Chapter 5 )
Starch-Based Nanostructured Materials Check or
in Edible Food Packaging

Tabli Ghosh, Munmi Das, and Vimal Katiyar

5.1 Introduction

From early days, starch and its derivatives are a potential candidate in various food
industries including beverages, food packaging, confectionary, bakery products,
instant meals, and others. In food packaging industry, the increasing environmental
concerns related to the consumption of plastics based on petroleum resources have
led to the development of healthier products prepared with sustainable and
environment-friendly materials [1, 2]. The eco-efficient products are expected to
meet with the ecological, environmental and economic requirements, and thus,
focus has been emphasized on the production of edible films, using starch-based
materials for existing noteworthy property [3]. The conventional plastics used in
food packaging are generally contaminated by food matter, and thus, their recycling
becomes impractical. Thus, fabrication of edible food packaging using starch
nanostructured materials with tailored properties using novel strategies can resolve
the problems related to recycling and waste generation. Considerably, starch-based
nanostructured materials provide a new platform in the development of novel edible
packaging systems [4]. Considerably, the development of sustainable packaging has
become the foremost requirement using naturally available materials as a replace-
ment due to the environmental concern [5]. Starch, a promising natural polysac-
charide, is used as an efficient and sustainable edible packaging material because of
its abundancy, renewability, low cost, biodegradability, and thermosplasticity
compared to other natural resources.
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Moreover, the use of starch-based packaging materials is growing day by day
due to water solubility and easy biodegradation. The various sources of starches are
cereals (rice, wheat, maize), root vegetables (potatoes and cassava), stems, pith
(sago), and others. The various categories of starches are obtained based on sources,
and amylose and amylopectin content (waxy starch, normal starch, high amylose
starch), and others. Among the available sources, cassava starch is extensively used
category of starch due to the low cost, colorless, good oxygen barrier, and other
features. The rich sources of starch-based foods are fast food, French bread, brown
rice, potatoes, whole wheat pasta, sweet corn, bananas, apple pie, etc. Based on this
discussion, starch is safe for consumption, thus targeted to be used as an edible food
packaging material. However, the commercialization of starch films is restricted due
to poor mechanical property, moisture sensitivity, and others. In the presence of
dense interchained H-bonds network, starch films exhibit brittleness which thereby
lead to cracking. To increase the elasticity and mechanical property of these films,
plasticizers or blending agents are incorporated into the polymeric network, con-
sequently increasing the molecular movement, which further decreases the glass
transition temperature (7,). However, safety measures should be followed to ensure
the developed edible packaging to be non-toxic in nature [6—8].

The present-day demand to produce novel materials with improved shelf life and
quality has led researchers to a new dimension in the food packaging industry using
nanotechnology [9]. Nanostructured materials have at least one of its dimensions in
nanometer range and are usually classified as polymeric nanoparticles (NPs),
liposomes, nano and microemulsions in the food technology and also exist as
layered films, or in cluster forms [10]. These nanostructured materials contribute as
functional materials by improving the mechanical strength, barrier property,
antimicrobial and antioxidant activity which in turn increase the quality and
shelf-life of the food [11]. In this chapter, a discussion on the preparation and
property analysis of starch-based nanostructured materials will be discussed with
appropriateness of their applications as a noteworthy candidate for edible food
packaging. Moreover, the effect of starch-based nanostructured materials with other
added agents will also be discussed. In this regard, the improved packaging features
of starch nanomaterials can be modified using plasticizers, cross-linkers, biopoly-
mers, and others.

5.2 Effectiveness and Categories of Starch-Based
Resources

5.2.1 Components of Starch

Starch is used as a versatile material in the food industry in the form of gelling
component, stabilizer, thickener, water retainer, which enhances the texture,
adhesiveness, gel formation, moisture retention, miscibility between various
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components, and viscosity of the end products [11]. The basic structure of starch is
(CgH1¢Os),,, and it mainly comprises two biomacromolecules amylose and amy-
lopectin, along with the presence of a small amount of protein, lipid and phos-
phorus. The dimension of starch granules is within the range of 2-100 pm
consisting of crystalline and amorphous lamellae. Amylose is a linear glucose
molecule with few branches connected by (1-4) a-D-glycoside bonds and com-
prises around 20% of normal starch, whereas amylopectin consists of highly
branched a-D-(1-4) glucopyranose units interconnected by 5% a-D-(1-6) glyco-
sidic linkages [12]. Depending on the ratio of amylose/amylopectin content, starch
is again classified as waxy, normal, and high amylose starch where waxy starch
comprises a higher amount (90% or more) of amylopectin and relatively less
amylose. Similarly, normal starch constitutes around 15-30% amylose, and high
amylose starch contains an amylose content of more than 50% as shown in Fig. 5.1.
The amylose and amylopectin molecules are present in an alternating interwined
manner in the starch granule [11, 13, 14]. Starch is usually insoluble in water at
room temperature but when heated swells and disintegrates. Further, the water
solubility property of starch depends on the composition of amylose and amy-
lopectin. The swelling phenomenon of starch takes place by the formation of
H-bond between the water molecules and free hydroxyl group of the glucan chains
at a granular level [15].
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5.2.2 Sources of Starch

