesquita et al., 2012). In order to obtain
an adequate percolation network, it is necessary to disperse
CNCs within the matrix and to maximize the CNC-polymer inter-
facial adhesion, while keeping the hydrogen bonding between
CNCs (Dufresne, 2010; Mesquita et al., 2012). One of the possible
strategies to improve the dispersion of nanocrystals in polymeric
matrices is the use of surfactants, which have been reported
as effective agents to cover CNC surfaces and avoid nanocrys-
tal agglomeration, enhancing their dispersion on film matrices
(Fortunati et al., 2012a). Moreover, they may favor compatibil-
ity between cellulose and a hydrophobic matrix; the hydrophilic
head of a surfactant adsorbs on the cellulose surface whereas its
hydrophobic tail solves in the matrix, avoiding cellulose aggre-
gation by steric stabilization (Hubbe et al., 2008). Several studies
include the use of an acid phosphate ester of ethoxylated nonylphe-
nol as surfactant in order to enhance CNC dispersibility and
compatibility with poly(lactic acid) (PLA) (Bondeson and Oksman,
2007; Fortunati et al., 2012a, 2012b). Fortunati et al. (2012b) added
different contents of pristine and surfactant-modified CNCs to
poly(lactic acid) (PLA) cast films. The surfactant enhanced CNC
dispersion and interaction with PLA, and the consequent barrier
properties of the films. A concentration of surfactant-modified CNC
as low as 1 wt% promoted reductions of 34% and 26% in WVP and
OP, respectively. The overall migration levels of the nanocomposite
films to polar and nonpolar food simulants were within the limits
for food contact materials, but the specific migration of CNC was
not assessed. A negative effect of the surfactant was observed by
Bondeson and Oksman (2007), who reported some degradation of
the PLA matrix resulting from the surfactant.

Another strategy to prepare composite materials without CNC
aggregation consists in by covalently link CNCs with the poly-
mer matrix. Bionanocomposite films were prepared by covalently
linking CNCs and chitosan (Mesquita et al., 2012). CNCs were func-
tionalized with methyl adipoyl chloride, and the reactive methyl
ester end groups on CNC surface reacted with chitosan amino
groups. The tensile strength of chitosan films was increased from
about 45-110 MPa, and the modulus, from about 1.35-3.75 GPa by
addition of 60% CNC. Moreover, the water uptake of the nanocom-
posite films was decreased when compared to neat chitosan.

Although MCC has been much less used as a reinforcing material
when compared to CNC, it has been used by our group as a rein-
forcing phase for mango puree-based films (Azeredo et al., 2009)
and chitosan films (Azeredo et al., 2010), being effective to increase
tensile strength and modulus and to decrease WVP of both kinds
of films.

3. Bionanocomposites with cellulose nanofibrils (CNFs)

Most studies with CNF reinforcements have been mainly
focused on tensile properties, although some studies have reported
other effects, such as decreased swelling degree (Jipa et al., 2012a,
2012b), WVP and water solubility (Jipa et al., 2012b) of PVA films,
and improved thermal stability of chitosan (Fernandes et al., 2010).

CNFs were used by Iwatake et al. (2008) to reinforce PLA sheets,
by premixing CNF with PLA using acetone as solvent, and kneading
the mixture with a rotary roller mixer after removing the solvent. A
CNF content of 10 wt% resulted in 40% and 25% increases of modulus
and tensile strength, respectively, without reducing elongation.

Fernandes et al. (2010) observed noticeable CNF effects to
strength and modulus of different chitosans, with maximum mod-
ulus increments ranging from 78% to 320% (for water-soluble
low molecular weight chitosan, whose modulus surpassed 6.5 GPa
when added with 60% CNF). Remarkable effects of BCNF on tensile
properties of starch films have also been described (Soykeabkaew
et al., 2012). Maximum modulus (2.6 GPa) and strength (58 MPa)
were achieved by addition of 50 wt% BCNF, corresponding to 106-
fold and 20-fold the values for pure starch/glycerol film. The
incorporation of 20 wt% CNF to xylan-rich hemicellulose films plas-
ticized with 25wt% sorbitol (Peng et al.,, 2011) increased film
strength and modulus from 11.9 MPa and 0.74 GPa, respectively,
to 150 MPa and 17.2 GPa.

