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ABSTRACT
Nanoclays have received special attention due to their wide range of industrial applications due to some inherent properties. Nowadays
one of the most active areas of nanoclays research is their employ in food packaging. In this paper, at first, the reasons of nanoclay

applications are introduced. Then critical issue in developing food packaging materials are reviewed to minimize gasses and other small
molecules transfer between out-side packaging environment and food. The reason for improvement of permeability of films is discussed.
The permeability of nanocomposite films may be determined using two factors: diffusion and solubility coefficients. Then antimicrobial
activity of clay-based nanocomposites and its mechanism and factors influencing on it are mentioned. The way of evaluation of
mechanical properties of the nanocomposite films and strategies for improvement are introduced. Finally, other applications of nanoclays

e.g. controlled release of various bioactive molecules and development of reinforced food contact materials have been introduced.

Keywords: Nanoclay, food packaging.

1. INTRODUCTION

Nanotechnology include the characterization, fabrication
and/ or manipulation of structures, devices or materials that have
at least one dimension lower than 1-100 nm in length. When the
particle size is reduced below this threshold, the resulting material
exhibits physical and chemical properties that are significantly
different from the properties of macroscale materials composed of
the same substance [1]. Among all nanoparticles, nanoclays have
received special attention in a wide range of industrial applications
because of their low cost, abundance in nature, commercial
availability, high strength and stability, effectiveness at low filler
loadings, simple processing, high aspect ratio of individual
platelets and let them be modified easily [2-4]. These material
originated from clay fraction of soil, consisting of SiO, tetrahedral
and AlI3+ octahedral sheets of one to a few _nanometers thick and
hundreds to thousands of nanometers in measure [5]. Nanoclays
result in good dispersion with water-soluble polymers due to their
hydrophilic nature while they are adverse with the wide range of
hydrophobic polymers and need to be modified with organic
surfactants in order to improve their interaction with organic
material [6]. Nanoclays, organically modified nanoclays and
polymer layered nanocomposites are used in different areas.

The first report on the application of clay minerals was
about the absorption of DNA by montmorillonite. Organoclays
have potential utility in manufacture of inks, paints, greases, bone
implant, filler for dental adhesives and cosmetics and also these
hydrophobic material are commonly used in remediation of
environmental pollutants because of their unique sorption

2. STRUCTURE OF CLAY AND SILICATE NANOCOM
The naturally abundant clay minerals ordinarily have a
stacked aggregated of silicate layers as tetrahedral and octahedral
sheets with nanometric thickness. This stacking result in regular
van der Waals gaps between the layers called interlayer or

capabilities. For instance, as a sorbent in the removal of phenolic
compounds and pesticides from water [7, 8]. Park et al [9]
reviewed the application of organoclays for the adsorption of
organic contaminants contains aromatic organic compounds,
phenolic compounds, pesticides, herbicides, hormones and
antibiotics from aqueous media. In addition other adsorption
applications of these compounds include removing oil, grease,
heavy metal, polychlorinated biphenyl and mycotoxins. Nano
clays such as montmorillonite, bentonite, and hydrated sodium
calcium alumino silicate (HSCAS) used as anticaking agents for
animal feed, have been reported as an additive to inhibit or at least
diminish disease associated with multi-mycotoxins in high risk
population [10]. Other potential applications of nanoclays are the
controlled release of various bioactive molecules and development
of reinforced food contact materials which are completely
investigated in the present review.

Nowadays the most active area of nanoclays research is
their employ in food packaging. The incorporation of nanoclays
into polymeric systems results in an enhancement in their barrier,
mechanical and thermal properties, as well as causes an
improvement in the antimicrobial properties and modulates the
release of antimicrobial agents from packaging [11, 12]. The
earliest successful example of a polymer—clay nanocomposite was
a nylon-clay hybrid found and developed at Toyota Central
Research and Development Laboratories in 1986 [13]. However,
studies on the development of PCNs based food packaging
materials have been published only since the late 1990s [14].

POSITES
gallery[15]. The sheet-structured hydrous silicates are generally
referred to as phyllosilicates.

Upon the number and arrangement of octahedral sheets
and/or tetrahedral sheets, Clay minerals are divided into three
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major categories: 1:1, 2:1 and 2:1:1 arrangement. 1:1 clay would
consist of one tetrahedral sheet and one octahedral sheet and 2:1 ,
combined by two tetrahedral layers organized by Si and O atoms,
fused with an octahedral layer with aluminium and magnesium
atoms bonded to oxygen and hydroxyl groups while 2:1:1 clay
would consist of octahedral sheet adjacent to a 2:1 layer [16,17].
The structural family of the 1:1 layered silicate is called kaolinite
group with the general formula of Al,Si;Os(OH),. This group
includes the dioctahedral minerals (e.g. kaolinite, dickite, nacrite,
and halloysite), and the trioctahedral minerals (e.g. antigorite,
chamosite, chrysotile, and cronstedite). This group includes the
dioctahedral and the trioctahedral minerals. Various smectite types
including dioctahedral minerals (e.g. montmorillonite, beidellite,
nontronite, and bentonite), and trioctahedral minerals (e.g.
hectorite, saponite, and sauconite) belong to the structural family
of the 2:1 layered silicate. They contain highly anisotropic
platelets separated by thin layers of water with a general formula
(Ca,Na,H) (Al,Mg,Fe,Zn), (Si,Al);09o(OH),-xH,0, where x shows
different levels of water affiliated to the mineral. These clay
platelets contain two tetrahedral sheets of silica and an octahedral
sheet of alumina or magnesia. Each platelet has an average
thickness around 1 nm and average lateral dimensions ranging
between a few tens of nm to several microns, depending on clay
type [5, 9]. The forms of each platelet have a net negative charge
due to an isomorphic substitute of Al”in the octahedral layer by
Mg™ or Fe, and Mg™ by Li" which is quantified as cation-

exchange capacity (CEC) and varies from layer to layer. The
imbalance of the surface negative charges is counter balanced by
exchangeable cations (typically Na“ and Ca®") located in the
interlayer space between platelets [20].