Starch is extracted mainly from plant sources as an energy reserve, specifically from
seeds, roots and stems, crop seeds, tubers, and also from some fruits. Some com-
mon examples of starch-based sources are rice, wheat, potato, corn, maize, cassava,
apple, tomato [12, 16]. Table 5.1 illustrates some common types of starch based on
their botanic origin, size, and amylose content [12, 17]. The amylose content varies
from 0.5 to 83% based on their botanical origin, which further, influence the
rheological, thermal, processing characteristics of starch as well as their structural
features. As mentioned in earlier section, the ratio of amylose/amylopectin also
determines the mechanical strength, swelling behavior, oxygen permeability,
gelatinization, viscosity, water binding capacity, and texture of the starch-based
materials. These properties are source-dependent and an increase in amylose con-
tent increases the thermal stability of starch-based materials [18]. Additionally,
resistant starch, another type of health beneficial starch, is obtained from beans,
legumes, lentils, peas, whole grains (oats, barley), cashews, green bananas, cooled
rice, cooked rice, raw potato starch, hi-maize flour, etc. The beneficial features of
resistant starches are increase stool weight, reduce secondary bile acids, stimulate
immune system, reduce intestinal pathogen levels, reduce risk factors relating large
bowel cancer, etc.

5.3 Starch for Targeted Food System and Edible Food
Packaging

From very early days, food preservation maintains the nutritional level and quality
of foods intact, by increasing the shelf life of the packaged edible food. Food
preservation technique is a complete cycle starting from growing the food to dis-
tribution of the food to the end users. Food preservation protects the food product
by improving its shelf life, antimicrobial activity resulting in a sustainable edible
packaging. Commonly used food preservation processing techniques are drying,
freezing, chemical preservation, chilling, pasteurization, fermentation as shown in
Fig. 5.2 [19, 20].

Starch-based materials are also used for developing food products and packaging
materials to improve the shelf life of food products and others. The intake of corn
starch has many health benefits such as reduce blood pressure, boost immune sys-
tem, source of vitamins and minerals, and antioxidants. The starch-based derivatives
and nanostructured materials have various noteworthy applications including
(1) Food packaging sector as matrix and filler materials in edible and non-edible
packaging for improved product life; (2) Pharmaceutical industry: Starch is used for
developing colloidal formulations; (3) Food Products: Sauces, bread, candies, baby
foods, sausage, thickeners, and others. The main functions of starch in food products
are thickener (puddings, sauces, pie fillings), binder (breaded items, formed meats),
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Fig. 5.2 Food preservation techniques in edible packaging

coating (toppings, candies, glazes), water binder (cakes, jellies), releasing agents
(candy making), texture modifier (meat products, processed cheese), fat replacer
(dairy products, baked goods, salad dressings), etc. Additionally, the functions of
starches in food products are adhesion, thickening agents, shaping, molding (gum
drops), gelling, glazing, binding, and others. The various forms of starch to be used
in food systems are nanostructured materials (NPs, nanowhiskers, nanocrystals
(NCs), etc.), nanofilms, hydrogel, microbeads, microsphere, tablets, thermoplastic
foam, and others.

5.4 Global Industrial Starch Market Based on Region,
Source, Application and Industry

The global industrial application of starch-based resources is food industry,
chemical industry, beer industry, modified starch industry, biopolymers, medicine,
animal, and others. Besides, the main sectors of starch-based non-food industrial
applications are adhesives, paper industry, construction industry, cosmetics, metals
industry, textiles, mining, etc. Interestingly, food preservation holds a crucial
position in the global economy, and it is predicted that the industrial starch market
will grow from USD 72.51 billion (2016) to 106.64 billion USD by 2022.
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Figure 5.3 elaborates the division of the industrial starch market globally among
North America, Asia-Pacific, Europe, and other parts of the world. China alone
contributes to half of the global starch consumption resulting in the emerging
Asia-Pacific market with a wide range of applications. The industrial starch market
is classified according to the type of native starch and their derivatives and
sweeteners [21]. Figure 5.3 showcases various industrial starch manufacturers
across the globe, which includes Cargill (USA), Archer Daniels Midland Company
(USA), Universal Starch Chem Allied Ltd. (India), Ingredion Incorporated (USA),
Manildra Group (Australia) and Bangkok Starch Industrial Co., Ltd. (Thailand) and
their specialized applications as biofuel and biomaterial, mining and building
materials as well as pharmaceutical, corrugating, and paper-making materials [22].

