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Abstract

In twenty first century, there is an increasing demand for packed food which requires packaging films. At present, these
packaging films are processed from synthetic polymers such as polyethylene, polypropylene and many other synthetic
polymers. But we need to start using soy protein as sustainable antimicrobial film that can be used for packaging purposes.
There is abundance and high availability of soy protein isolate (SPI) as by-product from industries, such as food processing
or biodiesel production. Soy based films from renewable resources can offer a more suitable alternative to films fabricated
from synthetic materials. Soy based films in presence of additives such as acidic compounds, nanoparticles and natural
compounds have good mechanical properties and are transparent in nature. In addition, soy based film in presence of
2,2-diphenyl-2-hydroxyethanoic acid and copper phosphate can give lotus-like structure as evidenced from morphological
studies. Also the manufacturing process (solution casting and compression molding) of SPI film in the presence or absence
of additives is very easy and commercially feasible. It is worth noting that SPI films can be produced at laboratory scale by
both casting and compression molding methods. In this review paper, we have focused on the material properties as well as
antimicrobial properties of SPI based films in the presence of natural and synthetic additives as reported in the last 20 years.

Keywords Soy protein isolate - Acid additives - Natural compounds - Nanoparticles - Mechanical properties -

Hydrophobicity - Antimicrobial properties

Introduction

Biodegradable polymers obtained from renewable resources
have received considerable attention due to inherent nature
of degradation in natural environment. Soy protein isolate
(SPI) are widely used to prepare bioplastics, biocomposites
and films that can be used for edible purposes [1]. These
films can also be used as antimicrobial films provided spe-
cific additives such as acidic, phenolic or bacteriocin based
compounds are added [2-5].

It has been well stated that the soy protein is an impure
protein with different globulins fractions such as 2S5, 78S,
11S, and 15S and also it is a cheap renewable resource.
For the formation of soy based film, it is necessary to have
proteins of high molecular weight and this can be achieved
by the polymerization. It has been reported long back that
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the polymerization of 11S and 7S protein by disulfide link-
ages is responsible for the film formation in soy protein [6].
Recently, several literatures have showed the formation of
neat and additives incorporated SPI films with maximum
tensile strength of 26.34 MPa [2-5, 7]. There are few litera-
tures where the film forming ability and the flexible behavior
of 7S-rich globulin (7S-RG) and 11S-rich globulins (11S-
RG) have been reported [8]. 7S-RG or 11S-RG fractions
are responsible for the smooth and uniform structure of SPI
film. There are reports which stated that the 11S-RG frac-
tion gives stronger soy film with tensile strength of 35 MPa
and had lower water uptake property than those made from
7S-RG at 145 °C with tensile strength of 26 MPa. This is
attributed to the presence of different sets of amino acids in
7S and 11S RG fractions.

The necessary aspects of film formation are its pH, tem-
perature and the plasticizers to be added. The pH of the
film-forming solution influences several properties of film
as it increases the solubility of the proteins but high pH is
generally avoided due to denaturation. Also the temperature
of the SPI suspension during mixing for the formation of
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the SPI films should not exceed 65 °C so that denaturation
can be avoided.

Plasticizers are necessary/must to produce soy protein
based films. If the plasticizers are not added, then the result-
ing film will be brittle in nature [9]. Plasticizers are generally
the low molecular weight compound with higher or lower
hydrophilicity. The polyols based plasticizer with hydroxyl
groups forms hydrogen bond with polymers hence they dis-
turb the polymer—polymer interactions [2]. Plasticizers play
very important role in the improvement of the processabil-
ity and flexibility of soy proteins. Some of the most widely
used plasticizers are glycerol, ethylene glycol, triethylene
glycol, poly(ethylene glycol), butane diols [10, 11], urea
[12], acetamide [13] and thiodiglycol [9]. Among polyols,
most widely used plasticizer is glycerol so far, despite of the
fact that the three hydroxyl groups of glycerol increases the
water uptake property of plasticized soy protein films. Other
plasticizers also show an increased moisture sensitivity and
decreased mechanical strength upon addition in soy film [14,
15]. One of the major hurdle to get a widely acceptable film
is to minimise the water absorption property of soy protein
films, which can be overcome either by modifying soy pro-
tein by incorporating chemical compounds or by initiating
crosslinking reactions. Scientists have reported that upon
addition of suitable crosslinkers, such as furfural [16], for-
maldehyde [17] and dialdehyde starch [18], the hydropho-
bicity of plasticized soy film has been increased.

Soy protein is a polymer of eighteen amino acids and
these amino acids retain different nature such as they can be
hydrophobic or hydrophilic based on the functional group
of their side chain. The functional group present in the side
chains can alter the retention of chemical or antimicrobial
compounds that have been incorporated in SPI [2-5]. The
nature of the SPI films determines its mechanical strength,
which can be influenced significantly by the incorporated
additives and the method of film preparation [19]. The
plastics prepared from 7S-RG and 11S-RG performs better
because of intermolecular interactions among proteins in soy
protein which is mainly due to the presence of amino acids
which are hydrophobic in nature. These types of amino acids
are present in side chain and that leads to the hydrophobic
interaction and interactions of hydrogen bonds. The hydro-
phobic interactions and the degree of hydrogen bonding are
further influenced by S—S bond [8, 20].

Edible films, particularly from SPI, which comes under
the biological packaging materials, have drawn attention
in recent years. Varieties of edible films and coatings
have been developed, for example, the property of plant
essential oils as a food protectant against pathogenic and
deteriorating microorganisms has been reported by Rojas-
Graii et al. [21]. Antimicrobial packaging systems from
SPI with phenolics, acidic and bacteriocin based additives
not only control the growth of microbes but also minimize
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recontamination of food borne pathogens that include
Listeria monocytogenes, Escherichia coli O157:H7 and
Salmonella typhimurium [22]. The mechanism involves
the linking of soy protein molecules with phenolics, acid
additives or bacteriocin through hydrogen bonding. The
protein-additives interactions depend on the nature of
additives being incorporated and their concentration [23],
protein structure [24] and temperature [25]. The pheno-
lics are the major group of antimicrobial compound and
are present in most antimicrobial plant extracts [26]. The
phenolic compounds accomplish their antimicrobial activi-
ties by various mechanisms and they are listed below [27].