The attendance of mineral cations on the planar surface of layers
increases hydrophilic character and therefore makes them
incompatible with the wide range of hydrophobic polymers
[5, 21]. One of the most common methods to promote miscibility
and adaptability between clays and polymers is to convert the
hydrophilic silicate surface to organophilic. It can be typically
achieved by replacing these cations with organic cationic
surfactants such as organic ammonium ions bearing longaliphatic
chains, leading to organo-modified layered silicates (OMLS) with
increased interlayer spacing, hydrophobic surface and improved
interactions with organic polymers [22]. The surfactants lower the
surface energy of the platelets, resulting in an increase in the layer
spacing (d-spacing). The more the modifier is compatible with
organophilic matrix, the more it facilitates clay dispersion, it
means that appropriate selection of organoclay depends on the
type of polymer matrix used. For instance, to improve the
dispersion, the polar surface of pristine montmorillonite is usually
functionalized with organic cations such as stearyl dihydroxyethyl
ammonium chloride [23], distearyl dimethyl ammonium chloride
[23] and quaternary ammonium [22], although sulfonium and
phosphonium can also be used [23].

3. FABRICATION OF POLYMER/ CLAY NANOCOMPOSITES

The structure and properties of the resulting material
depend on the state of the nanoclay in the nanocomposite, i.e., if it
is exfoliate or intercalate [24]. With the incorporation of
nanomaterials, three structural arrangements can be defined in the
nanocomposites, namely tactoid, intercalated, and exfoliated [25].

The structure and morphology of the nanocomposites can
be determined by X-ray diffraction (XRD), both wide angle
(WAXS) and small angle (SAXS), scanning electron microscopy
(SEM), transmission electr-=on microscopy (TEM), infrared
spectroscopy (IR), and atomic force microscopy (AFM) [24, 26,
27]. Tactoid structures (microcomposites) is obtained when the
presence of particles (agglomerates>100 nm) in the material is
observed. Clay nanoplate-lets tend to be agglomerated, especially
when dispersed in nonpolar polymer environments due to large
surface energies. Agglomeration of clay platelets leads to
agglomerated morphology with reduced aspect ratios. In this case
the interlayer space of the clay gallery does not extend and no true
nanocomposites are formed because of poor dependency between
polymer and clay [28].

Intercalated nanocomposites are the result of balance
dependency among of and clay observed when the sheets of the
clay are intercalated by the polymer, but they are stacked in a
group of layers whose thickness is less than 100 nm. In this case
the polymer chains penetrate between the silicate layers keeping
the clay stacks (tactoids) virtually unchanged except for a
moderate expansion of interlayer spaces. Moreover a laminated
structure is obtained when the clay platelets are totally
delaminated and separated from one another by a distance greater
than a few nanometers, with a typical size below 20 nm. In
exfoliated nanocomposites, platelets have very favorable

interactions with the polymer matrix and are distributed
homogeneously entirely the polymer phase with no memory of the
original clay tactoids to take full benefit of nanoclays high surface
area [20, 29]. The delaminated structure is the most suitable to
achieve better properties.

It is difficult to form either an intercalated or exfoliated
structure of nanoclay by using incorporation of existing/traditional
techniques because of the large lateral sidelong of the layers, high
intrinsic viscosity of the polymer and a strong attitude of clay
platelets to agglomerate [30]. One alternative to deal with these
problems is using conventional shear devices such as extruders,
mixers, ultrasonicators, ball milling, high pressure fluidizators,
etc. to create alternating pressure cycles, which overcome the
bonding forces and break the agglomerates and so improve the
degree of exfoliation [3]. Other solutions include preparing a clay
suspension containing a lower percentage of clay and a low
concentration polymer solution and processing with plasticizers.
Preparing the nanocomposites in diluted aqueous solutions
followed by plasticization results in  well-dispersed
nanocomposites due to lower viscosity of solution and higher
miscibility of polymer with clay [31].

Best effects are generally observed at low loads, clay was
dispersed more uniformly via polymer matrix at low
concentrations but presumably at higher nanoclay concentrations,
the adsorbent force between the clay and the polymer matrix is
disordered by the tactoid form of the clay. It was presumed that
plasticizers might also partake in the interactions between polymer
and clay and thus could most affect the formation of nanostructure
and further influence the obstacle, mechanical, and thermal
properties of the nanocomposite films. Several researchers
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working on plasticized starch—clay nanocomposite films reported
that plasticizers comfort stronger interactions between the starch
matrix and clay surface due to the strong polar—polar interactions
between starch, plasticizer, and clay surface, and further affected
the performance of nanocomposite films [32-34]. They deduce
that combination of sufficient glycerol (5% w/w) into the starch—
nanoclay samples have led to an exfoliated structure, whereas with
combine an extra value of glycerol, caused a reduction in
exfoliation of clays in the starch matrix. This phenomenon has
been explained by two reasons. The primary reason is that the
excess amount of glycerol resulted in large structures by
developing hydrogen bridges, hence negatively effective the starch
chain mobility; and second, formation of hydrogen bonds between
starch and glycerol might compete with interactions between
glycerol, starch, and the clay surface and reduced of absorbing
forces between starch and clay[33-35].

On the other hand, efficient delamination of clay layers into
the polymer to achieve fully exfoliated morphologies is hindered
by the hydrophobic- hydrophilic character of polymers and clays.
These mismatches can be overbearing by organically modification
of the polar clay surface with various cationic surfactants
including  quaternary =~ ammonium,  phosphonium  and
immidazoliumions etc. to render it more hydrophobic. The
complexing agent here is achieved uniform distribution of clays
into the polymer matrix. While advances have been made toward
understanding the factors which influence the degree of clay
platelet exfoliation in PNC films, these relationships are complex
and difficult to control in practice.

How the clay platelets are distributed throughout the matrix
and, therefore, the properties of the resulting materials are
influenced by the type of processing used to provide polymer—clay
nanocomposite. Polymer clay nanocomposites are fabricated by
different methods, containing polymerization of a monomer in the
attendance of clay (in situ polymerization), polymer intercalation
in solution, emulsion polymerization in the presence of layered

silicates and by dispersing the nanoclay into the molten polymer
(melt Intercalation). These techniques may be more or less
adaptable for different filler/polymers systems [36].

