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The food packaging sector generates large volumes of plastic waste due to the high demand for packaged
products with a short shelf-life. Biopolymers such as starch-based materials are a promising alternative to non-
renewable resins, offering a sustainable and environmentally friendly food packaging alternative for single-use

products.

starch-based materials processing food packaging

1. Advance in Preparation of Functional Starch-Based Food
Packaging

Recent advances in the development of starch-based materials for food packaging applications are based on the
combination of the emergence of new preparation techniques, equipment and the manipulation of matter at the

nanometer scale, which have allowed us to achieve special properties with adequate performance W2,

1.1. Incorporating Bioactive

In recent years the incorporation of additives such as antioxidants and antimicrobials in starch-based films plays a
key role in improving functional properties. These active packaging films provide a semi-permeable barrier that
helps to extend shelf life by reducing the migration of moisture, loss of solutes from fruit respiration and oxidation
reaction LB, Essential oils are a clear example of active components in food packaging, their antioxidant and
antimicrobial properties have improved the quality and safety of food . Essential oils are natural substances
composed of alcohols, phenols, terpenes, esters and among other bioactive agents, whose main function is the
release of their active components avoiding microbial and fungal attack and oxidation of food . Oregano oil,
thyme &I, cinnamon bark, clove &, ho wood (Cinnamomum camphora), and cardamom @ have been evaluated as

additives in the control of various pathogens.

Raigong et al. &l evaluated the addition of clove oil and cinnamon oil in starch films against S. aureus, C jejuni and
E. coli, and the results showed the inhibition of the pathogens. Clove oil inhibited between 22-100%, while
cinnamon oil was effective against C. jejuni (19—22% inhibition) and E. coli (33—40% inhibition), respectively. Souza
et al. @ evaluated that the addition of Pickering emulsions to essential oils, ho wood (Cinnamomum camphora),
cardamom, and cinnamon, showed that the ho wood oil lowered water vapor transmission rate, improving the
release of the active compound. Ho wood oil was the most promising with regard to being applied as a

biodegradable active packaging. The addition of natural extracts from various sources, such as fruit by-products,
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has been evaluated in starch-based films. Mango puree and pineapple pomace were incorporated into maize

starch-gelatin films, improving the physicochemical properties of the films and increasing the antioxidant activity

and antimicrobial activity [1l. Table 1 lists the most recent studies on starch-based bioactive systems prepared by

film casting method for food packaging applications.

Table 1. Bioactive system, processing techniques and main results of bioactive starch based materials for food