5.5 Extraction of Starch from Available Sources

The pure starch extracted from plants appears as a white-colored powdery material
in the form of distinct semi-crystalline granules within 1-100 um size range,
insoluble in cold water and alcohol and is particularly used as a thickener or binding
agent in paper and food industry [12, 16]. Commonly used extraction methods are
alkaline extraction, aqueous extraction, ethanol extraction, ultrasound extraction,
microblending and homogenization. The starch structure and morphology vary with
every extraction process. The extraction methods of various starch based on their
botanic origin are mentioned in Table 5.2. The starch extraction has been reported
from available sources such as rice beans, white garland lily rhizomes, pigmented
rice, pachyrhizus ahipa roots, radix puerariae, plantain (Musa paradisiaca) peel,
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Table 5.2 Extraction of starch using various methods from different sources

Si. No. | Source Pretreatment Extraction Starch granule | Reference
methods methods sizelyield%
1. Rice beans Milling and a. Aqueous a. 15-25 pm [23]
sieving followed extraction b. 25-35 pm
by hydrothermal b. Ethanolic
processing extraction
2. White Peeled and cut Aqueous Thickness = 2— | [24]
garland lily extraction 6 um
rhizomes Length = 12—
38 um
3. Pigmented - Aqueous White [25]
rice (white, extraction rice = 44.0%,
red, and Red
black) rice = 47.0%
and Black
rice = 35.7%
4. Pachyrhizus | Roots are washed | Aqueous Starch [26]
ahipa roots with water and extraction yield = 15.7%
immersed in
NaClO solution to
sanitize for
10 min, peeled and
cut
5. Radix Peeled, cut, and High-intensity High amylose | [27]
Puerariae grinded ultrasound starch yield of
44.5%
6. Plantain Washed and Aqueous Yield = 16.6— | [28]
(Musa sanitized with extraction 48.5%
paradisiaca) | NaClO and cut
peel
7. Sorghum Washed and dried | Homogenization | Yield = 26% [29]
to remove
impurities,
followed by
milling

sorghum and others [23-29]. The pretreated rice beans (pretreated method: milling
and sieving followed by hydrothermal processing) are reported to develop starch
granules using aqueous and ethanolic method having granules size of 15-25 and
25-35 um, respectively [23]. Additionally, starch granules having thickness and
length of 2—6 and 12-38 um, respectively, can be extracted from white garland lily
rhizomes using aqueous extraction approach [24]. The yield of starch varies based
on the available source and starch extraction methods. In this regard, the yield of
starch extracted from white rice, red rice, and black rice using aqueous extraction is
44.0, 47.0 and 35.7%, respectively [25]. On the otherhand, the extraction of starch
from pachyrhizus ahipa roots using aqueous extraction method can provide starch
yield of 15.7% [26]. The peeled, cut and grinded radix puerariae is used to extract
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Fig. 5.4 Fabrication methods to obtain starch nanomaterials

high amylose starch (yield of 44.5%) using high-intensity ultrasound [27].
Additionally, using the aqueous extraction method, starch with a yield of 16.6—
48.5% can be extracted from plantain (Musa paradisiaca) peels [28]. The several
extraction methods of starch are aqueous extraction, ethanol extraction, ultrasound
extraction and homogenization.

5.6 Fabrication of Starch Nanomaterials

Starch nanomaterials are categorized into different forms, such as starch NPs, NCs,
and nanocolloids based on their size, shape, crystalline behavior, and preparation
method. Various methods including chemical, physical, enzymatic, and blending
are used to fabricate starch nanomaterials from the native starch granules. The
commonly used methods in the fabrication of starch nanomaterials are discussed
below and shown in Fig. 5.4.

5.6.1 Starch Nanocrystals: Acid Hydrolysis and Enzymatic
Hydrolysis

Pure starch granules are semi-crystalline in nature with an onion-like structure in
which the amylose content constitutes the amorphous region, and amylopectin
content contributes to the crystalline region. Upon hydrolysis, the amorphous
content is discarded to give NCs with higher crystallinity. Starch NCs (STNCs)



148 5 Starch-Based Nanostructured Materials in Edible Food Packaging

contribute in increasing the mechanical properties when combined with a polymer
matrix and are dominantly used as emulsion stabilizers, in bioplastic packaging and
as drug carriers [30, 31].

Acid hydrolysis. Starches with higher amylopectin content, for example, waxy
maize starch is mostly used for the preparation of NCs due to its higher degree of
crystallinity. The extracted pure starch material usually undergoes a pretreatment
prior to hydrolysis, where moisture content of starch is adjusted by the addition of
distilled water, aqueous alcohol or alkaline solution. Further, these starch suspen-
sions are washed, centrifuged, neutralized followed by drying of the precipitated
starch. The obtained starch powder is then grinded and filtered through a sieve [31,
32]. In a recent study, STNCs from Quinoa starch were obtained by dispersing the
starch powder in a sulfuric acid solution, followed by incubation for 5 days with
continuous stirring at 200 rpm at a fixed temperature. The hydrolysis continued for
5 days, and then, the starch solution was centrifuged, neutralized to obtain a sus-
pension which was further homogenized and freeze-dried to give STNCs of 22.8
and 6.8% yield, respectively, at 35 and 40 °C. The characteristics and yield per-
centage of STNCs vary depending on the starch source and hydrolysis conditions,
such as acid type and concentration, reaction temperature and time [33].