CNFs were reported by Lopez-Rubio et al. (2007) to act both as
a conventional reinforcement (increasing strength and modulus)
and as plasticizer in amylopectin films. While pristine amylopectin
films required at least 38% glycerol, CNF addition resulted in films
with reasonable elongation (2-7%) without glycerol, which was
ascribed to the CNF ability to retain moisture.

Different cellulose structures have different effects on matri-
ces. From the aforementioned examples, it is noticeable that CNFs
present optimum effects on tensile properties of biopolymers when
present at higher weight contents when compared to CNCs. Some
studies have directly compared effects of types of nanocellulose.
Xu et al. (2013) reported that each type (CNF and CNC) presented
specific advantages over the other on a polyethylene oxide matrix.
CNFs led to better strength and modulus than CNCs, which was
ascribed to the larger aspect ratio and fiber entanglement of CNFs.
On the other hand, CNF entanglements and percolation resulted
in higher fiber agglomeration, impairing elongation. Transparency
was less affected by CNCs, because of their smaller sizes.

The effects of three types of nanocellulose—CNF, TEMPO-
oxidized CNF (CNF-T), and CNC —on HPMC films were compared
by Bilbao-Sainz et al. (2011). CNF-T (and, to a lower extent, CNF)
impaired tensile properties and water vapor barrier when present
at 13 wt%, while the same CNC content improved those proper-
ties. Moreover, CNC resulted in a smaller transparency loss (6%, in
contrast to more than 30% for CNF and CNF-T at the same con-
tents), favoring the applicability of the CNC-added films for most
food packaging applications.

4. Nanostructured cellulose based film matrices

BC compressed-molded films with different porosities have
been obtained by Retegi et al. (2010) under different pressures
(10-100MPa) at 70°C for 48 h during oven drying. The porosities
ranged from 3.2% (100 MPa-pressed film) to 13.6% (10 MPa-pressed
film). The pressure affected film tensile properties, mainly ten-
sile strength (which increased from 87.5 to 182.5 MPa by pressure
changing from 10 MPa to 100 MPa), which was ascribed to a struc-
ture densification, reducing interfibrillar space and increasing the
occurrence of interfibrillar bonding zones.

Tomé et al. (2010) esterified bacterial cellulose (BC) membranes
with hexanoyl chloride, in order to impart a hydrophobic charac-
ter to their surface. The esterification (confirmed by FTIR spectra)
impaired the thermal stability of BC, but improved its moisture
barrier, decreasing WVP by about 50%. Moreover, the membrane
permeabilities to O,, CO,,and N, at 100% RH were also decreased by
esterification, since it reduced the water uptake by the membranes
and its consequent increased fractional free volume and increased
gas diffusivity.

BC-montmorillonite (BC-MMT) nanocomposites were prepared
by Ul-Islam et al. (2012) by impregnating BC sheets with MMT sus-
pensions at different concentrations (1%, 2%, and 4%, for BC-MMTT1,
BC-MMT2, and BC-MMTS3, respectively) for 24 h at 150 rpm. MMT
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was adsorbed onto the sheet surface and also penetrated into the BC
matrix. The MMT amounts incorporated into sheets were: 25.72%
for BC-MMTT1, 40.36% for BC-MMT2, and 45.06% for BC-MMT3. The
BC crystallinity was decreased from 63.22% (pure BC) to about 50%
(BC-MMT3). The tensile strength was increased from 151 MPa (pure
BC) to up to 210 MPa (BC-MMT2). The nanocomposites presented
also improved thermal properties, with degradation temperatures
increased from 232 °C (pure BC) to up to 310°C (BC-MMT3).

Films from BCNCs were prepared by Martinez-Sanz et al.
(2013b), but their barrier properties were highly impaired at 80%
RH due to disruption of hydrogen bonds holding the nanocrys-
tal network. The films were then coated with hydrophobic layers
(formed either by electrospun PLA fibers or hydrophobic silanes).
PLA coating was more effective than silane coating to protect BCNC
from moisture, reducing WVP and OP by 70% and 97%, respectively,
at 80% RH.

Belbekhouche et al. (2011) prepared films by casting sisal CNCs
or CNFs suspensions. CNF films presented lower water diffusion
coefficients than CNC films, which could be due to the presence
of residual lignin, extractives, and fatty acids at their surface. CNF
films were about a thousand times less permeable to gases than CNC
films, which was ascribed to a lower porosity and the possibility of
entanglement of CNFs.