(i) Adhesion binding between pathogens and phenolic
compounds.
(i) Protein and cell wall binding of pathogens with phe-
nolic compounds resulting in enzyme inactivation.
(iii) Intercalation into the cell wall and/or DNA during
inactivation of pathogens.

The presence of phenolic compounds can also disturb
the function of bacterial cell membranes which in turn
retard the growth and multiplication of bacteria. Post-
packaging hindrance plays a critical role in emergence of
challenges of food borne pathogens because most of the
contamination in the packed food occurs after processing.
To minimize this problem, natural antimicrobial of edible
films are also a good alternative. SPI as a biopackaging
material is good but it needs some additional support in
the form of some, chemical, natural or additives to increase
their strength. In modern approach, nanoparticles are
incorporated in SPI to get the packaging materials and if
successful, nanotechnology can be a real big milestone in
the field of packaging materials. The reinforcement effect
by nanoparticles/nanomaterials at low loading of nano-
filler results in the formation of bionanocomposites, or
econanocomposites. They are the novel materials based on
renewable resources combined with the nanoscale effects
by in situ assembling nanophase or blending organic and
inorganic nanoparticles.

Soy protein film alone has no antimicrobial effects, so
different kind of antimicrobial compounds are used as
additive to enhance its antimicrobial activity in order to
increase the shelf-life of food items. In this review paper,
we have discussed about several additives that had been
incorporated in SPI film to get antimicrobial SPI films. It
has been also been reported in the literatures that the pres-
ence of cross-linking agent or antimicrobial agent or acids
as an antimicrobial agents can effect SPI films strength
and/or toughness, water resistance and other physical
properties [28]. Hence, we have discussed the fabricated
antimicrobial SPI films on the basis of the above material
properties.
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Preparation of Soy Protein Film

Soy protein films can be prepared by several methods such
as compression molding and solution casting. The details
of each of the process are given below.

Compression Molding

Generally soy protein based films are prepared by this
method. Different amounts of plasticizers such as glyc-
erol (~30% w/w with respect to SPI) are mixed with SPI
powder separately in an electronic mixer for about 15 min.
The resulting mixtures are subjected to hot pressing at
140 °C for 20 min under 15 MPa of pressure [9]. Thus the
plasticized SPI films are prepared. In one report, Kumar
et al. dipped compression molded SPI film in acid cata-
lyzed furfuryl alcohol to get polyfurfuryl alcohol rein-
forced SPI biofilms [29]. This can be another method to
incorporate additives in the prepared SPI films provided
the additives bind with the SPI. For incorporating solid
additives in SPI, it is important to mix the additives with
SPI in an electronic mixer. The resulting additives can
be incorporated in SPI powder to fabricate compression
molded SPI biofilms.

Solution Casting

About 5-8 g of SPI is mixed with water under constant
stirring to form film forming solution and glycerol at 30%
(w/w) of SPI is added [2]. The pH of the solution is main-
tained at~ 10 with 1 N sodium hydroxide. Liquid additives
in desired amount can be added in this step depending
on the nature of the additives. The SPI solutions are then
heated in a water bath at 65-70 °C for 60 min, and cast
on leveled Teflon-coated glass plates or simple glass plate
coated with silicone oil. After drying the solution casted
SPI film at ambient conditions (50-60 °C) for about 24 h,
the films are peeled off from the plates. Carvacrol and
cinnamaldehyde at different concentrations (10, 30 and
60% (w/w of SPI)) had been added in SPI solution to get
antimicrobial SPI film with a coating of carvacrol and cin-
namaldehyde [30].

Recently, Garrido et al. compared the properties of film
formed by above two methods [31]. The manufacturing
process can significantly affect the material properties of
the SPI film. Particularly, the thermal, barrier, optical,
and mechanical properties are different for SPI films pre-
pared by both the methods. The films prepared by solution
casting exhibit low hydrophobicity and low water resist-
ance. On the other hand, films prepared by compression

molding, show a smoother surface, higher tensile strength,
higher elongation at break and high transmittance than that
prepared from solution casting.

Additives
Chemical Compounds

Among the chemical compounds, organic acids are best
candidates to be used as additives they are end products of
amino acid catabolism and are naturally present in plant
products or as an end product of fermentation process. Major
organic acids that naturally occur in fruits and vegetables are
acetic, citric, succinic, malic, tartaric, benzoic and sorbic
acids [32]. These organic acids also exhibits antimicrobial
activities, their antimicrobial activity is accomplished by
several mechanisms, such as

(i) Reduction in internal pH, as they are smaller in size
and can enter in cytoplasm,

(i) Organic acid ionizes the undissociated acid mole-
cules and that results in decreased pH of microbial
cell,

(iii) Organic acid disturbs the membrane transport by
altering its permeability thus causing a disrupted
substrate transport [32],

(iv) Alteration in ion potential that results in reduction of
proton motive force [33].

Antimicrobial activity of the SPI film is increased by
incorporating these organic acids. When these organic acids
are incorporated in film with other natural antimicrobial
compounds such as nisin the antimicrobial activity of film
get enhanced. Neat nisin also exhibit antimicrobial activity
after incorporation in SPI film as they form pores in mem-
brane thus the ionic potential of bacterial cell get disrupted.
The additives enhanced the capacity of both the antimicro-
bial compounds as they complement to each other and their
synergistic affect enhanced the antimicrobial capacity of
nisin. It has been stated that the smaller molecular weight
compounds have higher antimicrobial activity.