Enzymatic hydrolysis. The optimum longer duration (5 days) of acid hydrolysis to
obtain STNCs led to the utilization of enzymes in order to lessen the hydrolysis
time and keep the inherited characteristics of STNCs intact. The starch modifying
enzymes, for example, a-amylase, amyloglucosidase, aspergillopepsinl, and glu-
coamylase are generally used to improve the qualities of starch in enzymatic
treatment [30]. Starch converting enzymes are usually classified as amylases and
transferases, where former hydrolyzes the glycosidic bonds and the latter helps in
transfer of the bonds. Enzymatic hydrolysis, with the use of amylases, helps in
modifying the viscosity and degree of polymerization of starch. In a study,
a-amylase enzyme enabled the fragmentation of starch granules in just 3-6 h
leading to the formation of crystalline STNCs [34, 35]. In a study, waxy rice starch
was hydrolyzed enzymatically for 3 h using o-amylase, followed by ultrasonication
in ethanol to obtain 500 nm-sized STNCs [36]. In a typical enzymatic hydrolysis
pretreatment, initially the enzyme is dissolved in a pH buffer (pH = 5.5-6.9)
solution. To this enzyme solution, a weighed quantity of starch powder is added and
allowed to incubate at 37 °C for a day. Further, the enzyme activity is stopped with
the addition of ethanol, and the obtained hydrolyzed product is centrifuged and
washed and dried overnight at 35 °C to give STNCs [35, 36].

5.6.2 Starch Nanoparticles: Regeneration and Cross-linking

Regeneration. The formation of amorphous starch NPs by precipitating the gela-
tinized starch in a chosen solvent usually refers to the regeneration process.
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Development of starch NPs for utilization in nanocomposites preparation has
grabbed attention due to its unique and improved mechanical and barrier properties.
The most recently explored processes to develop starch NPs efficiently are (a) pre-
cipitation of gelatinized amorphous starch, (b) combination of enzymatic hydrolysis
and complex formation, and (c) reactive extrusion or microfluidization [37].

Ma et al. reported the synthesis of starch NPs by preparing a gelatinized starch
solution and further precipitating this solution in ethanol [38]. However, this pro-
cess is not considered economical as it involves the use of a large quantity of
solvent for precipitation and difficulty in controlling the proper size of NPs. To
reduce the consumption of solvent, Hebeish and coworkers used aqueous alkaline
(NaOH) solution as the solvent system to disperse the maize starch. This starch
suspension was then stirred continuously at 25 °C for 120 min to obtain a uniform
gelatinized starch. Absolute ethanol was then added as a precipitating agent in a
dropwise manner to this gel suspension under continuous stirring to obtain spherical
starch NPs of 135-155 nm size range [39].

Cross-linking. Starch NPs possess reactive surface which tend to agglomerate, and
thus, a chemical modification is required to maximize its dispersion in aqueous
medium. Ren et al. modified the surface properties of starch NPs with the use of
sodium hexametaphosphate (SHMP) as a cross-linker. The modification was carried
out below gelatinization temperature (40 °C) of the waxy maize starch which resulted
in a stable and uniform dispersion of starch NPs in water [40]. Also, Ma et al. used
citric acid as a cross-linker to stabilize the NPs, and the modified starch exhibited the
properties of resistant starch with various health benefits. These citric acid modified
starch NPs when incorporated into the polymer matrix resulted in improvement of
glass transition temperature, barrier properties, and tensile strength [38].

5.6.3 Starch Nanocolloids: Mechanical Treatment/
Microfluidization

Microfluidization enables the preparation of nanocarriers by reducing microsize to
nanometer scale without disturbing the crystal structure of the starch granules. The
particle-size distribution can also be tuned by adjusting the processing conditions.
Some mechanical treatment involves the use of ultrasound waves, which converts
to energy by the formation of cavity in the starch microemulsion. This results in the
formation of bubbles which collapse and produce more energy thereby reducing the
droplet size in the emulsion [41].

A microfluidizer uses high-pressure homogenization process which basically
manipulates the steady flow of liquid via microfabricated channels. Various
external factors activate the flow of liquid through the channels, such as pressure,
mechanical pumps, and micropumps. Microfluidization is carried out without any
chemical or physical pretreatment. Thus, the particle size of a high amylose corn
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starch slurry containing sediment and dispersion in water is reduced from 3 to 6 pm
to a nanometer scale of 10-20 nm, under 207 MPa pressure by this technique. This
high-pressure homogenization transformed the starch sol into a stable gel-like
suspension and increased the viscosity of the starch nanocolloid without affecting
its thermal stability [42].

5.7 Features of Starch and Its Derivatives for Potential
Application in Food System

As discussed in Fig. 5.5, the features of starch and its derivatives for potential
application in food systems are biological properties, thickening property, rheology
enhancer, film-forming property, water binding capacity, and others. In this regard,
a brief discussion on the various beneficial properties of starches for edible food
packaging has been discussed in the below section.