applications.
Starch . . L
System Bioactive Results ApplicationReference
Source
. Film thickness and water
. Pineapple peel .
Poly (vinyl vapor permeability
extract as a . . Food (9]
alcohol)-corn Corn increased slightly, .
natural o . Packaging
starch . antioxidant capacity
antioxidant agent .
increased.
All concentrations of
Lemon essential lemon oil were effective
oil/surfactants . against selected bacteria
Corn and Lemon essential . Food [10]
(Span 80, Tween wheat oil (both Gram-negative and Packagin
80)/corn and wheat Gram-positive) compared ging
starch with control film (without
lemon oil)
Antioxidants The addition of natural
(from cranberry, extracts gives chitosan-
blueberry, starch a higher apparent
. troot nsity values. Th
Chitosan-Starch- . e o sity vaiues. 1he Food [11]
. Rice pomegranate, addition of natural .
antioxidants : : Packaging
oregano, pitaya extracts provided
and resveratrol, chitosan-starch films with
thymol and better thermal and
carvacrol) physical properties
Incorporation of natural
extracts influenced the
mechanical properties,
Anthocyanin and  however did not
betanin (from the  influence film thickness
exocarp of the or water vapor
Sodium alginate- black eggplant permeability. Films with Food o
starch Yucca (Solanum eggplant extract had Packagin
melongena) and  higher antioxidant activity ging
the mesocarp of  against the (DPPH)
beet (Beta radical and were more
vulgaris)) sensitive to the exposure
of gaseous amines in
comparisonwith films
with beet extract.
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System Sl Bioactive Results ApplicationReference
Source
The results showed that
the cheese coated by
Mung bean starch- WSC film containing
chitosan (MSC) Mung . perilla oil presented Food
Water chestnut bean/Water Hydr(_)pho_blc better treatment Packaging [L3]
. perilla oil .
starch-chitosan chestnut performance in terms of for cheese
(WSCQC) microbial growth delay,
weight loss and shelf life
length.
The meatballs stored at
ambient temperature in
cassava starch film
incorporated with
Cassava starch- cinnamon oil and nano- Food
essential oil- Cinnamon play, IS|gn|f|cant.Iy . Packaging [14]
. . Cassava o inhibited the microbial
sodium bentonite essential olil . for
nanclay growth t_||| 96 h below the meatballs
FDA limits (106 CFU/q)
in foods compared to
control films that
exceeded the limit within
48 h.
Antioxidant properties
proved to be significantly
enhanced with increasing
lavender essential oil
Starch-furcellaran- concentration. The
lavender essential Potato Laver?der_ solubility, water FOOd. 13l
. . essential oll > Packaging
oil-gelatin absorption and degree of
swelling of the film
decreased with
increasing concentration
of ails.
Increasing cinnamon
bark essential oll
Tapioca starch- improves tensile strength Food
cinnamon bark Tapi Cinnamon bark and antibacterial activity Packaging [16]
L apioca o .
essential oil- essential ol of the film and preserved for fresh
glycerol the freshness of the beef beef
during 15 days of
storage.
(Gelatin-pectin- Potato Mentha pulegium  The incorporation of Food (L7
starch)-(gelatin- and Lavandula essential oils resulted in Packaging
pectin)-(gelatin- angustifolia films with enhanced
starch)-(starch- essential oils antibacterial properties,
pectin) lower water vapor
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System Sl Bioactive Results ApplicationReference
Source
permeability, and
reduced mechanical
properties
Carvacrol essential
oil-corn starch- The starch-
montmorillonite- Carvacrol montmorillonite-carvacrol Food
tween 80/Carvacrol Corn o essential oil hybrid films . (L8]
L essential oll o . Packaging
essential oil- showed antimicrobial
glycerol-corn behavior against E. coli.
starch
The essential oils from
Arrowroot starch- .
Mentha spicata and
carnauba wax -
. Cymbopogon martinii
nanoemulsion- : . -
Mentha spicata incorporation improved
cellulose -
and the thermal stability of Food [19]
nanocrystals- Arrowroot : . .
A Cymbopogon the films and provided Packaging
essential oils from s .
. martinii excellent protection
Mentha spicata . S
and Cvmbonodon against fungi Rhizopus
-y Pog stolonifer and Botrytis
martinii .
cinerea.
The addition of thyme
essential ol
microcapsules to starch
films increased the
opacity, thickness, tensile
strength and water
lubility. Th |
Corn starch-thyme solubility. _ey_a_so Food
o showed an inhibitory : [20]
essential olil Corn Thyme . Packaging
microcapsules effect against for mango
P Botryodiplodia g
theobromae Pat and
Colletotrichum
gloeosporioides Penz
and extended the shelf
life of mangoes up to 10
days at 25 °C.
Starch-PVA films with
6.7% of oregano
essential oils exhibited
Corn starch-PVA- il bes_t phys_lcal
Neem and properties, without Food 21]
neem and oregano Pea L . .
oregano significant differences Packaging

essential oils

with respect to the
starch-PVA matrix, while
exhibiting antibacterial
activity.
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1.2. Starch Nanostructures (SNEs)

The field of natural biopolymers have shown great potential for important, rapidly growing applications ranging from
green electronics, food packaging, dye and heavy metal removal, oil/water separation, therapeutic agent delivery,
tissue engineering scaffolds, biological devices, optics, and sensing 22. However, the application of advanced
functional biopolymer materials suffers from their poor processability and weak mechanical properties. Regarding
this, there are enormous challenges to break the strong intermolecular interactions (hydrogen bonding) in their
native forms, while re-establishing predominant hydrogen bonding in the processed materials in a cost-effective
way. The introduction of one or more new functional groups into native polysaccharides alters their physical,
chemical and, above all, biological properties. The biological properties of polysaccharide derivatives depend on
the molecular weight, the type of modification, the type of native polysaccharide, the conditions of the modification
process, the solubility and the conformation of the polysaccharide. The manipulation of matter at the nanometer
scale (1 to 100 nm) has recently been studied to create new materials and devices with special properties and
adequate performance. The unique properties of nanoparticles depend on the size and shape, charge and surface
modification, and hydrophobicity of the starting material [22. For example, starch nanoparticles prepared by acid
hydrolysis from waxy corn and high amylose maize starch exhibit a crystal structure and size of type A-type, B-
Type, and 50 nm, 540 nm, respectively, while their morphology was polygonal and smaller starch granules, pores,
respectively (241,