It has been reported that among the fabrication techniques,
melt intercalation is the most environmentally benign method for
polymer nanocomposites formation [37]. This method has already
been applied in the manufacturing of conventional films and the
main benefits are the versatility, efficiency, and scale-up
simplification [38]. The polymer and silicate layers are heated
upper the glass transition or melting temperature and mixed
together in the molten state by using single screw extrusion,
double screw extrusion, or manual mixing [39]. Top-down
approaches to PNC fabrication are limited in their ability to
provide consistently impressive improvements in oxygen and
moisture vapor permeabilities [40]. For example solvent casting
technique is one of the so-called top-down methods which has
been extensively used to prepare starch-based films [32] and also
PLA-based and gelatin —based [41] composite films with different
types of nanoclays for research purposes. This technique
comprising the steps of gelatinization, pasting, bursting of
granules, and starch retrogradation, has some troubles involved in:
(i) combination materials of different natures; (ii) film removal
from the support; and (iii) scale up from laboratory to industrial
scale [38]. Layer-by-layer (LBL) assembly is a bottom-up strategy
to fabricate multilayer film structures with pre-defined component
organization at the nanoscale. Multilayer films are constructed as
follows. A prepared substrate (quartz or polymer such as PET,
e.g.) is submerged in a solution of a positively charged polymer,
rinsed, dried, and then submerged in a solution of negatively
charged clay platelets. Each cycle of alternating submerging leads
to the formation of a single clay-polymer bilayer, and cycles are
repeated until the desired number of bilayers is achieved. Bilayers
are held together by electrostatic bind between the polymer and
clay layers, which have opposite polarity [40].

4. OBSTACLE ACTION OF CLAY AND SILICATE NANOCOMPOSITES

The permeability of polymeric materials is a critical issue
when developing food packaging materials where efficient barrier
properties are desired to minimize gasses and other small
molecules transfer between out-side packaging environment and
packaged food. The permeability of the polymer films is usually
affiliate on a large number of pertinent agents, containing: free
volume hole sizes, degree of polymer crystallinity and motion, and
specific polymer—polymer and polymer—gas interactions, polarity
and structural features of polymeric side chains, hydrogen bonding
characteristics, molecular weight and polydispersity, degree of
branching or cross-linking, processing methodology, method of
synthesis, and although permeability to one migrant can also be
complicated by the presence of other migrants. The overall
diffusion rate is also straightly related to the film thickness
[42, 43].

Actually, no known pure polymer exhibits complete
impermeability to atmospheric gasses, water vapor, or natural
substances contained within the food being packaged or even the
packaging material itself. Thus to deal with their inherent
permeability complex multilayer films or polymer blends are often
utilized. For example, in an application where ultrahigh oxygen

barriers are required over a large humidity range, a high oxygen
barrier, water sensitive material like EVOH can be sandwiched
between two layers composed of a relatively hydrophobic polymer
such as polyethylene [44].

Direct polymer blending is also a useful approach to
achieve desired gas barrier. While they provide remarkable
improvement in barrier properties, but they possess higher
production and material costs and require the use of additional
additives and adhesion. Thus polymer nanocomposites (PNCs) are
introduced as the latest alternative to overcome the
aforementioned problems. Nanoclays have been widely studied as
regards the barrier properties due to their unique platelet-like
structure and There have been many researches involving the use
of nanoclay as rigid impermeable fillers in the development of
nanocomposites to reduce the permeability of gases, like oxygen
and carbon dioxide; organic vapour and moisture that are
hazardous to packaged material [45]. Significant improvement in
barrier properties through the integration of nanoclays into the
polymer matrix can be achieved by two specific way. The primary
way by which nanofillers influence the barrier properties is mainly
attributed to the creation of tortuous pathway for permeate
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diffusion due to the impermeable clay layers distributed in the
polymer matrix consequently increasing the effective diffusion
path length. Several theoretical models have been proposed to
explain the effect of dispersed nanomaterials on the mean path
length for diffusing molecules. Nielsen proposed the first simplest
model assumes that fillers are evenly dispersed throughout the
matrix and take the shape of rectangular platelets of uniform size.
Furthermore, supposes that the penetrant diffusion rate is only
influenced by the tortuosity of the path. This model shows that the
barrier effectiveness is expected to increase as the particles
become more anisotropic or plate-like in shape and the filler
aspect ratio (length divided by width) increases, a prediction
which has been experimentally verified [43].

It is worth noting that in practice, the Nielsen model is
valid only for small filler loading percentages but higher loading
levels result in deviation between the experimental data and
predicted results due to the particle agglomeration, which in turn
effectively reduces mean particle aspect ratio [43]. As all of these
models are based on the assumption that the impermeable clay
platelets are completely exfoliated into the polymer matrix and it
is not always the case, many deviations can be observed owing to
less exfoliation or poor clay orientation. To deal with
aforementioned problems and improve Nielsen’s model a new
model provides a correction factor applicable to Nielsen’s model.
In this model, the proportion of ‘‘interphase’’ regions in which the
nanoclay surface and any organic modifiers interact directly with
the polymeric host material, acts as a governing factor in addition
to the tortuous path [46].

The second way by which nanoparticulates influence the
barrier properties is by causing changes to the polymer matrix
itself at the polymer-nanofiller interface. When the polymer—
nanoparticle interactions are favorable, polymer chains located
close to each nanoparticle can be partially immobilized. This
immobilization results in the fact that permeant molecules
traveling through these interfacial zones have attenuated hopping
rates as observed by positron annihilation lifetime spectroscopy
(PALS)[47, 48]. Some recent efforts at modeling the effect of the
interfacial regions [43] on the diffusivity properties of migrant
gasses through polymer films have been made but considering the
relevant factors are not always easily the case [49]. It is also worth
mentioning that polymer crystallinity plays a major role in barrier
properties and crystalline regions of semicrystalline polymers act
as nanoscale fillers [50]. Moreover it is hypothesized that
nanoclayactesas nucleating agents increasing the rate of the
formation of the crystallites and results improvement in barrier
property [51].