Fig. 5.5 Features of starch for application in food system
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5.7.1 Biological Properties: Biocompatible, Non-toxic
and Biodegradable

Starch is a biobased material having non-toxic, biocompatible, and biodegradable
nature, making it a potential candidate for edible food packaging and others food
systems. The starch polymers do not induce toxicity over different cell types and
further reported to offer important cell behavior with immune potential [43]. The
biocompatibility test of starch-based composite can be done via cell adhesion test
and cytotoxicity test, where the starch polymers proved to exhibit cytocompatibility
to be used as a biomaterial [44]. Additionally, the biodegradable starch-based
materials have potential application in biomedical section as the materials do not
provide any adverse effect in in vitro and in vivo models [45]. The biodegradable
nature of starch and its derivatives make it a promising candidate to develop sus-
tainable packaging materials in the form of foam, films, hydrogel, coatings, and
others. In this regard, improved oral delivery of poorly water-soluble drugs can be
obtained using biodegradable porous starch foams [46]. The several biodegradable
polymeric materials which are used with starch for focused applications are pro-
teins, cellulose, gums, which help to increase the shelf life of food products when
used as a food packaging material [47]. The preparation of bionanocomposites of
polymers has some additional benefits to be used in food packaging (edible and
non-edible) are (1) Soil composting due to microbial action; (2) Controlled
degradation using nanomaterials; (3) Use of renewable resources with improved
property; (4) Degradation by water and sunlight; and others.

5.7.2 Water Binding Capacity

The thermo-mechanical properties of starch-based films are influenced by water
binding capacity of starch, where the water binding capacity of starch is dependent
on the hydrophilic sites, which can be modified through plasticizers and molecular
substitution. The water binding capacity of starches can be measured using dif-
ferential scanning calorimetry (DSC) method or filter paper suction pressure
method. The water binding capacity of starch depends on the amylose/amylopectin
ratio, which further influenced by the starch type or sources such as high amylose
rice, waxy rice, and others. The increase in amylose content of starch reduces the
water binding property of starch molecule. Considerably, the pregelatinized starch
has a disruptive internal structure of granules which increase the water binding
capacity of starch. However, the chemical modification of starch has an ability to
block the route to water flow in the granules, which in turn reduce the water uptake
ability of starch. Additionally, molar substitution of hydroxylpropyl maize starch
also influences the water binding capacity [48]. The water binding capacity of
starch can be decreased by developing cross-linked starch with phosphorus
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oxychloride [49]. The type and concentration of plasticizers effect the hydration
property of plasticized starch film [50].

5.7.3 As Thickening and Stabilizing Agents

The foam/emulsions can get stabilized using thickening agents such as starch,
gums, and others. The starch and protein systems as foaming and stabilizers are
used. Furthermore, starch is used as thickeners and stabilizers in various food
products including pudding, soups, gravies, salad dressings, pastas, and others.

5.7.4 Rheology Property

The rheological property of starches is pasting property, viscosity of starch paste,
and rheological features of starch gel. The addition of food additives modifies the
rheological properties of starch such as lipids, salts, sugars, and others. The rheo-
logical behavior of starch is a crucial parameter to control the properties required
for food applications. The thermal transition of starch-based films is also influenced
by rheological property such as molecular mechanism and enzyme digestibility.
Additionally, the rheological property of starch helps to offer carbohydrate con-
centration, heating rate for developing products, and other processing condition.

5.8 Modification of Starch and Nanostarch for Edible
Films and Coating

Starch is a second most abundantly available biomass materials in nature, which is
available as a source of stored energy. Native starch has many limitations such as
limited digestibility, and poor functional properties. In this regard, the different
types of modified starches are acid-treated starch, alkaline-treated starch, dextrin,
oxidized starch, bleached starch, starch acetate, acetylated oxidized starch, starch
sodium octenyl succinate, hydroxypropyl starch, hydroxypropyl distarch glycerol,
hydroxypropyl distarch phosphate, enzyme treated starch, and others. The various
routes of modifying starch-based films have been represented in Fig. 5.6. The
starch has a wide application in the field of packaging materials such as biocom-
posite films, edible films, coatings, water absorbent polymers, and encapsulation.
Thus, starch has gained a considerable attention in attaining a wide usability for
versatile applications due to the complete biodegradable nature and provides
potential functional and nutritional properties. However, the thermoplastic starch is
widely used for developing commercial packaging materials in the form of carry
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Fig. 5.6 Modification of starch and nanostarch for edible films and coating

bags and foams. Interestingly, thermoplastic starch has some noteworthy properties
in comparison with starch such as improved plasticity and thermally processability,
where the type of plasticizers in developing thermoplastic starch effects the
mechanical property, glass transition temperature of the materials, and the use of
glycerol provides less rigidity. The functional property of starch can be
tailored-made by varying the dimensions (shape and size) of starch, proportion of
amylose and amylopectin, distribution of chain length, etc.