EDTA is a metal chelator which sequesters divalent
cations (notably Ca?* and Mg?*). The presence of EDTA
interacts with protein and lipopolysaccharides electrostati-
cally which ultimately leads to a stable outer membrane of
gram negative bacteria. In addition, the EDTA also release
an enormous amount of gram negative lipo-polysaccharides
from the external membrane and uncovering hydrophobic
phospholipids that amplifies the vulnerability of the cell to
hydrophobic and cell wall degrading agents [34].

Hydrophobic SPI film have been prepared by using
2,2-diphenyl-2-hydroxyethanoic acid (DPHEAC) or benzilic
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Fig. 1 Mechanism of interaction of SPI with benzilic acid [Reproduced with permission from American Chemical Society (Ref. [7]; Copyright

2019)]

acid [7, 35]. DPHEAC falls in the category of amphiphilic
compounds and the water-resistant soy protein plastic could
be prepared by incorporating DPHEAc [35]. The mecha-
nism for the interaction of soy protein with benzilic acid
is presented in Fig. 1. In this Figure, Kumar et al. stated
that carboxylic groups of benzilic acid interacted with
amino groups of soy protein to give arylated soy protein (I).
Once the arylated soy protein films having structure (I) was
immersed in water there was a release of CO,. The domi-
nance of exposed aryl groups led to the high hydrophobicity
of the benzilic acid incorporated SPI films and that led to
the formation of nanospheres [7] similar to the structure of
lotus and rice plant leaves [36].

Mandelic acid and salicylic acid have also been incorpo-
rated in SPI to fabricate acid incorporated SPI films [4, 37].
Mandelic acid has the ability to repair skin damage from
prolonged sun exposure and as an acne treatment. Salicylic
acid has been used in medicine since ancient times. Both the
acids showed good compatibility with SPI and this resulted
in increased material properties of SPI films as discussed in
the later sections.

Effect of physical and chemical treatments by adding acid
additives on cross-linking properties has been discovered
by numerous scientists as a possible method to increase the
material properties of protein films [38, 39]. Ferulic acid is
an abundant phenolic acid in plants and it acts as a cross-
linking agent in cell walls [40]. Ferulic acid could act as
suitable crosslinking agent in preparation of SPI, gelatin,
starch-chitosan and sodium caseinate based edible films
[41-44]. Hence, crosslinking of ferulic acid with proteins
and polysaccharides can be accomplished by three main
mechanisms. In case of proteins, firstly ferulic acid can
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cross-link with tyrosine and other amino acids through a
free radical mechanism. In second case, it can oxidize to
quinine which further reacts with amines on the protein. A
third possibility is its esterification with amino acids having
hydroxyl functional group. It has been stated by Alves et al.
that optimum concentration of ferulic acid incorporated in
the SPI film can also increase the antioxidant property of
films for maintenance of fresh lard [45]. Ferulic acid also
protects against coronary disease, lowers cholesterol and
increases sperm viability so if it incorporated in edible film
it will increase the uses of protein based edible films [5].

Tannic acid (TA) is “generally recognized as safe”
(GRAS) as a food additive and is low cost and readily avail-
able [46]. Due to presence of polyphenol groups in TA, it
acts as a natural antioxidant having antimicrobial activity
[47]. Due to versatile and potential surface functionalization
modification it can be used as a coating material [48, 49].
Due to the surface coating ability of TA-Fe(IIl) complexes,
it can adhere to a variety of substrates such as metal oxide,
metal, and polymers and this is attributed to polyphenol
ligand (TA)-metal coordination [50, 51]. There are several
factors on which the formation of TA—Fe(III) complexes
depends [50, 52] and they are

(i) the level of Fe(III),
(i) adsorption of the polyphenol,
(iii) its pH.

It has been reported that TA has a high gallolyl group
and that allows it to be used to assemble multilayer capsules
or films with neutral polyamides and proteins through the
hydrogen bonding and hydrophobic interactions [46, 53].
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Natural Compounds

The grape seed extract (GSE) is a natural compound which
is abundant in phenolics and possesses effective antimicro-
bial and antioxidant activities [54]. Depending on the vari-
ety, grape seeds contain different contents of lipid, protein,
carbohydrates, and 5-8% polyphenols. Grape seed poly-
phenols contain flavan-3-ols as monomers (catechin, epi-
catechin, gallocatechin, epigallocatechin and epicatechin
3-0-gallate), procyanidin as dimers, trimers, and highly
polymerized procyanidins, apart from phenolic acid precur-
sors (gallic acid) [55]. It has been reported that pathogen
inhibitions by natural extracts are due to the presence of
reactive groups in form of hydroxyl groups and conjugated
double bonds [56]. Though, these natural extracts strongly
interact with food constituents, thus their activity decreases
as compared to laboratory system [57].

Rababa et al. have confirmed the possible use of GSE
and green tea extracts (GTE) as a stabilizing agent in meat
systems [58]. Natural extracts act as antioxidants as well
as they improve the shelf-life of meat products [54]. Nisin,
GSE, and GTE inhibit the growth of pathogenic microbes
individually, but their synergistic effect is more prominent.
The major phenolic constituents (mg/100 g extract) in the
GSE are epicatechin (1158.5), catechin (887.4), gentistic
acid (472.8), and syringic acid (253.4), whereas in the GTE
the phenolic constituents in mg/100 g extract are epicat-
echin (1087.0), caffeic acid (830.1), benzoic acid (319.8),
and syringic acid (75.91) [58].

Another natural product is nisin which is recognized as
a safe preservative for certain food products. Lactococcus-
lactis is responsible for producing nisin which is actually
bacteriocin. Nisin is a wide range inhibitor of gram positive
bacteria, including L. monocytogenes [59]. Nisin generates
the proton motive force due to which target cell membrane
gets deformed, which ultimately result in misbalance of
membrane potential. Consequently there is efflux of amino
acids, potassium ions etc. Reports have been suggested that
nisin is less effective against gram-negative bacteria as com-
pared to gram-positive bacteria [33].