Nanocellulose matrices may be applied as coatings to con-
ventional polymers. While biopolymers are still not meant to
completely replace conventional polymers because of their higher
cost and lower performance, the application of biodegradable coat-
ings may allow reduction in thickness of plastic films, decreasing
their environmental impacts. Li et al. (2013) applied 1.5 wm-thick
CNC coatings on polymer substrates - i.e., polyethylene terephtha-
late (PET), oriented polypropylene (oPP), oriented polyamide (oPA),
and cellophane - providing them with remarkable O, barrier, while
keeping high transparency (around 90%). The OP of CNC coatings
were variable because of different CNC-substrate interactions, oPA
presenting the lowest OP (0.003 cm?® wm m~2 day~! kPa~!). On the
other hand, the water contact angles of films decreased because of
the polarity of the OH groups of CNC, which might be undesirable
for some applications.

Coating paper is also interesting to improve its poor barrier
properties and water resistance. Lavoine et al. (2014b) coated
papers with a successive number of CNF suspension layers. A CNF
coating of 7gm~2 reduced the air permeance of the paper in 70%,
and the tensile properties were also improved. Carboxymethylated
CNF coatings were cast at different grammages on paper substrates
by Aulin et al. (2010), increasing grammages (from 1 to 5g/m?)
resulting in an almost 10% fold decrease in OP, and remarkable
increase in oil resistance.

5. Bottom-up built nanocomposites from bacterial
cellulose (BC)

BC may be combined to another biopolymer by using a bottom-
up technique, in which BC nanofibrils are allowed to grow in the
presence of the second biopolymer added to the culture medium,
producing self-assembled bionanocomposites. In this case, BC
could be considered as a co-matrix with the second biopolymer
or as a reinforcing phase grown within the matrix.

Grande et al. (2009) growed BC in media containing starch
(which was gelatinized in different stages). The membranes were
hot pressed into sheets with a BC volume fraction higher than 90%.
X-ray diffractograms and tensile properties of BC-starch nanocom-
posites were similar to those of pure BC, indicating that BC formed
a coherent network in presence of starch.

Gea et al. (2010) compared an in-situ process of grow-
ing BC in a medium containing a 5% PVA solution with a BC

impregnation process with a 5% PVA solution. The in-situ pro-
cess, besides being more simple, resulted in almost no changes in
the BC fibril arrangement, and the composite exhibited improved
transparency and elongation when compared to pure BC, while
the strength and modulus were similar to those of pure BC. The
improved ductility was ascribed to the partial interruption of
hydrogen bonds within BC network. The impregnation process,
on the other hand, affected the ribbon morphology of BC, form-
ing aggregates which resulted in remarkably reduced strength and
stiffness of the films.

6. Nanocomposites produced by impregnation of bacterial
cellulose (BC)

BC/poly(3-hydroxybutyrate) (PHB) composites with different
PHB contents (25-90wt%) were prepared by Barud et al. (2011)
from BC membranes impregnated with PHB-chloroform solutions.
The BC nanofibrils involved PHB pellets precipitated inside the BC
network. Better tensile properties were observed for composite
membranes than for any of the isolated polymers, producing tensile
strength and modulus as high as 144 MPa and 15.5 GPa, respectively
(with 25% PHB), and elongation of up to 9.5% (with 75% PHB), due
to good interfacial adhesion and strong interactions between BC
and PHB chains. The resulting tensile strength and modulus val-
ues were about three and twelve times higher (respectively) than
those for high density polyethylene (HDPE) films as reported by
ASTM D882-00 (2000).

Linetal.(2013) produced BC-chitosan films by impregnating BC
in a chitosan solution. The elastic modulus of the BC-chitosan film
was much higher (132 MPa) than that of pure BC (34 MPa), whereas
the tensile strength and elongation of BC-chitosan film were lower
(10 MPa and 29%, respectively) than those of BC (15 MPa and 32%,
respectively). Chitosan provided the films with antibacterial prop-
erties against Escherichia coli and Staphylococcus aureus.

Crosslinked BC/gelatin films were obtained by Chang et al.
(2012) by impregnating BC sheets in gelatin solutions (at con-
centrations of 0.5-20%) at 50°C for 7days, and immersing
the composite membranes in protein crosslinking agents. The
gelatin/BC dry weight ratio increased with increasing concen-
tration of gelatin solution, until gelatin became the continuous
phase (when gelatin solutions at 15% and 20% were used). Before
crosslinking, gelatin entered the BC networks, occupying empty
spaces. Crosslinking promoted the formation of an interpenetrat-
ing BC/gelatin network, whose tensile properties were improved at
higher gelatin contents.