5.8.1 Chemical Modification

The hydrophilicity of starch-based films is a main constraint in limiting its use in
the field of edible food packaging. The chemical modification of starch helps to
improve the hydrophobicity by substituting the hydrophilic groups of starch
molecules. The chemical modification of starch includes the formulation of starch
derivatives through functionalization technique such as etherification, esterification,
cross-linking, and grafting. The cross-linking agents used in starch modification
include glutaraldehyde, boric acid, sodium trimetaphosphate, hydroxypropylation-
acetylation, hydroxypropylation-cross-linking, etc. Additionally, the decomposition
reaction of starches includes acid hydrolysis, enzymatic hydrolysis and oxidation.
The chemical modification approaches help to modify the structure of native starch,
which in turn influence the starch film property. The use of plasticizers can improve
the properties of starch-based films. In this regard, the several plasticizers for
developing edible food packaging include glycerol, sorbitol, formamide, xylitol,
etc. The plasticized sago starch using modifying agent such as sorbitol can offer
improved thermal features such as improved heat sealability and reduced onset
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temperatures. The citric acid is used as a modification agent in starch/
hydroxypropyl methylcellulose-based films such as reduced glass transition tem-
perature. The use of hydrochloric acid in fabricating acid hydrolyzed starch offers
increased heat resistance. Starch nanostructured materials have surface hydroxyl
groups and high specific area, which provide the potential to tailor the packaging
property via surface chemical modification, providing surface functionality. The
modified starch in the form of starch nanocrystal (STNC) has high surface area and
thus provides better dispersion property in water than starch granules. Further, the
oxidation of starch produces starch oxides, starch radicals; esterification of starch
produces starch acetylation; and etherification of starch produces carboxymethy-
lation, hydroxypropylation, and hydroxylethylation.

5.8.2 Physical Modification

Starch modification using physical methods is obtained using thermal and
non-thermal methods. The thermal method for starch modification includes heat
treatment (simple oven heating, super heating, extrusion, fluidized bed heating),
hydrothermal treatment, heat-moisture treatment, and radiation treatment (microwave
irradiation, ultraviolet irradiation, gamma irradiation, electromagnetic irradiation).
On the otherhand, the mechanical treatment for starch modification includes
mechanical method (simple milling/grinding, mechanical activation by stirring),
pressure treatment (high-pressure treatment, pressure treatment, osmotic pressure
treatment, hydrostatic pressure treatment), ultrasonic treatment (simple, ultrasonica-
tion, high-pressure sonication), cold plasma, deep freezing, etc. The physical modi-
fication techniques of starch include the use of ultrasound waves, microwave-
radiation, osmotic pressure treatment, pulsed electric field, moist-heat treatment,
annealing, gamma radiation, dry heating, and others. This approach includes the
treatment of starch granules under different pressure, moisture combination, shear,
and others. The physical modification of starch using ultrasonic waves provides
reduced reaction time, improved degree of substitution, and others. The application of
dry heat to starch provides improved water binding capacity; application of gamma
irradiation offers improved mechanical and swelling property [S1]. The physical
modifications of native starch can deliver tailored-made features of water solubility
and reduced particle sizes. The physical modification of starch is attained via several
approaches such as heat-moisture treatment, annealing (annealed starch), extrusion,
freezing, microwave treatment, retrogradation, pregelatinization (obtained by
roll-drying, spray, thermal), radio treatment (radio treated starch), and others.

5.8.3 Enzymatic and Genetic Modification of Starch

The enzymatic modification of starch produces various constituents such as mal-
todextrin, cyclodextrin, and amylose. The enzymatic or genetic modified starch
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provides novel functionality in starch due to stability and bioavailability. The
enzymes for starch modification include o-amylase, B-amylase, transglucosidase,
isoamylase, and others.

5.8.4 Biocomposites and Blends of Starch
and Its Derivatives

The starch-based composites and blends are developed to provide tailored-made
attributes such as chitosan, protein, and cellulose. The attributes of nanostarch such
as reaction activity and unique surface area make it a potential nanofiller to develop
biocomposites with tunable properties. The nanostructured starch can be obtained
as STNCs, starch NPs, and nanocolloids. STNCs can be extracted using acid
hydrolysis process such as acidic and enzymatic hydrolysis. The starch NPs can be
obtained via regeneration and cross-linking process, whereas nanocolloids can be
obtained via mechanical treatment and microfluidizers. The limitations of starch
include hydrophilicity, thermal decomposition, and brittle in nature. To combat
these limitations, starch and its nanostructured forms are modified via following
several routes such as chemical, physical and enzymatic methods. The properties of
starch are also improved by making blends with biopolymers. The oxidized starch
includes hydroxypropylation, sodium hypochlorite, hydrogen peroxide, persulfate,
etc. The oxidized starch is used to coat food products to maintain the food prop-
erties. This specific biopolymer has a matrix forming properties to develop
biocomposite-based edible food packaging. The fabrication of starch-based bio-
composites can be done by dissolving starch at higher temperature followed by
mixing of the subsequent biopolymeric solution as shown in Fig. 5.7. As repre-
sented in Fig. 5.8, the surface of starch-based biocomposites can be modified using
gum arabic and other filler materials as evident by field-emission scanning electron
microscopy (FESEM). The tailored-made features of starch biocomposites are
obtained by using different types of nanofiller materials such as (1)
Polysaccharide-based nanoreinforcements from cellulose, starch, chitosan, chitin,
etc.; (2) Protein-based nanoreinforcements; (3) Carbonaceous nanofillers; and
(4) Phyllosilicates and others [52].