In order to alter the crystalline structure of the starch, SNEs are obtained mainly by top-down and bottom-up
methods. In the “top-down” method, macroscopic materials are reduced from the microscale to the nanoscale
through physicochemical processes such as acid hydrolysis [22128] due to the sensitivity of the amorphous rings in
starch granules to acid treatment, homogenization 24, crushing (2822 gamma irradiation B, and ultrasound 4
821 Acid hydrolysis and ultrasonication methods are particularly effective in breaking up the aggregates of

nanoparticles formed through hydrogen bonds, thereby reducing the size and polydispersity of nanoparticles (2!,

In the “bottom-up” process, SNEs can be obtained from a buildup of starch molecules in a controlled manner that is
regulated by thermodynamic means such as regeneration 24 nanoprecipitation or self-assembly [28. Micro-nano
emulsion and nanoprecipitation are very simple and convenient methods for producing nanoparticles with a desired
size 33, For example, starch granules are dispersed in water or dimethylform sulfoxide, completely gelatinized at
100 °C, and then precipitated by dropwise addition of nonsolvents (such as methanol, ethanol, isopropanol, n-
propanol) to obtain SNPs with different sizes 281871 |n addition, it has been shown that the combination between
chemical methods, for example acid hydrolysis, and physical methods such as ultrasonication, generates higher
homogeneity and yield in the obtained starch nanostructures [241[38139],

Among the recently studied starch-based nanostructures are nanoparticles 19[4l nanospheres [“#2143]
nanocrystals [3A44I45]  nanomicelles X847 nanogels 8 and nanofibers 9. Table 2 summarizes the main
preparation methods and size of starch nanostructures. Emphasis is placed on their responsiveness, permeability,
toxicity, interactions with other components and applications. The aim of producing such nanocrystals or

nanoparticles is to use them as fillers in polymeric matrices to improve their mechanical and/or barrier properties.
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Starch nanoparticles are non-toxic and respond to pH, temperature, light and other stimuli. Starch nanoparticles

have a wide range of applications, such as improving the mechanical properties of films and gels, stabilizing

emulsions, use as a fluorescent indicator, forming or directing agent in self-assembling structures, scaffolds, and

reconstruction of hollow organs.

Table 2. Preparation methods and size of starch nanostructures.

. . Size
Nanoestructure Raw Materials Preparation Method (nm) Reference

Nanocrystal Potato Acid hydrolysis-ultrasonication 40-70 [50]
Nanocrystal Pea Acid hydrolysis-ultrasonication 30-80 [29]
. . L 70— 51]

Nanocrystal Waxy Acid hydrolysis-ultrasonication 100
. . . . 118- [42]

Nanocrystal High amylose maize Acid hydrolysis 130
. . 50— 52]

Nanospheres Soluble starch Micro-emulsion 350
. s 270— [43]

Nanospheres Native sago starch Nanoprecipitation 420
: . 96— 53]

Nanospheres Corn Microemulsion 100
s 90- [54]

Nanospheres Corn Nanoprecipitation 100
Nanospheres Potato Acid hydrolysis-ultrasonication 40 [55]
Nanogels Corn, potato, and pea starch Reverse emulsification 100 [56]
Nanogels o-starch Chemical crosslinking 30 [48]
Nanogels Starch/poly(alginic acid-cl- Chemical crosslinking 380 [57]

acrylamide)

Nanogels CMS EB radiation N 380 [58]
. . 120- 59]

Nanogels Potato Chemical crosslinking 160
Nanofibers Corn Electrospinning 795000_ [60]
. High amylose o o 300- [61]

Nanofibers Maize starch Cross-linking/Electrospinning 700
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Nanoestructure Raw Materials Preparation Method (Sn' rzne) Reference

, . I 110- [62]
Nanofibers Corn Coaxial Electrospinning 160

Nanofibers High-amylose maize starch Electrospinning 30-50 (631

and nGO

. . . 90— [49]
Nanofibers Soluble starch Coaxial electrospinning 250

Micelle Com Graft copolymerization/self- 20-30 [64]

assemble

Micelle Waxy Maize Emulsion/self-assemble 60-70 (63

Micelle Soluble Schiff-base bonds [66]