The permeability of nanocomposite films may be
determined using two factors: diffusion and solubility coefficients.
Hence, a reduction in the nanocomposite was caused by the
combined effect of the reductions in both the solubility coefficient
and the effective diffusion coefficient [52-54]. A reduction in the
solubility coefficient of the composite-films seems to be caused by
the reduction of available hydroxyl groups, as a consequence of
their interactions with the nanoclay [55]. Furthermore the
compatibilizers or plasticizers used to efficiently and uniformly
incorporate the filler into the matrix, can also affect the diffusivity
or solubility of permeates [40]. Carmen et al [56] working with
starch/clay nanocomposite films, reported that the addition of

nanoclay lead to a remarkable decrease in the water vapor
permeability and this effect more intense in the
nanocomposite films plasticized with glycerol. This behavior may
indicates that the nanoclay dispersion procedure increases the

was

nanoclay—glycerol interactions and improves the intercalation
process thus reduces the accessibility of hydroxyl groups to
interaction with water and results in a less water vapor
permeability. However, It was observed that the lowest water
vapor permeability would be attained for nanocomposite films
with sufficient glycerol (5%) but in higher glycerol content, WVP
increased because of the decreased extent of clay exfoliation and
also increased the hydrophilicity of the starch films. They
provided more active sites by exposing hydrophilic hydroxyl
groups in which the water molecules could be absorbed [33]. They
also found that the use of two different plasticizers (urea and
formamide) with amide groups at 15% level, has led to lower
WVP as compared to glycerol at the same level. That meant the
new plasticizers (urea and formamide) improved the balance of
interactions between starch, plasticizer and clay, and allowed more
plasticizer and starch to diffuse together inside the layers of
silicates so increased the degree of clay exfoliation.

Kanmani and Rhim [41], who worked on developing
gelatin based active nanocomposite films containing AgNPs and
nanoclay, concluded that the water vapor permeability of the
gelatin film reduced by incorporation of clay and AgNPs. This
behavior is mainly attributed to the water vapor impermeable
silicate layered nanoclay and AgNPs which create a tortuous
pathway for water vapor diffusion [57]. Furthermore, dispersion of
the nanoparticles in the polymer matrix as discontinuous particles
prevents the mobility of polymer strains and so positively affect
the WVP of the polymeric films [58]. Research conducted by [59]
on assessment of water vapor permeability (WVP) of PLA films
incorporated with different types of clay (Cloisite Na+, 30B and
20A) showed a decrease in the water vapor permeability of
nanocomposite films with the incorporation of organically
modified nanoclays, i.e., Cloisite 20A and 30B, reduced, while
that of films incorporated with unmodified natural nanoclay,
CloisiteNa, increased slightly. This result can be explained by the
hydrophobicity of organically modified and
hydrophilicity of unmodified nanoclay. On the other hand, among
the organically modified nanoclays, Cloisite 20A is more
hydrophobic and has more compatibility with PLA polymer
matrix. Thus Cloisite 20A was the most effective in improving the
water vapor barrier property [60]. Furthermore they examined the
effect of clay concentration using Cloisite 20A and resulted that
with an increase in clay content, WVP of nanocomposite films
decreased significantly. Casariego et al, showed that this behavior
can be attributed to the quality of clay dispersionin polymer [61].

It seems that when the concentration of nanoclay reaches
a certain level, its orientation changes and nanoclay probably
aggregates. A similar study was carried out by Shin et al [62] at
developing nanocomposite films based on the combination of
different nanoclays (Cloisite Na+, 30B and 20A) into polymeric
blends of apple peel powder and carboxymethylcell-ulose (CMC).
The incorporation of nanoclays provided an effective barrier
against water and oxygen in the CMC films, regardless of the type
of nanoclay used. This implies that the layered silicates could be
regarded as an impermeable obstacle to the motion of water or gas

nanoclays
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molecules and thus improve the barrier properties [63]. The CMC
films composited with Cloisite Nat+ had the WVP values
remarkably lower than those with Cloisite 20A or Cloisite 30B.
This result is most likely attributed to the surface hydrophilicity or
hydrophobicity of the clay used due to hydrophilic natural of
(Cloisite Na") and hydrophobic nature of organically modified
nanoclays such as Cloisite 30B and Cloisite 20A [64].

Abdollahi et al [12] evaluated the combined effect of clay
(MMT) and rosemary essential oil (REO) on the barrier properties
of the chitosan film. For this mean, water vapor permeability
(WVP) of chitosan films incorporated with three levels of MMT
(1, 3 and 5% w/w) and REO (0.5, 1, and 1.5% v/v), was

5. ANTIMICROBIAL ACTIVITY OF NANOCLAYS
Antimicrobial activity of clay-based nanocomposites has
been widely studied. It has been stated that they may have direct
or indirect antimicrobial function by themselves, moreover, they
also influence on increasing retention of antimicrobial agents by
polymer matrix or exhibiting controlled release capacity of them
with interest.
5.1. Antimicrobial activity of nanoclay in single form.
According to research conducted by the group [66, 67] on
the clay included nanocomposite film, even though the same basic
MMT structure, organically modified MMT such as Cloisite 30B
and Cloisite 20A have shown distinctive antibacterial activity,
while no antibacterial activity has been observed with unmodified
MMT. Organically modified nanoclay inactivated all bacteria. The
main place of action is cell wall [68]. At physiological condition
bacteria have negatively charged cell and pristine
montmorillonite typically has negatively charged surface so under
these conditions due to electrostatic repulsion forces interaction
between them is not favorable. Modification of clays with
quaternary ammonium groups converts them to the material with
both positively charged and hydrophobic surface thus promotes
their affinity to bacterial cell wall. Among the quaternary
ammonium groups, the alkylammonium cations alkyl chains
between 8-18 carbon in length are the most active ones. It has
been reported that Cloisite 30B showed superior antimicrobial
activity than Cloisite 20A, which was ascribed to their unlike
hydrophobicity. Due to the more hydrophobic nature of Cloisite
20A, bacteria cannot easily be adsorbed in to the nanoclay surface
therefore the antimicrobial function reduces. The consistent results

wall

have been found by Rhim and Hong [59] in a later research, which
showed only poly (lactic acid) (PLA)/ Cloisite 30B composite
films exhibited a bacteriostatic effect against L. monocytogenes.
In this study, they also found that small amounts of organically
modified nanoclay powders alone could inactive both Gram-
positive and Gram-negative bacteria. However, when they were
incorporated into the PLA matrix, their efficacy has been reduced.
This behavior was related to hydrophobic nature of PLA, which
may prevented bacteria to access the nanocomposite film surface,
whereupon the interaction between the surfactants of the
organoclay and bacteria occurs. Sothornvit et al [69] have also
reported that whey protein isolate/organoclay composite films had
a noticeable bacteriostatic effect against L. monocytogenes.
5.2. Antimicrobial activity of nanoclays in combined form.