5.8.5 Addition of Bioactive Compounds

The bioactive starch-based films and coatings can be fabricated with the aid of
antimicrobial and antioxidant agents. Additionally, nanosystems of starch are also
used in encapsulating different bioactive compounds such as caffeine, curcumin,
ciprofloxacin, and others for increased bioavailbility and stability. The inclusion of
bioactive such as antimicrobials, antioxidants, probiotics, and flavors to starch
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Fig. 5.8 FESEM micrograph of a starch/chitosan and b starch/chitosan/gum arabic biocomposites

provides improved film properties in terms of functionalized starch-based edible
coating assisted by bioactive materials. Additionally, starch is used to encapsulate
bioactive compounds. The used bioactive compounds in starch films are antimi-
crobials, antioxidants, probiotics, nutraceuticals, flavors, and others with a focus to
develop functional food products.
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5.9 Case Studies on Nanostarch-Based Edible Food
Packaging

As mentioned in the earlier section, the acid hydrolysis of starch granules for a long
period can hydrolyze the amorphous region, which helps in separating the crys-
talline part of the starch by fabricating STNCs. However, the acid hydrolysis is
generally held at temperature below gelatinization temperature. The STNCs fabri-
cated from waxy maize starch granules via acid hydrolysis (sulfuric acid) can
provide relative crystallinity of 63% after 6 days of hydrolysis. The size ranges of
STNC fabricated from waxy maize starch granules are 40-80 nm (as evident by
transmission electron microscopy (TEM)). The nanocomposite films based on
STNCs and carboxymethyl chitosan can provide maximum tensile strength of
29 MPa; and further, the water absorption and water vapor permeability can also be
improved using STNC; whereas, the percentage elongation at break decreases with
increased STNCs [53]. The STNCs from potato starch granules (fabricated using
sulfuric acid-based hydrolysis) and sour lemon peel extract can be used to prepare
edible coating on chicken fillets [54]. The application of the edible coating on
chicken fillets improves the physicochemical, texture, and sensory properties during
12 days of cold storage. Additionally, high antioxidant ability (against oxidative
deterioration) and antimicrobial property (against microbial spoilage) in chicken
fillets can be obtained using coating solution of STNC (4.0%) and sour lemon peel
extract (5.62%) prepared at 51.17 °C for 43.29 min. The STNC can be fabricated
from waxy maize starch via acid hydrolysis at 35 °C, and the fabrication of
STNC-reinforced sorbitol plasticized pullulan-based edible films can deliver
improved packaging properties in terms of crystallinity, water uptake behavior,
mechanical properties, and others [55]. The nanocomposite films based on STNCs
and cross-linked cassava starch can be used as an edible coating for Huangguan
pears, where the nanocomposite films can maintain texture, color, soluble solids,
cell membrane permeability, and other properties of pears [56]. The films based on
cross-linked cassava starch with 6% STNCs provide better mechanical and water
vapor barrier properties.

The gelatin and starch have the characteristics properties of eco-friendly, safe,
abundance, cost-effective, edible and thus can be used in combination to develop
edible films. Additionally, the fabrication of smart edible films using starch-
butanetetracarboxylic acid dianhydride-N-hydroxysuccinimide (SBN) cross-linked
gelatin can provide improved surface hydrophobicity, tensile strength, elongation at
break and is applicable for improved quality of postharvest shelf life [57]. The
tensile strength of neat gelatin, 5% SBN-gelatin, 10% SBN-gelatin, 15%
SBN-gelatin is ~35.73 & 0.41 MPa, 43.36 £ 0.38 MPa, 45.37 £ 0.88 MPa,
46.65 £ 0.63 MPa, respectively. The edible films based on quinoa protein, starch
NPs, crude phenolic compound extracts (luria leaves/pomegranate peels) also
provide enhanced packaging attributes with a safe packaging system for improved
food product life [58]. Furthermore, the composite film based on banana starch,
aloe vera, curcumin loaded starch NPs provides improved water vapor permeability
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and tensile strength due to the hydrophobic nature of curcumin [59]. Additionally,
the composite film delivers control release profile of curcumin, which provides
application in various food stuff. The mung bean-based native starch has smooth
surface with oval shape, can be used to fabricate nanostarch using acid hydrolysis
methods, having the average particle-size distribution of 141.772 nm. The bio-
composite films based on nanostarch from mung bean (concentrations: 0.5, 1, 2, 5
and 10%) and native starch can be used as edible coating in food applications
having renewable and biodegradable nature. Further, this specific biocomposite
films provide improved film attributes such as (1) Burst strength increases from
943.56 £ 18.1 to 1265 £ 18.9 g; (2) Thickness of films increases from
0.043 £ 0.006 to 0.063 + 0.006 mm; (3) Water vapor transmission rate (WVTR)
decreases from 5.558 x 107> £ 0.25 to 3.364 x 107> g_2 s ' and (4) Water
solubility decreases from 37.99 £ 0.47 to 34.11 £ 0.40% [60]. The nanocom-
posite based on thermoplastic starch (glycerol as a plasticizer) and waxy maize
starch provides strong interactions between filler materials and filler—matrix mate-
rials due to the hydrogen bonding [61]. The fabrication of starch films incorporating
vacuum freeze-dried and spray-dried starch NPs provides denser films, enhanced
film roughness, where the incorporation of starch NPs lowers the water vapor
permeability (by 44%), glass transition temperature (by 4.3 °C) and crystallinity (by
23.5%), Young’s modulus and toughness [62]. Additionally, the incorporation of
starch NPs in the biocomposite films of starch offers increased storage moduli, loss
moduli, and others [63]. Further, in Table 5.3, use of starch-based nanostructured
materials in edible food packaging has been detailed for improved features of edible
food packaging.