GSE, nisin, and nisin with EDTA show inhibitory activ-
ity against food borne microbes individually. However, on
separate applications, these compounds may show insuf-
ficient protection against food borne pathogenic microbes.
Researchers have investigated the GSE, nisin, EDTA and
their combinations as additives in SPI film. Also the effect of
these additives on the physical properties of the SPI film and
activity of these additive incorporated films against major
food borne pathogens including L. monocytogenes, E. coli
O157:H7 and S. typhimurium have been investigated [60].

Thyme essential oil and oregano essential oils are well
known preservatives/protectant in meat applications because
they possess a good inhibitory potential against microbes.

Thymol and carvacrol are rich in phenolics, and are the most
effective essential oils [61-66].

Curcumin obtained from the curcuma longa rhizomes
is a hydrophobic polyphenol with a strong yellowish color
and it is a well-known anti- inflammatory agent, antican-
cer agent, anti-microbial agent and neuroprotectant [67].
Recently, Chen et al. showed that the formulation of SPI and
curcumin at low pH (pH 3.0 and 7.0) result in low surface
hydrophobicity of SPI [68]. The complexation process of
SPI with curcumin changes the mixing properties of SPI to
some extent at both the mentioned pH values and indirectly
enhances the lipid oxidation in the resulting emulsions.

Figure 2 shows that SPI compatibly forms nanocomplexes
with curcumin [69]. And this capacity to form nanocomplex
can be enhanced by exposure of high energy ultrasonic wave.
It has been reported that the nano complexation considerably
enhanced the physicochemical properties of the proteins,
and even the stability of curcumin under storing conditions.
Hydrophobic nature of hydrophobic sites determined the
capacity of SPI at which curcumin can be loaded. As stated
by the authors that both the hydrophobic interactions and
disulfide bonds are important for binding curcumin mol-
ecules with SPI and also SPI can act as effective nanocarri-
ers for water-insoluble curcumin.

Nanoparticles

Inorganic nanoparticles due to nanoscale size exhibit signifi-
cantly novel and improved, chemical, physical and biological
properties [70]. In nanoparticles, materials shape, integrity,
and their size play a major role in its functionality. It has
been stated that small size sometimes leads to an entirely
new and novel phenomenon due to changed physical and
chemical properties. Nanosized antimicrobial formulations
could be used as effective bactericidal material [71]. It has
been proved that many highly reactive metal oxides such as
zinc oxide nanoparticles retains an excellent biocidal action
against a large spectrum of gram positive and gram negative
bacteria [72-75]. In recent years, montmorillonite (MMT),
carbon nanotubes (CNTs) and carbon nanoparticles have
attracted great industrial and academic interests because
of its high aspect ratio, high surface area and quite inter-
esting morphology. However, CNTs exhibit extraordinary
mechanical strength as well as high electrical and thermal
conductivity. Carbon nanoparticles obtained from kitchen
soot or from hydrothermal reactions have also shown to have
antimicrobial activity [76, 77].

The antimicrobial properties of silver ions are known
since ancient times. Now-a-day this property of silver ion
is harvested in various medical applications such as heal-
ing of burn wounds and dental work [78, 79]. Advance
technologies utilized the nanoparticles made up of silver
in variety of purposes such as lining of washing machines,
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refrigerators, dishwashers, and toilet seats because of
inhibitory activity towards many kinds of microbes [79,
80]. Several methods involving chemical, reducing or
stabilizing agents have been developed to synthesize sil-
ver nanoparticles [81, 82]. Shrivastava et al. has reported
the preparation of silver nanoparticles in the range of
10-15 nm with enhanced stability and increased resist-
ance towards bacterial growth [83].

The basic mechanism behind the antimicrobial property
of silver ions against microbes is somewhat meticulously
associated with their interaction with thiol (sulfhydryl)
groups) present in most of the biomolecules. Basically sil-
ver ion interacts with the thiol group of enzymes and pro-
teins, and these types of interactions are major reason behind
their antimicrobial action. It has been proposed that silver
ions cause the release of potassium ions from bacteria and
that causes biochemical imbalances. Hence, the enzymes
and protein containing sites of microbes are major targets
of silver ion, thus bacterial plasma or cytoplasmic mem-
brane become vulnerable because of high content of protein
and enzymes. A silver ion not only affects the enzymes of
microbes, but it also initiates noticeable deterioration of
bacterial growth by damaging the cell envelope and thereby
inhibits cell division of bacteria [84]. It has been reported
that silver ions can also interact with the bases of nucleic
acids in DNA.

It has also been proposed that in case of E. coli, sil-
ver reportedly inhibit the uptake of phosphate, mannitol,
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succinate, proline and glutamine from E. coli cells which
lead to the changes in morphology and structure of bacte-
rial cell [85].

Like MMT, carbon nanotubes (CNTs) are considered
ideal reinforcing fillers for polymer matrices to achieve
high performance and special functions [86]. The blending
of nanofillers such as chitin [87], industrial lignin [88],
layered silicate [89, 90], carbon nanoparticles [91] and
carbon nanotube [92] showed obvious reinforcing effects
in soy protein polymers. The nanocomposites fabricated by
incorporating MMT into SPI polymers can be divided into
intercalated and exfoliated nanocomposites. Highly exfoli-
ated polymer/clay nanocomposites constituted fundamen-
tal and application research [93]. Solution intercalation,
melt intercalation, and in situ intercalative polymerization
resulted in exfoliated nanocomposites [94].

Chen et al. constructed flower-like CuO and Cu(OH),
nanorod arrays through surface oxidation with an assis-
tance of strong alkali [95]. Similarly, Hao and co-workers
fabricated CuO hierarchical flower-like structures [96].
For the fabrication of SPI nanoflower films, neat soy
was immersed into a CuSO, solution with glycerol for
10 h followed by addition of phosphate buffered solution
(100 mM) with pH being maintained at 7.4 and incubation
at room temperature [97]. After this treatment, the film
was washed with deionized water followed by immersion
with octadecylamine/ethanol (5 wt%) solution at 40 °C for
5 h for improved hydrophobicity.