As mentioned previously there are a certain number of
reports about antimicrobial activity of organically modified

investigated. The results showed that WVP of films decreased by
incorporating 1 or 3 % w/w MMT and this phenomenon became
more intense with addition of 1% or 1.5% REO. As mentioned
previously, the earlier decrease in WVP is due to creation of
tortuous path for the molecule diffusion by clay. Further
decreasing of WVP in the presence of REO is related to the
hydrophobic nature of REO which may increase film
hydrophobicity. Moreover this reduction is also due to the
formation of the cross-link network induced by the hydrogen
bonds between the chitosan and REO which limits the availability
of hydrogen groups to form hydrophilic bonding with water,
subsequently leads to less WVP [65].

silicate layers, while unmodified silicate layers are not
antimicrobial by themselves. Thus it will be of great importance to
combine silicate layers with natural antibacterial agents such as
copper and with
antimicrobial property. In this regards, a series of studies have
been carried out on antimicrobial activity of chitosan intercalated
with rectorite (REC) by Wang et al. [48, 49, 70] and MMT by
Rhim et al. [66] and Han [68] providing new organic—inorganic
hybrid materials with dual antibacterial benefit of organic and
inorganic antimicrobial factors. Chitosan (CS) is the second most
abundant cationic polysaccharide in nature after cellulose. It can
be applied widely in different applications especially as an
antimicrobial agent in packaging. It has been found that CS has
some advantages over other type of polymers used as packaging
material due to its antibacterial behavior and chelating bivalent
minerals [71]. Higher antibacterial activity, a broader spectrum of
activity, a higher killing rate and lower toxicity towards
mammalian cells make it preferable than other types of
disinfactants [49]. CS showed antimicrobial function against Wide
range of microorganisms including bacteria, fungi and algae.
Despite all these advantages, its application has been limited due
to insolubility in water. Therefore to deal with this limitation, it is
necessary to modify CS surface with a cationic group like
quaternary ammonium group which produces water soluble
derivative of CS, quaternized chitosan (HTCC), with better
bacteria deterrence. It has been suggested that the mechanism of
the antimicrobial activity of HTCC 1is contributed to
hydrophobicity and cationic charge of the introduced quaternary
ammonium group. The positively charged glucosamine monomer
on the C-2 in CS molecule at below pH 6.3 [49] makes this
polycationic biocideable to interact with polymers at the
negatively charged cell surface of the bacteria which changes the
permeability of the cell membrane of the microorganisms and
results in the leakage of intercellular components and so the death
of the cell [72]. Moreover, HTCC can apply strong restraint
efficacy on growth of microorganisms by its long chain alkyls
with hydrophobicity that can easily infiltrate into the cell
membrane [73]. The enhancement in antimicrobial activity of
chitosan and its derivative by adding REC and/or organically
modified REC (OREC) has been reported [48, 49, 70, 73, 74].
Addition of OMMT to HTCC produced nanocomposite with more
positive potential than OMMT, so promoted its affinity to the
bacteria with negative charge by electrostatic forces. It has been
clearly demonstrated that the positive charge of HTCC/ OMMT

silver ion or macromolecule polymers
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brought bacteria on the clay surface thereupon HTCC exerts its
antimicrobial function [74].

The better inhibitory effect of these complexes on
bacterial growth was Caused higher surface area to volume ratio
resulted from layered silicates dispersion which caused effective
contact and interplay with bacteria. Absorbency between silicate
and bacteria was considered as main factor for the antimicrobial
activity of these nanocomposites. Chitosan around the layered
silicate might have more opportunity to exert its inhibitory effect
on bacterial growth. Moreover, aggregation of chitosan chains in
the interlayer of the silicate increased positive charge (amino
group) density in each unit volume which resulted in a better
inhibitory effect on the growth of bacteria. Based on the above
reports, the antibacterial process in these systems may inclusive
two stage: the first step was the adsorption and immobilization of
the bacteria from solution to the surface of layered silicate by
Using of the hydrophobic and electrostatic forces; the second stage
is that CS and/or HTCC could exert antimicrobial activity.

In the study of Wang et al [49], it was also reported that
the nanocomposites with the highest amount of OREC and those
with the largest interlayer distance showed the strongest inhibitory
activity bacterial growth. It was ascribed to magnification of
specific surface area which resulted in more bacteria to be
adsorbed and immobilized on the surface of layered silicates; as
well as, more CS chains were aggregated and ordered in the
interlayer of the silicate, hence positive charge density in each unit
volume increased.

It has been reported that modification of nanoclays with
silver [75, 76] and copper [77] could potentially lead to the
development of novel antimicrobial food packaging and films
offering strong synergies between two naturally sourced materials.
Silver has unique antimicrobial properties to a wide range of
microorganisms but recognized as safe for human being.
Antimicrobial activity of silver has been ascribed to different
mechanisms, namely: (a) interaction of AgNPs with phosphorous
and sulfur containing compounds of proteins and DNA, preventing
DNA replication, and leading to cell death. In addition, the
positively charged AgNPs are believed to bind with negatively
charged bacterial cell membranes, which disrupt cell walls and
surface proteins leading to cell death [78].