Micelle Starch-octanoic Graft copolymerization/self- 400—- [67]
assemble 600

Nanoparticulas ~ Waxy Maize Acid hydrolysis-ultrasonication 50-80 (8]

Nanoparticulas  Waxy Maize Enzym_atw_:ally hydrolyzed-emulsion 80— [34]
cross-linking 130

. o . 50- [40]
Nanoparticulas Pea Precipitation-complex formation 100

Nanoparticulas  Corn Complex formation 10-20 (341

| 2. Starch Based Materials Application in Food Industry

A fundamental part in the food packaging industry is to innovate, develop new materials with improved properties,
reduce food waste, and be economically viable and sustainable, while at the same time complying with the
standards of quality, safety and functionality; contain, protect and conserve. Another important issue is that
developed materials must facilitate product handling, although they must also preserve nutritional value. Currently,
the use of bioplastics has increased significantly, and it is estimated that by 2022 the production of bioplastics will
be around 2.44 million tons due to a great demand for biopolymers for various applications and product £8&. This
increase in the manufacture of biopolymers as substitutes for conventional packaging is mainly due to the
biodegradability, biocompatibility and low cost of these starch base materials 69 as starch by itself or in

combination with other biopolymers, have been used in the preservation of fresh products.

One of the strategies to generate interest among consumers and for the packaging industry to commercialize
starch-based materials have been the development of smart and/or functional materials to extend the shelf life of

packaged foods (Figure 1). In this context, the main work has focused on: (i) improving the materials so they
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provide a better barrier to oxygen and water vapor materials by mixing different materials and incorporating
micro/nano structures; and (ii) adding bioactive substances such as antioxidant or antibacterial agents by means of

micro/nano encapsulation 9.,

Thermo sens#ive , = . \ ) ] R it

Enzyme sensitive £ “i?- 5 P Barmrier properties

Magnetic responsive ' 1 /I UV properties

Figure 1. Active and smart starch-based food packaging to improve shelf life.

Active packaging deliberately modifies the product or environment to improve food safety and quality. Hence,
increased attention has been paid to the preparation of bioactive and smart packaging films by active films having
antibacterial, antioxidant, and barrier properties 172 Other examples of active packaging include oxygen

scavengers to decrease fat oxidation, ethylene scavengers to minimize fruit and vegetable ripening, humidity and
odor absorbers [ZEIZ4AISI7EI77],

Smart packaging informs the consumer about kinetic changes related to the quality of the food or the environment
it contains, to minimize losses and ensure food quality. Hence, the temperature can be monitored, providing a
thermal history of the foods storage, and informing the most suitable consumption conditions. Some studies have
been carried out to produce such materials, and commercial packaging is available in the market. Jederman et al.
[781 monitored the temperature curves allowing the evaluation of the cooling efficiency in bananas, the effect of
changes in packaging and the respiration heat. Commercial brands are patented by MonitorMark™ and
commercialized as a Time—Temperature Indicators (TTI) sensor developed by 3M™ (3M™, Maplewood, MN, USA)

and CoolVu indicator developed in Freshpoint-Switzerland.

Fish and meat products are highly susceptible to decomposition by oxidation of fats showing color changes, (e.g.,
discoloration of pigments such as myoglobin, carotenoids), and off-odors and flavors (e.g., rancidity as a result of
lipid oxidation), which leads to nutrient losses (e.g., oxidation of vitamin E, [3-carotene, ascorbic acid) and

adversely affects the quality 2. In order to prevent those problems, vacuum packaging has been used as this
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method does not always remove all oxygen under the packaging. That is why it has been necessary to develop
novel packaging materials to prevent oxidation and meat quality loss. In this sense, oxygen scavengers have been
supplied in packaging to eliminate the residual oxygen. The oxygen scavengers are incorporated in sachets, films
or labels to prevent food products contamination or accidental consumption. Among the substances incorporated
are iron powder, ascorbic acid, dyes, enzymes (glucose oxidase and alcohol oxidase), unsaturated fatty acids
(oleic or linoleic acids), and immobilized yeast B9, On the other hand, thermoplastic starch films have also been
developed with the purpose of reducing lipid oxidation in foods. Panrong et al. 1l prepared thermoplastic starch
films incorporating low-density polyethylene and green tea. They proved that the hydrophobicity of films allows a
reduction in the lipid oxidation of packaged soybean oil, which was effectively reduced by up to 38% depending on
the TPS ratio used. Similarly, Pifieros-Hernandez et al., (82l prepared edible cassava starch films carrying rosemary
antioxidant extracts for use as potential active food packaging. They reported the films enhanced the UV-blocking

properties of the films.