Journal of Polymers and the Environment (2019) 27:1613-1628

1619

fne
.
' phosphate

buffered soluton

N

“» SPI chain

VA4

SPI film

** Cu®ion

4 ¥ Cuy(PO,), lamellar network

«» CuyPO,), nanocrystal
& & Cu,(PO,), nanoflower

Fig.3 Mechanism of soy film surface fabrication with Cus(PO,),-3H,0 nanoflowers [Reproduced with permission from American Chemical
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Four step mechanism were proposed for the formation of
Cu;(PO,),-3H,0 nanoflowers on the surface of the SPI film
[97] (Fig. 3).

(1) Cu?* was absorbed by SPI via the coordination interac-
tion.

(2) In the presence of phosphate, primary Cu;(PO,),-3H,0
nanocrystals were formed at the nucleation location
where SPI interacted with Cu’*.

(3) Appearance of lamellar networks as the crystal size
became larger.

(4) The formation of nanoflowers due to repulsion between
the lamellas induced the crimple of the lamella tip.

Tian and Xu prepared citric acid-modified starch nano-
particles (CSN) having an average size of 82 nm and incor-
porated them in soy film [98]. The crosslinking of CSN with
protein took place by hydrogen bonding.

Fermented SPI

There are very less studies related to the preparation of fer-
mented SPI films. Kim et al. and Kumar et al. have reported
that SPI films can be prepared by adding in situ via fermen-
tation process [99, 100]. Kim et al. conducted experiments
to economically develop an antimicrobial edible film from
defatted soybean meal by inoculating with bacteriocin-like

substance (BLS)-producing bacteria. They tried to verify
whether the fermented SPI film could be used as a packaging
material. Recently, Kumar et al. fermented SPI by Bacillus
subtilis and then prepared SPI film by solution casting. They
reported that during fermentation, there are chances of for-
mation of low molecular mass SPI by microorganisms which
may affect film forming ability of SPI and also the physical
properties of the prepared fermented films [99].

Material Properties
Molecular Mass

SPI showed mixture of high and low molecular mass pro-
teins shown in the form of a continuous band in the gel.
However, two distinct molecular mass fractions of 34-38
and 68 kDa were resolved in several studies, which signified
that the protein fractions of these molecular masses are pre-
dominant in soy protein (Fig. 4, all lanes). The band of very
high intensity at 34—38 kDa represented the acidic subunit
(AS) of 11S-RG protein. a, o’ and p subunit of 7S-RG are
denoted by 80, 68 and 48 kDa molecular mass bands, respec-
tively. Kumar et al. has stated that there was no difference
in the molecular mass band of mandelic acid incorporated
SPI and neat SPI [100]. On the other hand, fermented SPI
showed the absence of all the major bands that indicated
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Fig.5 SDS-PAGE profile of SPI fraction obtained at different pH
[Reproduced with permission from American Chemical Society (Ref.
[101]; Copyright 2019)]

the significant reduction in the molecular mass of SPI. The
reduction in the molecular mass of SPI prevented the forma-
tion of fermented SPI film.

Chen et al. isolated SPI at two pH i.e., pH 3.0 or 7.0
and conducted the SDS-PAGE profile [68]. At both the
mentioned pH, the solubility of SPI increased considerably
(about 90-92%) due to surface charge. The authors have not
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found any noticeable difference in polypeptide composition
and their relative ratios at different pH values and between
the soluble (S) and insoluble (P) fractions. SDS-PAGE was
carried out to monitor crosslinking of soy protein with 1.5%
unoxidized or oxidized phenolic acids i.e., ferulic acid (FA),
caffeic acid (CA), gallic acid (GA) (Fig. 5). As shown in
Fig. 5, incorporation of phenolic acids, especially oxidized
caffeic acid and oxidized gallic acid resulted in a notice-
able decrease in intensity of the bands representing lower
molecular weight protein and that implied extensive cross-
linking in the samples [101].

FT-IR

SPI film with and without additive can be subjected to FT-IR
spectroscopy in the film form. This technique can give us
the information about the level of interactions between SPI
and the incorporated additives. In native SPI films, a broad
N-H stretching and O-H stretching band between 3200 and
3400 cm™! were assigned to amide A of soy protein films
[102]. The peaks at 1538 and 1260 cm™! were assigned to
the amide II and amide III bands of protein, respectively
[91]. Carbonyl bond (-C=0) band in SPI films is gener-
ally represented between 1630 and 1640 cm™!. It has been
reported that with the introduction of mandelic acid or
any aromatic acid, the intensity of the prominent peak at
699 cm™~! increased [4].

Wang et al. examined the tannic acid (TA)-Fe(III) com-
plex coating on (montmorillonite) MMT nanosheets by
FT-IR. They reported the appearance of absorption bands at
3614, 1634 and 1017 cm™! which were attributed to AI-OH
stretching vibration, H-O-H bending vibration, and Si—O-Si
asymmetric stretching vibration, respectively [103, 104].
After the deposition of TA, other peaks appeared and the
broad peak in the region of 3100-3600 cm™! is attributed to
the phenol groups present abundantly in TA [105].

Puncture Strength

Puncture strength is the defined as the capacity of film to
retain integrity of the product and to resist external stress
when film is used as viable product. It can be measured
using a texture analyzer. Prior to measurement, film samples
are needed to be preconditioned at room temperature with
about 50% relative humidity for at least 48 h. The film can be
mounted on a 30-mm film piece on a 10-mm film testing rig
and then it can be punctured with a 2-mm probe. The force
exerted to rupture can be recorded as puncture strength.

It has been reported that the puncture strength of the soy
protein film can be increased by upon incorporation of cer-
tain additives. In one of the report, the addition of nisin,
increased the puncture strength from 5.55 to 7.22 N [2,
106]. pH also plays a crucial role in increase or decrease
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of puncture strength, as it decreased the puncture strength
from 0.66 to 0.42 N after addition of nisin at normal pH.
Deprotonation of histidine residue at high pH reduced the
net positive charges of nisin and that may weaken the elec-
trostatic bond between nisin and protein molecules.