Raffi et al. [79] reported that the penetration of AgNPs
into the bacteria could inactivate the enzymes and produce H202
leading to cell death. It was suggested that supporting silver by
nanoclay helps to prevent particle agglomeration and high
efficiency for longer period of time due to Continuous and
constant release of silver biocide in a concentration level that can
apply an antimicrobial effect. According the study of Praus et al.

6. MECHANICAL PROPERTIES

Mechanical properties of the films were usually improved
by incorporation of nanoclays into matrices, especially when
nanoclay exfoliation occurred [55, 84-86]. The mechanical
properties of the nanocomposite films are generally evaluated by
designation the tensile strength (TS), Young’s modulus (YM) and
percent elongation at break (EB). Generally, improvement in the
mechanical properties of the nanocomposite films are closely

[80] which investigated the antimicrobial activities of some
chemical compounds, ions and elemental silver stabilized on
nanoclay, antibacterial compounds are effective just when released
from the inorganic carrier. Regarding this context restrictions have
been currently referenced by the European Food Safety Agency
(EFSA) for silver migration. This agency defined a general
specific migration limit of 0.05 mg of silver per kg of food.
Busolo et al [81] carried out a research on development of
polylactic acid (PLA) biocomposites containing a novel silver-
based antimicrobial layered silicate additive for use in active food
packaging applications. These nanocomposites coatings presented
strong antimicrobial activity against Gram-negative Salmonella
spp. Moreover in this paper silver migration from the films was
measured by stripping voltammetry. It was shown that migration
levels of silver were within the permitted specific migration levels
and it was also approved that those levels of acceptable migration
can be sufficient to exhibit strong antimicrobial activity.

Silver loaded montmorillonite were used to extend the
shelf life of cheese without affecting its quality [82], to increase
the stability of a kiwi-pineapple salad [75] and in the further study
of same group [83] to prolong the refrigerated shelf life of fresh-
cut carrots from 4 days of control samples to 70 days. The
antimicrobial properties of low density polyethylene (LDPE)
nanocomposite films containing Ag modified Cloisite 30B and Ag
modified pristine montmorillonite compared to nanocomposite
films containing Cloisite 30B. In this paper antimicrobial effect of
nanocomposite films were studied against E. coli ATCC 25923 as
a gram negative bacteria and S. aureus ATCC 29523 as a gram
positive bacteria. The nanocomposite films containing Cloisite
30B-Ag exhibited the most antimicrobial effect. This phenomenon
is ascribed to the addition of the antimicrobial effect of Ag
particles to Cloisite 30B clay. Similarly, the nanocomposite films
containing MMT-Ag also showed more antimicrobial effect than
that of nanocomposite films containing Cloisite 30B. The authors
postulated that the good antimicrobial action of nanocomposite
films was also attributable to the better distribution for nanoclay
particles. Thus uniform and exfoliated structure for nanocomposite
films containing Cloisite 30B-Ag proven by the XRD patterns,
could be another reason for the good antimicrobial effect of these
films.

Bruna et al [77] tested the antibacterial efficiency of
nanocomposite films prepared by incorporating copper-modified
MMT (MMT-Cu2+) into LDPE by melt mixing in an extruder at
200° C. They indicated that enhancement of MMT-Cu2+
proportion resulted in higher antibacterial activity and bacterial
colonies reduced by 94% when 4% of MMT-Cu2+ was added to
the polymer.

related to the interfacial interaction between the polymer matrix
and nanosized fillers and good dispersion of clay layers
throughout the polymer matrix [87, 88]. Furthermore, the large
aspect ratio of the nanoclay can cause an enhancement in the
mechanical properties of the resulting nanocomposite films [33].
At the uniform dispersion of nanoclay, the
nanocomposite films showed an enhancing trend for TS and YM.
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This behavior was related to higher aspect ratio and surface area
which increased surface interaction between polymer matrix and
nano-sized clays, moreover formation of hydrogen bonds between
them. Increase in TS is advantageous for food packaging
applications as it strengthens packaging material against the
normal stress encountered during food handling, shipping, and
transportation [85]. In the case of EB, a decreasing trend was
found by addition of nanoclay. This can be attributed to the
formation of new nucleation sites and crystallites growth resulting
in higher brittleness of nanocomposites [32]. EB indicates the
flexibility of films and is directly related to the biodegradability of
the films, thus the reduction in this property results in higher rate
of biodegradability and can be beneficial for food packaging [89].

Increasing trends for TS and YM and decreasing trend for
EB were observed by integration of nanoclay into bio-based
polymers such as gelatin [85, 90], wheat gluten [91], starch [55,
89, 92] and chitosan [12, 66]. Voon et al. [85] investigated the
effect of halloysite nanoclay on the mechanical properties of
bovine gelatin films. It was reported that addition of 5% w/w
halloysite nanoclay increased tensile strength and elastic modulus
from 9.19 MPa and 1.32 MPa% to 13.39 MPa and 2.99 MPa%,
respectively, and decreased elongation at break from 80.80 to
55.72 % as compared with the control film. The effects of
halloysite nanoclay on physicochemical properties of potato starch
based films were studied [89]. They reported that addition of 5%
w/w halloysite nanoclay increased the TS by about 34%,
decreased EB by about 35.3 % and increased YM about 2-fold
compared with the control film. In contrast, the opposite trend was
observed in some studies and the TS of nanocomposite films
decreased with the clay content while EB increased [59]. The
incorporation of Cloisite Na+, Cloisite 20A and Cloisite 30B into
PLA films resulted in a reduction in the TS by about 19, 10 and 19
%, respectively, compared to control.