Table 5.3 Use of starch-based nanostructured materials in edible food packaging

Sl | Form of nanostarch Other film Materials property References
No. components
1. STNCs (Fabrication process: | Pullulan Increase in crystallinity | [55]
Acid hydrolysis at 35 °C Sorbitol with increased STNC
from waxy maize starch) (Plasticizers) Water uptake decreased
(biocomposite with increasing filler
edible films) content

Improved Young's
modulus and tensile

strength
2. Starch-butanetetracarboxylic | Gelatin Improved surface [57]
acid dianhydride-N- hydrophobicity
hydroxysuccinimide Improved tensile
(SBN) (a cross-linker) strength and elongation
at break

Enhanced shelf life of
peeled apple

Is applicable for
improved quality of
postharvest shelf life

(continued)
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Table 5.3 (continued)
S1 | Form of nanostarch Other film Materials property References
No. components
3. Starch NPs Quinoa protein Extend shelf life of food | [58]
Crude phenolic | Good barrier properties
compound against oxygen, water
extracts (luria vapor, and carbon
leaves/ dioxide.
pomegranate Increased strength due
peels) to STNPs
(edible films)
4. STNCs Cross-linked * Can be used for [56]
cassava starch preservation of
Huangguan pears
* Cross-linked cassava
starch with 6%
STNCs provides
better mechanical and
water vapor barrier
properties
* Inhibit peroxidase,
polyphenol oxidase
enzyme activities of
pears.
5. STNCs (fabrication process: | Carboxymethyl |+ Maximum tensile [53]
Acid Hydrolysis of waxy chitosan strength: 29 MPa
maize starch granules using » Water absorption and
sulfuric acid) water vapor
permeability can be
improved using
STNCs
*» The percentage
elongation at break
decreases with
increased STNCs
6. Starch NPs Banana starch, Incorporation of [59]
aloe vera, curcumin reduces the
curcumin water vapor
(loaded in starch | permeability due to
NPs) hydrophobic nature.
Improved tensile
strength due to
incorporation of
curcumin in the
composite films.
7. Nanostarch (concentrations: | Native starch * Renewable, [60]

0.5, 1,2, 5 and 10%)
(Source: Mung bean)

biodegradable, and
edible coating in food
application.

* Burst strength
increases from
943.56 + 18.1 to
1265 £ 189 ¢

(continued)
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Table 5.3 (continued)

S1 | Form of nanostarch Other film Materials property References
No. components

* Thickness of films
increases from
0.043 £ 0.006 to
0.063 £+ 0.006 mm

* WVTR decreases
from
5.558 x 107 + 0.25
t0 3.364 x 1073 g2
S

8. STNCs (fabricated via acid | Lemon peel Bioactive preservative | [54]
hydrolysis using sulfuric extract coating on chicken
acid) (ultrasonic fillets
extract) Improved quality of

chicken fillets during
12 days cold storage

STNCs Starch nanocrystal, NPs Nanoparticles

5.10 Conclusion

The starch is extensively obtained from (1) Cereal grain seeds (maize, wheat, rice,
sorghum); (2) Roots and tubers (potato, sweet potato, tapioca, arrowroot); and
(3) Stems and pith (Sago). The available starchy foods are cereals, pasta, bread,
rice, potatoes, beans, chestnuts, etc. In different categories of food preservation
techniques and to improve food properties, starch and its various derivatives are
also used. Starch NPs are utilized as a nanofiller material to develop biocomposites
to modify mechanical and barrier properties. The STNCs are used in developing
biocomposite films due to the crystalline nature for improved mechanical and
barrier property. The use of plasticizers can improve the mechanical properties of
starch; however, the hydrophilic nature of starch makes it sensitive toward mois-
ture. In this regard, several modifications of starch-based films are required to act as
a proper food packaging system.
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