Decreasing the acid level from 0.9 to 2.6% resulted in
the decreased puncture strength of the film. Incorporation
of lower-molecular-weight acids i.e., lactic acid (90.08 Dal-
ton) and malic acid (134.09 Dalton), increased the puncture
strength (0.55 and 0.50 N, respectively) of SPI film up to
a 1.8% concentration. Tartaric acid lowered the puncture
strength (0.16—0.33 N) of the film compared with control
film (0.32-0.62 N) with HCI.

Transmittance

Generally, SPI film is yellow in colour and transmittance of
SPI in visible range increases with increasing wavelength.
Incorporation of MMT and TA decreased the transmittance
of the additives incorporated SPI because the film became
darker [103]. This indicated the good UV resistance of the
SPI film. In case of mandelic acid incorporated SPI films,
the transmittance of mandelic acid incorporated SPI films
almost showed similar values except that of 3% mandelic
acid incorporated SPI which showed higher transmittance.
This may be attributed to better interaction of mandelic acid
with SPI [100]. Generally the transmittance of SPI incorpo-
rated with nanoparticles is low because of particle nature of
nanoparticles in SPI film.

Water Uptake

The water uptake and thickness swelling of the SPI films
are usually calculated according to ASTM D570-81. For
the water uptake test, films are cut into a suitable dimen-
sion and placed at 50 °C for 24 h in order to precondition it
and weigh. After preconditioning the films are transferred
in distilled water for 24 h and then dried out with help of
paper towels to remove the extra water from the surface and
weighed. The total mass gain of the films after immersing
it in water are used to evaluate the water uptake capacity
of film.

The SPI film containing TA and MMT were conditioned
for a period of 48 h in a desiccator containing K,SO, satu-
rated solution at 25 °C to provide 98% relative humidity. The
water uptake capacity of SPI film decreased significantly
from 46.86 to 28.81% after addition of MMT and TA [103].

The water uptake up to equilibrium for SP/MWNT nano-
composite sheets at 98% relative humidity is presented in
Fig. 6 [107]. Two well separated zones below and above 75 h
were observed. First zone represented for rapidly increasing
water uptake and the second zone showed the water uptake
tending towards equilibrium. The decrease in water uptake
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Fig.6 Water uptake of carbon nanotubes incorporated SPI [Repro-
duced with permission from John Wiley and Sons (Ref. [107]; Copy-
right 2019)]

Fig. 7 Superhydrophobic property of soy film surface fabricated with
Cu3(PO,),-3H,0 nanoflowers [Reproduced with permission from
American Chemical Society (Ref. [97]; Copyright 2019)]

of the nanocomposites was attributed to the restriction of the
relatively rigid MWNTs and their aggregates to SPI motion
associated with the wrapping of SPI chains on MWNTs.
The water uptake of soy protein films decreased from
131.6 to 23.2% after incorporation of mandelic acid [4].
Water resistance of the neat SPI and arylated SPI in pres-
ence of different plasticizers were studied. The SPI films
showed water uptake of 68 +4%. The arylated SPI films
showed lower water uptake (25 +2%) than unarylated SPI
films [7, 35]. A superhydrophobic film can be formed by
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controlling growth time, content of copper sulfate, and pH
value of the solution (Fig. 7) [97]. The superhydrophobic
film also exhibited a self-cleaning function.

Tensile Strength

Additives may vary and also there is variation in the tensile
properties of the neat SPI film. The tensile strength of SPI
film as prepared by solution casting is reported as 8.8 MPa
[59]. Tensile strength increased from 8.8 to 10.7 MPa and
9.2 MPa in presence of grape seed extract and EDTA,
respectively in comparison to the neat SPI film. On the
other hand, tensile strength of SPI film decreased up to
5.11 MPa after incorporation of nisin in the SPI film. It was
also observed that the presence of nisin decreased the tensile
strength of SPI film even in the presence of other additives.

Figure 8 shows the mechanical properties of SPI/MMT
plastic sheets [89]. The elongation at break decreased with
the increase in the addition of MMT. The values of the
Young’s modulus (E) increased from 180.2 to 587.6 MPa
with an increase of the MMT content from 0 to 20 wt% [89].
At higher content (20 wt%) of MMT, the value of tensile
strength decreased to 14.48 MPa. This study stated that the
enhancement of the modulus and tensile properties of the
SPI film was due to the fact that soy protein interacts with
dispersed MMT layers by the means of hydrogen bonds and
strong electrostatic interactions. This interaction behavior
limited the segmental motion of the soy protein that led to
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Fig.8 Mechanical properties of MWCNT incorporated SPI [Repro-
duced with permission from American Chemical Society (Ref. [89];
Copyright 2019)]
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improved modulus and tensile strength of the soy protein
plastics.

Zheng et al. showed the effect of MWNT with different
diameter (< 10, 10-15, 20-40, 40-60, and > 60 nm) on the
mechanical properties of the resulting SPI based nanocom-
posites [107]. The tensile strength and Young’s modulus
increased with the increase in the diameter of MWNT and
it reached maximum values of 11.7 MPa and 258.6 MPa,
respectively till 10-15 nm. However, at increasing MWNT
diameter (40-60 nm) the mechanical properties decreased.

The effects of nano-SiO, contents on the mechanical
properties of nano silica incorporated soy protein nano-
composite sheet (S—nSi) have also been reported [108]. The
effects of nano-SiO, content on tensile strength and modulus
are similar at 4 wt% nano-SiO, followed by a sharp decrease
at 8 wt% nano-SiO,. Except for estimated strength increase,
the elongation was enhanced for the sheets with nano-SiO,
content lower than 8 wt%. It was reported from this study of
nano-SiO, that incorporation of 4 wt% nano-SiO, increased
the tensile strength of the nanonocomposite sheet to its max-
imum of 11.3 MPa, while addition of 8 wt% nano-SiO, gave
the optimum elongation as well as a reinforcing effect. Citric
acid-starch nanoparticles (CSN) increased the tensile prop-
erties of CSN/SPI nanocomposites. Both tensile strength
and Young’s modulus were enhanced from 3.7 to 60 MPa
at 3 and 4% CSN loading and reached maximum value of
5.6 MPa and 130 MPa, respectively.