Sothornvit et al [93] showed that addition of Cloisite 30B
into whey protein isolate film dramatically decreased the TS at
contents higher than 5% w/w while EB slightly increased. Such
reduction trend has been also found in a recent study performed by
Echeverria et al [94] who investigated the effect of MMT
addition to soy protein based films on the physicochemical
properties. The authors reported that addition of 5% w/w MMT
decreased the TS compared with control film. This fact might be
attributed to incomplete intercalation or exfoliation of the clay
silicate layers in the polymer matrix and the brittle nature of the
clay [93]. Indeed, the improvement in mechanical properties is
only obtained at lower loading in which nanoclay exfoliation

7. ASSESSMENT OF NANOCLAY MIGRATION

The migration of nanoclays from nanocomposite of food
package is a main risk for consumer. Avella et al [84] investigated
the immigration of MMT Ingredients like magnesium, iron and
silicon by putting the biodegradable starch/clay nanocomposite
films into contact with vegetables and stimulants. The authors
reported low overall migration levels for these elements.
Similarly, Mauricio-Iglesias et al. [97] working on MMT/wheat
gluten nanocomposite films found a very low migration of
aluminum and silicon into the food stimulants that were within the

occurs. While addition of more amount of clay into the matrix led
to a deterioration effect on mechanical properties due to
appearance of clay stacks and even aggregates [32]. In addition the
clay content, type of nanoclay, plasticizer and also processing
method affect the mechanical properties.

Abdollahi et al [12] reported that incorporating REO
(rosemary essential oil), even at a low amount, increased the TS of
nanocomposite and the highest TS was obtained by incorporating
5% of MMT and 0.5% of REO into chitosan matrix. The authors
suggested that the low amount of REO improved interactions
between nanofiller and matrix because of altering the hydrogen-
bonding network within the material. As well as, the EB showed
an enhancement, and it has been noted that REO acted as a
plasticizer. The proper choice of clay type with considering its
compatibility with polymer matrix can beneficially improve
mechanical properties. In this regard, cloisite 20A was the most
effective in maintaining the TS property of PLA among the tested
nanoclays [94] and Cloisite Nat+ showed the better mechanical in
combination with Barley protein (BP) films compared to Cloisite
30B [95]. These differences were ascribed to different chemical
structures resulting different degree of interaction between the
polymer and nanoclay. So, hydrophilic BP was more compatible
with inorganic and hydrophilic Cloisite Na" and hydrophobic PLA
was more compatible with hydrophobic cloisite 20A.

Similarly Nayak et al [96] also found that with addition
of cloisite 30B to polycaprolactone (PCL)/soy protein isolate (SPI)
blend increased TS significantly. Shin et al [62] carried out
research at developing nanocomposite films based on combination
of different nanoclays (Cloisite Na+, 30B and 20A) into polymeric
blends of apple peel powder (APP) and carboxymethyl cellulose
(CMC). They reported that among all the tested films, NaD
(Cloisite Na+ in distilled water) composite films exhibited the
highest TS value while the other CMC nanocomposite films
showed lower TS value than that of a neat CMC. This is indirect
evidence that the exfoliated NaD nanoclays are able to form
chemical bonds with CMC [20]. Even though the Cloisite Na+
nanoclay was well exfoliated in the ethanol, the NaE (Cloisite Na+
in ethanol) film showed the TS value lower than that of the NaD
film. This was related to incomplete dissolving of CMC in
ethanol. It was also reported that addition of nanoclays increased
the EB% by more than 400% regardless of the clay type. The
nanoclay particles themselves acting as a plasticizer and
enhancing the flexibility of the CMC films; whether they are
exfoliated or not [62].

limits set by the food packaging legislation. Low migration of
nanoclays can be attributed to their structure. In a migration study
conducted by Schmidt et al [98], the migration level of Cloisite
30B from PLA films into the 95% ethanol was 6.7 + 0.5 mg/dm2
when stored at 40 °C for 10 days. This research group also
performed the first investigation on migration properties of PLA
and laurate-modified Mg-Al layered double hydroxide (LDH-C12)
films. They reported relatively low total migration values for LDH
from PLA-LDH-C12 nanocomposite films [99].
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Maisanaba et al [100] also tested the migration of two
modified clays, Clayl and Clay2, into distilled water from PLA
bottles. The authors detected the overall migration value of 0.1 +
0.2 mg/dm?2 in all samples, after 10 days of storage at 40 °C.
Busolo and Lagaron [101] tested the immigration from neat
processed HDPE and HDPE-iron-based kaolinite films into water
and isooctane as food simulants for aqueous and fatty foods,
respectively, using inductively coupled plasma mass spectroscopy
(ICP-MS). The results indicated very small migration values for
iron (from active ingredient) and aluminum (from clay migration).

Farhoodi et al [102] also evaluated the migration of
aluminum and silicon from poly(ethylene terephthalate) (PET)/
Cloisite 20A nanocomposite bottles into acidic food stimulant by
ICP-MS. The authors found that after 90 days storage at 25° C and
45° C, the migration values of silicon, as the main element of clay
nanoparticles, were 6.0 and 9.5 ppm, correspondingly. It was
mentioned that higher interactivity of nanoclay surface and
polymer chains led to the less migration of nanoparticles into a
contact solution. Thus the release process of nanoclays was
correlated to interactions amongst the polymer, the nanoclay and
the foods/food stimulants as reported by Xia et al [4]. This study
was performed on migration assessment of OMMT and surfactants
from two types of nanocomposite films: polypropylene (PP) and

8. TOXICOLOGICAL CONSIDERATIONS OF NANO-CLAYS

Nanoclay may show different toxic kinetic profile in
comparison to microparticle [100, 104] because they may
penetrate into cells, come into contact with biomolecules and may
affect cellular functions [4]. Human exposure to nanoclays takes
place via inhalation through the respiratory route and ingestion
through the oral pathway. These particles can be distributed to
several organs such as liver, lung, kidney and evoke adverse
effects (In vitro toxic). Thus, it would be necessary to evaluate the
risk assessment and the toxicological profile of nanoclays, claimed
by the European Food Safety Authority. In this sense, appropriate
in vivo and in vitro studies on different cell models such as human
epithelial cell line [99], human hepatic cell line HepG2 and human
intestinal Caco-2 Cells [11, 106], human embryonic kidney (HEK)
cell line, and cervical cancer cell line [107] have been performed
to address uncertainties about the health effects. Adverse health
effects of nanoclays depend on size, shape, aspect ratio,
electrostatic charge, concentration, time and cell line [105, 107].
For instance, the platelet structured cytotoxic effects of nanoclays
were more than tubular ones [105].