7. Nanocelluloses in antimicrobial food packaging
materials

Active food packaging systems are those which not only pas-
sively protect food products, but includes also any functionality to
actively enhance food quality or stability. The most common active
packaging systems are those which release active compounds (such
as antimicrobial agents) onto food surface (Azeredo, 2013).

Antimicrobial food packaging materials based on silver
nanoparticles (AgNPs) have been widely studied, thanks to their
broad antimicrobial spectrum, high temperature stability and good
processability (Kumar and Miinstedt, 2005) although the potential
toxicity of AgNPs have still been disputed (Kim et al., 2010; Xiu
et al., 2012). PLA films with CNCs (treated or not with surfactant)
and AgNPs were produced by Fortunati et al. (2012a) using melt
extrusion. The AgNP-containing films presented bactericidal effects
against Gram-positive and Gram-negative bacteria, and the pres-
ence of surfactant favored the tensile properties. Overall migration
tests (using polar and nonpolar food simulants) revealed migration
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levels within the limits for food packaging materials, but silver was
easily released from the nanocomposites to ethanol 10% (the polar
simulant) when surfactant-treated CNCs were used, exceeding the
specific migration limits allowed by legislation.

Nguyen et al. (2008) impregnated BC membranes with nisin
solutions, and studied the effects of nisin concentration and
impregnation time on the ability of films to control Listeria
monocytogenes and total aerobic bacteria on the surface of vacuum-
packaged frankfurters. Films produced from 6 h impregnation with
a nisin solution at 2500 IUmL™! resulted in decreases in L. mono-
cytogenes and total aerobic bacterial counts of about 2 log CFU g~!
and more than 3 log CFU g1, respectively, after 14 days of storage,
when compared to control uncoated samples.

BC tubes impregnated with e-polylysine (e-PL) were tested
as antibacterial sausage casings (Zhu et al., 2010). The &-PL/BC
composite casings, besides presenting good tensile and barrier
properties, exhibited activities against several bacteria, extending
shelf life of sausages. Moreover, antimicrobial properties against S.
aureus were not significantly lost after autoclaving the casings at up
to 121 °C for 30 min, suggesting a good heat stability of the casings.

Compression molded films for sliced ham were prepared by
Salmieri et al. (2014) from PLA and CNCs added with nisin. Ham
slices were inoculated with 104 CFUg~! of L. monocytogenes, each
slice was placed between two films, and the product was packaged
into high barrier packaging, vacuum-sealed, and stored for 14 days
at 4°C. Nisin decreased the tensile strength of the films, but on
the other hand it assured complete inhibition of L. monocytogenes
growth from the third day of storage. Nisin was gradually released
from the films, up to 21% at day 14. Unfortunately, the study did not
include PLA-nisin films without CNC, so it is not possible to assess
any CNC effects on the antimicrobial efficacy of the system.

Georgeetal.(2014)incorporated both CNCs and AgNPs to HPMC.
Although the active properties of the films were not evaluated,
the authors observed that AgNPs exhibited favorable effects on the
matrix, favoring elongation while helping CNCs to increase ten-
sile strength and modulus, and reducing moisture sorption. Those
effects were ascribed to interactions of AgNPs with OH groups of
HPMC (observed by FTIR) in a physical crosslinking.

Wheat gluten bionanocomposite coatings containing 7.5% CNC
and 0.6% TiO, were applied by ElI-Wakil et al. (2015) on unbleached
kraft paper sheets. Three coating layers (resulting in a 10.7 um
increase in paper thickness) caused enhancements of more than
50% in mechanical properties (breaking length and burst index),
and resulted in at least 98.5% reduction in counts of inoculated
microorganisms (Saccharomyces cerevisiae, E. coli, and S. aureus)
after 2 h of exposure to UV light (to photoactivate TiO,).

Some studies describe functionalization of nanocellulose with
active groups, in order to incorporate additional properties to the
structures and the resulting materials. Dong et al. (2013) applied
TEMPO oxidation to modify CNFs with carboxylate groups which
strongly interacted with AgNPs. The presence of AgNPs reduced
CNF coalescence in films, probably because the carboxylate-Ag
binding limited water solvation and hydrogen bonding between
adjacent CNFs. The functionalized CNFs presented antibacterial
properties against both Gram-positive and Gram-negative bacteria,
which could be exploited for active food packaging applications.