Figure 9 dictates about the increased mechanical proper-
ties of the arylated SPI films compared to the SPI films.
The researchers also reported the increase in tensile strength
and modulus factor in glycerol plasticized arylated SPI film
(SGy-B) as compared to other plasticizer plasticized arylated
SPI film. Tensile strength was slightly decreased and the
modulus factor was slightly increased in 1,2-propane diol
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Fig.9 Mechanical properties of neat and arylated SPI [Reproduced
with permission from Elsevier (Ref. [35]; Copyright 2019)]
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plasticized arylated SPI film (SPd-B) films. This may be
attributed to the non-linear and rigid three-dimensional
structure of Pd as a plasticizer. It was reported that the SPd
film showed the modulus of 359 MPa, in comparison to
modulus of all other SPI samples which was < 100 MPa
[35].

XRD

SPI is amorphous in nature and hence we get broad peaks
for SPI. But the incorporation of nanoparticles like MMT
increased the crystallinity of SPI. From the XRD patterns,
the SPI film containing MMT showed two basal reflection
diffraction peaks at 20 =8.96° and 19.97° corresponding to
the a-helix and p-sheet structures of the SPI secondary con-
formation, respectively [102]. These peaks became weaker
with the incorporation of tannic acid (TA) in SPI [103].

SEM and TEM

Kumar et al. stated from SEM studies that surface structure
of soy protein is smooth while on the surface of arylated
SPI film there is formation of nanosphere with a diameter
of 30-40 nm (Fig. 10) [7].

The formation of Cu;(PO,),-3H,0 nanoflowers as nano-
spheres on the surface of the SPI film was observed by SEM
(Fig. 11) [97]. The nanospheres are similar to that has been
reported earlier for arylated SPI film.

Zheng et al. reported the SEM images of the cross sec-
tions for the nanocomposite sheets and neat SPI. The neat

4/3/2008 | Mag = WD |Det Spot HV 500.0nm

3:39:54 PM 80000x 9.1 mm ETD| 2.0 30.0 kV

SPI sheet showed morphology of fractured lamellae and
after introduction of MWNTs, that lamellar morphology
was transformed into the surface with raised blob-like and
donut-like objects. It has been reported that with the increase
in the content of MWNT the number of those ring shaped
objects increased [107].

The SEM images of the cross sections for nanocomposite
sheets incorporated with and without nano-SiO, have been
reported [108]. The morphology of SPI film incorporated
with the nano-SiO,was heterogeneous. The change in frac-
tured morphology was not observed after adding 4 wt% nano
silica unlike 8 wt% nano silica.

Chen et al. reported the microstructure of SPI/MMT plas-
tics by using TEM, and the images are shown in Fig. 12 [89].
At lower content of MMT, the dimensions of the silicate lay-
ers were reduced to about 30 nm in length and 1 nm in thick-
ness and that indicated the highly exfoliated layered structure
of MMT the soy protein molecules (Fig. 12a). On the other
hand, intercalated tactoids with a d-spacing of about 6 nm
were observed at higher contents of MMT in SPI (Fig. 12b).

Antimicrobial Properties

Antimicrobial activity of SPI film is actually the capacity of
film to inhibit or reduce the microbial load. This property
of SPI film is defined by the inhibition zone formed on a
rich culture of microbes and log number of survivors after
encounter with film. Sivarooban et al. evaluated the antimi-
crobial activity of soy protein films incorporated with GSE,

Mag t Spot X
PM 160000x 8.0 mm ETD. 2.0 30.0 kV

Fig. 10 Surface morphology of neat (left) and arylated SPI (right) [Reproduced with permission from American Chemical Society (Ref. [7];

Copyright 2019)]
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Fig. 11 SEM image of the nanoflower incorporated SPI film (b—f) and control (a) [Reproduced with permission from American Chemical Soci-

ety (Ref. [97]; Copyright 2019)]

Fig. 12 TEM images of SPI/
MMT plastics, a MS-8 and
b MS-16 [Reproduced with
permission from American
Chemical Society (Ref. [89];
Copyright 2019)]

nisin and EDTA alone and in combinations [55]. Initially
the counts of L. monocytogenes, E. coli O157:H7 and S.
typhimurium after inoculation onto 1 cm diameter film disk
and incubation at room temperature (25 °C) for 1 h were
noted. It was observed that, the colony forming units of L.
monocytogenes decreased from 6.4 to 5.6 log CFU/ml when
inoculated on SPI film incorporated with GSE, 4.9 log CFU/
ml when inoculated on SPI film incorporated with nisin, 5.9
log CFU/ml on SPI film incorporated with EDTA, 3.7 log

@ Springer

CFU/ml on SPI film incorporated with GSE + nisin, 4.3 log
CFU/ml on SPI film incorporated with GSE+EDTA, 4.7 log
CFU/ml on SPI film incorporated with nisin+EDTA, 3.5 log
CFU/ml on SPI film incorporated with GSE + nisin+EDTA.
E.coli followed a slight different pattern as it decreased from
6.3 log CFU/ml (control) to 4.5 log CFU/ml in SPI film
incorporated with mixtures of GSE, nisin, EDTA. In case
of S. typhimurium, the minimum no. of CFU was 5.9 log
CFU/ml found on SPI film incorporated with the mixture
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of GSE, nisin and EDTA, while initial inoculum was same
as 6.3 log CFU/ml. It was concluded by the authors that L.
monocytogenes was more susceptible to different combina-
tions of nisin, GSE and EDTA, but the other two pathogens
showed less sensitivity against these drugs. Various combi-
nations of GSE, nisin and EDTA successfully inhibited L.
monocytogenes unlike E. coli and S. typhimurium.