Rawat et al [107], assessed the cytotoxicity of MMT and
laponite in human embryonic kidney (HEK) and cervical cancer
SiHa cell lines. In this research the cytotoxicity of nanoclays
followed the order of MMT-HEK > Laponite-HEK >
MMT-SiHa > Laponite—SiHa, which presented aspect ratio and
cell line affiliate toxicity. It was demonstrated that HEK cell lines
were more susceptible than SiHa cell lines to nanclays and also
more cytotoxic effects were dedicated to MMT as compared to
laponite due to its higher aspect ratio. In general, the cytotoxicity
on HEK and SiHa cell lines was observed at 0.05% concentration
of both MMT and laponite within 24h of exposure time.

Verma et al [105], the cytotoxicity of platelet and tubular
structured nanoclays on cultured human lung epithelial cells A549
were investigated. The authors reported the significant cytotoxic

polyamide 6 (PA6) with 3% and 5% (w/w) OMMT, respectively,
into ethanol as a fatty-food stimulant at 70 °C. In spite of the less
initial nanoclay loading, more nanoparticles were released from
PP-clay films (0.15 mg L-1) than from PA6-clay films (0.10 mg
L-1). The authors attributed that fact to the poor interaction
between the nanoclay and PP. A substantial release for surfactants
compared to nanoparticles was also reported that was due to the
diffusion behavior of these small molecules and changes in
nanoclay structure as exposed to ethanol. The migration values
obtained in mentioned studies were in accordance with the EU
legislation [103], which establishes an overall migration limit
(OML) of 10 mg of substance per 1 dm2 of the plastic surface. As
mentioned previously, platelet shaped clays are nanoscale in one
dimension and as much as several microns in other two directions.
It was suggested that the large and irregularly shape of nanoclays
caused to lower their motions through the rigid polymer
environment. However, it has been demonstrated that high
mechanical shear forces used to achieve uniform dispersion of
clays during manufacture made clay platelets separate into
residual fragments such as silicon and aluminum which resist
many chemical digestion procedures and have high natural
abundance. However it should be needed to assess the potential
risk of these substances on a case-by-case basis.

effects on cultured human lung epithelial cells A549 at 25 ug/mL
and 250 pg/mL of platelet and tubular type nanoclays,
respectively. Lordan et al [11] evaluated the cytotoxicity of
Cloisite Na+ and Cloisite 93A in the human hepatic HepG2 cell
line within the 24 h exposure time. They found a reduction of 23
and 37% in cell viability at the highest concentration of Cloisite
Na+ and Cloisite 93A (1 pg/mL), respectively. Maisanaba et al.
[100] moreover studied the cytotoxicity of Cloisite Na+ and
Cloisite 30B in HepG2 cells. The authors reported that only
Cloisite 30B induced toxic effects and a significant reduction of
viability was observed at the concentration of 62.5 pg/mL. In
addition, Sharma et al., [88] and Gutiérrez-Praena et al. [108],
investigated the cytotoxicity of the same clays in Caco-2 cells. The
results of these studies showed no cytotoxic effects for Cloisite
Na+ whereas, in the case of Cloisite 30B, substantial differences
with respect to the control were observed. These differences could
be attributed to the content of modifiers which has a major role in
the toxicity of clays [100]. Furthermore, the cytotoxicity of two
modified clays, Clayl and Clay2, on both Caco-2 and HepG2 cell
lines were evaluated by Jorda-Beneyto et al. [109]. The
concentration ranges of 0 to 8 pg/mL and 0 to 125 pg/mL were
used for Clayl and Clay2, respectively, due to their
hydrophobicity. In the case of Clayl, a significant decrease in cell
viability was only observed in HepG2 cells at the highest
concentration assayed (8 pg/mL) within the 24 and 48 h exposure
times. Although Clay2 induced cytotoxicity in Caco-2 cells at
concentration of 40 and 20 pg/mL and in HepG2 cells at
concentration of 62.5 and 62.5 pg/mL after 24 and 48 h exposure
times, respectively. A higher cytotoxicity of CLAY2
comparison with CLAY1 was derived from the different modifiers
used to modify the montmorillonite. Regarding CLAY2, Caco-2
cells were more sensitive than the HepG2 cell line. Similarly, in
the research carried out by Houtman et al., [106] significant
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cytotoxicity effects were observed in both Caco-2 and HepG?2 cell
lines exposed to CLAY2 in a range of 0 to 125 pg/mL during 24
and 48 h. Also no toxic effects were recorded for Cloisite®20A
and CLAY1 at the ranges of 0-62.5 pg/mL and 0 to 8 pg/mL,
respectively. In their work, Maisanaba et al. [100] also evaluated
the cytotoxicity and mutagenicity of migration extracts obtained
from a nanocomposite material with poly (lactic) acid (PLA) and
two modified clays, Clayl and Clay2, to assess the real exposure.
In summary, results showed no cytotoxic and genotoxic effects
with the migrations extracts. Apart from the in vitro studies, in
addition important that evaluate the toxicity in vivo experimental
models to fully mimic the complicated in vivo system.
Unmodified Montmorillonite clay was tested for toxicological
effects in rats and did not show any effect at doses up to 143
mg/kg bw after oral exposure for 72 h [110]. Moreover in vitro &
in vivo safety evaluations on cytotoxicity and genotoxicity of
exfoliated silica plates were performed by Li et al. [111]. Results
showed a reduction of 30 and 40% in cell viability in Chinese
hamster ovary (CHO) cells at the highest concentration of 1000

9. CONCLUSIONS

Organically modified nanoclay inactivated both Gram-
positive and Gram-negative bacteria by interacting with their cell
wall and this effect was more pronounced against Gram-positive
bacteria. It has been demonstrated that the antimicrobial function
of organically modified nanoclay is ascribed to the quaternary
ammonium groups. The efficient antimicrobial activity of
nanoclays depends on their affinity and miscibility with
microorganisms and they interact to bacterial surface by both
hydrophobic and electrostatic interactions. Silver-modified clays
may be prepared by a cation exchange method and their
applications as antimicrobial agents in food packaging have been
published. Considering the increased use of nanoclays, the
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