BCNFs were reported by Jipa et al. (2012b) to speed up the
release of sorbic acid from PVA/BCNF/sorbic acid antimicrobial
films. On the other hand, other studies have presented CNF as a
delivery and controlled release agent (Lavoine et al., 2014a, b, ¢, d),
due to their nanoporous network and/or to the formation of chem-
ical interactions between CNF and loaded molecules (Lavoine et al.,
2014a).Lavoine et al.(2014a) used a CNF coating on paper torelease
caffeine as a model hydrophilic active compound. Three treatments
were compared, in which paper was: (a) impregnated with caf-
feine (control); (b) impregnated with caffeine, then coated with

CNF; or (c) coated with a caffeine/CNF mixture. The treatment (c)
presented better results than (b), since the nanofibril network
trapped caffeine, promoting a more controlled and gradual release,
more promising for most potential applications in the food
packaging field. In another study, the group (Lavoine et al.,
2014c) evaluated the ability of CNF coatings to control release
of the antibacterial chlorhexidine digluconate (CHX), using the
same kinds of treatments—(a) CHX-impregnated paper, (b) CHX-
impregnated and CNF-coated paper, and (c¢) CHX/CNF-coated
paper-which retained their activities for 18, 30, and 45 days,
respectively.

Controlled release systems based on paper coated with CNF
and/or B-cyclodextrin (BCD) were developed by Lavoine et al.
(2014e) to deliver CHX. The antibacterial (CHX) was mixed with
a CNF suspension, a BCD solution or both, and applied as coat-
ings onto paper. The combination of BCD and CNF presented a
complementary action, CNF affecting the burst effect, and BCD con-
trolling CHX release over time (thanks to its ability to form an
inclusion complex with the active molecule). The use of BCD alone
promoted a slow CHX delivery, whereas the BCD/CNF combina-
tion was presented as being more suitable for rapid delivery. The
BCD/CNF combined action was exploited in another study by the
group (Lavoine etal., 2014d) on controlled release of carvacrol. Car-
vacrol was included in BCD (previously grafted onto paper), and the
paper substrate was coated with a CNF suspension. The BCD-grafted
paper retained an antibacterial activity against Bacillus subtilis (in
previously inoculated agar plates) for 14 h, against 4 h for the con-
trol (non-grafted paper), and the CNF coating extended this activity
for additional 2 h.

8. Final considerations

Physical properties (especially tensile and permeability proper-
ties) of food packaging materials are important to assure that the
packaged products are reasonably protected from external factors,
and that the deteriorating changes are kept at low rates. There are
no specific legislation for physical properties of materials intended
for food packaging. The only conventional standard found in the
literature is the requirement that the tensile strength of packaging
films should be more than 3.5MPa (Kim et al., 1995). In order to
evaluate if a novel or modified material meets the requirements
for other physical properties, it is recommended that the materials
usually employed for those applications, such as LDPE (low density
polyethylene), HDPE (high density polyethylene), PP (polypropy-
lene), and PET (polyethylene terephthalate), are used as references
for comparison purposes.

When a material is intended for food contact, there are also
safety issues involved, since there is the possibility of migration
of components to the food. A recent review by Huang et al. (2015)
summarizes the efforts on migration assessment for nanocompos-
ite materials in food packaging. In the case of edible materials (such
as edible films and coatings), the issue is even more important,
since the compounds present in the materials are intended to be
directly ingested, so any components should be considered as food
components (instead of food contact components). Although the
properties and safety of bulk cellulose are well known, the nano-
sized counterparts must be evaluated in terms of any potential
toxic effects, since their small dimensions may allow them to pene-
trate into cells and eventually remain in the system. Moreover, the
occupational and environmental risks related to cellulose nano-
materials should be widely assessed as well. Some specific studies
have indicated a low toxicity (Kovacs et al., 2010; Ni et al., 2012)
and low environmental risks (Kovacs et al., 2010) of nanocellulose.
However, several gaps in knowledge were identified by Shatkin
and Kim (2015) when using life cycle assessment to identify and
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assess potential risks of cellulose nanomaterials from ocupational,
consumer, and environmental exposures. Further studies are then
required to focus on those gaps to ensure that any questions about
cellulose materials safety are answered for safe and sustainable
commercialization.
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