Three pathogenic bacteria L.monocytogenes, Salmonella,
E. coli were tested for antibacterial activity of SPI films
prepared by incorporatingorganic acids including citric,
lactic, malic, or tartaric acids [2]. Authors observed that
SPI film incorporated with nisin showed very less inhibi-
tion (<0.1 mm) of L. monocytogenes. However, when L.
monocytogenes was treated with nisin (205 IU/g protein) in
combination of citric acid, load of bacteria decreased sig-
nificantly, similar effects were observed with the treatment
of lactic acid, malic acid, or tartaric acid as compared with
neat SPI film. Salmonella was inhibited only by the incor-
poration of citric acid, malic acid and tartaric acid. SPI films
with 2.6% organic acids in absence of nisin exhibited less
inhibition against salmonella activity. Addition of citric acid,
malic acid, and tartaric acid inhibited the growth of E. coli
0157:H7. Lactic acid exhibited very less anti-Salmonella
activity (0.1 mm) or anti-E. coli O157:H7 (0.1 mm).

Figure 13 dictates the diameters of inhibition zone of soy
protein based edible film disks with 1% and 5% concentra-
tions of oregano (OR) and thyme (TH) essential oils against
some selected microorganisms [60]. The graph shows that
the neat SPI film without any additive was unable to resist
any microbial growth thus there was no zone of inhibition.
SPI film incorporated with OR and TH essential oils exhib-
ited excellent inhibitory property against all test microbes
even at a concentration of 1% of total film formulation. It
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Fig. 13 Inhibition zone diameters of soy protein based edible film
disks with 1% and 5% concentrations of oregano (OR) and thyme
(TH) essential oils against test organisms

was also reported that the antimicrobial activity of TH and
OR embedded SPI film increased significantly against S.
aureus with respect to the increasing concentration of these
essential oils and that resulted in significantly higher anti-
microbial activity. Antimicrobial activities of S. aureus for
SPI and whey protein isolate-based films incorporated with
essential oils from oregano and thyme essential were also
determined by several authors [109-113]. SPI film disks
with TH essential oils shows strong antibacterial activity
against E. coli and E. coli O157:H7 as well as P. aeruginosa
and L. plantarum.

Sun et al. prepared bactericidal films from SPI based film-
forming dispersions (FFDs), which were aimed to be further
used in pharmaceuticals and food industries [114]. To pre-
pare the FED and films, the authors used different concentra-
tion of AgNOj; as a bactericidal additive. The authors also
reported that the addition of AgNO; decreased the opacity
of FED. The minimum inhibitory concentration of AgNO,
had been found to be 336 pg/ml FFD for both E. coli (ATCC
25923) and S. aureus (ATCC 25922).

Zhao et al. prepared SPI films with antimicrobial silver
nanoparticles (AgNPs) as an additive [115]. AgNPs were in
situ synthesized from SPI/AgNOj; solution in a process
which is highly energy-efficient and eco-friendly. The SPI/
AgNPs films can be also prepared by blending in situ synthe-
sized AgNPs in SPI solution. The resulting antimicrobial SPI
films showed inhibitory effect against both gram negative
and gram positive bateria.

One of the significant work was contributed by Zhang
et al. in which the authors prepared soy protein containing
nanofibers by solution blowing and decorated them with sil-
ver nanoparticles [116]. The prepared nanofibers exibited
significant inhibitory activity against E. coli colonies with-
out treatment of UV light.

Conclusions

Table 1 shows the tensile strength and other properties of
the neat and additives incorporated SPI films prepared by
solution casting or compression molding method. In gen-
eral, the SPI films are processed by compression molding
and solution casting methods. The compression molded
specimens are thermally and mechanically more stable and
possessed higher tensile strength and elongation at break
values compared to solution casting method. Also, the com-
pression molded films are more transparent and possessed
smoother surface and this method could be considered a
more appropriate process for industrial applications due to
the use of shorter processing time. SPI films in presence of
acid additives, natural compounds and nanoparticles have
been fabricated either by solution casting or compression
molding films. All the acid additives incorporated SPI films
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Table 1 Material properties of SPI and additives incorporated SPI films

S.no. Method of preparation Additives Properties References
Tensile Antimicrobial Water uptake
strength (MPa)
for
Neat Additive

1. Solution casting No 88 - SND SND [55]

2. Solution casting Grape seed extract (GSE) 8.8  10.74 L.monocytogenes- decreases SND [55]

3. Solution casting Nisin (N) 8.8 5.11 L.monocytogenes- decreases SND [55]

4. Solution casting EDTA (E) 8.8 9.29 L.monocytogenes- decreases SND [55]

5. Compression molding No 9.1 - Against human (female) face bacteria-  131.6% [4]

None

6. Compression molding Mandelic acid 9.1 4to5 Human (female) face bacteria- 23.2% [4]

decreases

8. Compression molding Benzilic acid 9.1 15t017 SND 23.7% [35]

Solution casting No 6.97 - SND 46.29% [91]

10. Solution casting Carbon nano particle 6.97 9.75 SND 33.85% [91]

11. Solution casting No 4.07 - SND 46.86% [103]

12. Solution casting MMT 4.07 5.33 SND 34.96% [103]

SND Studies not done

showed increase in tensile strength and antimicrobial prop-
erties but water uptake showed less increase. Incorpora-
tion of DPHEAc and copper phosphate showed formation
of nanospheres on the surface of the SPI film resulting in
hydrophobic SPI films. There is increase in tensile strength
of nanoparticles incorporated SPI film unlike fermented SPI
film. Also the water uptake properties of SPI films showed
decrease in the properties. It is evident from the literature
review of the last 20 year that SPI in presence of several
additives can be successfully explored as packaging film
because of good tensile strength (from 5 to 18 MPa) and
low water uptake. However, there are very few reports on the
antimicrobial properties of nanoparticle incorporated SPI
films and fermented films. Hence, more studies on the anti-
microbial properties of nanoparticles incorporated SPI films
are needed so as to use it successfully in packaging films.
Also the work is needed to prepare SPI film with maximum
of ~5% water uptake when completely immersed in water.
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