Smart packaging films based on a change of color have been developed, and they have pH-sensitive and
responsive indicators (e.g., anthocyanins, betacyanins, and curcumin) in a biopolymer-based matrix 1. These
materials are usually synergistically blended with other polymers (PVA, PLA, carrageenan, chitosan), can also
respond to magnetic field, or have enzyme-responsive characteristics /2. Recently, the application of natural
pigments and polymer carriers has shown great potential in smart packaging based on pH-responsive indicators
(831 A research work conducted by Silva-Pereira et al. B4 revealed the use of blueberry residues as a potential
visual pH indicator in the monitoring of fish spoilage. The indicator carrier matrix was corn starch and chitosan and
showed good pH sensitivity and thermal stability. Similarly, flms based on cassava starch and anthocyanins
showed high pH sensitivity over a wide pH range, which allows monitoring of the quality of various foods 2. In
addition, potato starch-based films with anthocyanins can successfully display the color difference at pH 1-12 and
detect the fresh stage (pH = 5.8) and spoiled stage (pH = 8) of pork, demonstrating the potential of potato starch
for food product quality detection €8], Shapi'i et al. (7l evaluated the effect of incorporating chitosan nanoparticles
into a starch matrix on the antibacterial properties of the film. The authors found that the starch/chitosan
nanoparticle film used to package cherry tomatoes effectively inhibited the growth of microorganisms (7 x 102
CFU/g) compared to pure starch film (2.15 x 103 CFU/g). Another way to inhibit the growth of microorganisms in
starch films was reported by Diaz-Galindo et al. B8 by adding a cinnamon oil emulsion to the matrix that reduced
the growth rate of Botrytis cinerea by 66%, preventing further contamination of the fruit during storage and

transport.

The incorporation of anthocyanin-rich bay laurel berry extracts (BBE) into tapioca starch to develop food packaging
films with antioxidant and pH-sensitive properties was studied by Yun et al. B2, The work demonstrated a
significant increase in the DPPH radical scavenging ability of the composite film (24.39—-75.01% under 5 mg mL™1)
with the incorporation of BBE into the starch matrix. It was observed that when the starch-BBE film was exposed to
hydrogen chloride, the color of the film changed from purple to red. The film quickly turned blue and then olive
when exposed to ammonia gas. Jayakumar et al. 29 incorporated nutmeg oil, ZnO NP and ham extract into
starch/PVA based films. These films showed pH sensitive and antibacterial properties. Under acidic pH, the dark

purple extract turned cherry red, while at alkaline pH it changed to brownish yellow to light green at neutral pH. The
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film mixed with ZnO NP and nutmeg oil inhibited the growth of the foodborne pathogen Salmonella typhimurium.

Similarly, the results of Mustafa et al. 22 demonstrated a variation in the coloration of smart and bioactive

PVA/starch/propolis/procyanidin rosemary extract films depending on pH; reddish to blue under acidic pH, blue

under neutral pH and yellow under alkaline pH. The maximum diameters of the film inhibition zone against E. coli

and methicillin-resistant S. aureus were 21 and 15 mm, respectively. Table 3 summarizes some applications in the

packaging of various foods, such as fruits and vegetables, bakery goods, meat, and starch-based materials

indicating good prospects for commercial utilization.

Table 3. Packaging system, food application and mains results of pre-commercial studies of starch based

materials.
Packaging Processing . Food
- Function c Resul Referen
System Techniques unctio Application esults eterences
Films with higher in
Rice starch in elonggtlon at. break, but
o . lower in tensile strength.
combination with L .
: . . Film is more flexible than
chitosan, Enhancing the  To coat dried
. - : the other corn and wheat [92]
emulsifier Dipping shelf life of walnut . L
: starch films tested in this
(sodium walnuts kernels . .
: study. Rice starch with
caseinate), and . o
! high flexibility produces a
red palm oil. .
uniform layer on the
surface of walnut.
All cassava starch coating
Cassava starch Delay the . concentrations reduced
. . Coating . .
at different ripening of apava fruit fruit maturation and
concentrations Dipping papaya fruit ?CSriZa anthracnose, with the 2%, (93]
(1%, 2%, 3% (Carica apaya) 3% and 4% coatings
and 4%) papaya) papay giving 100% disease
control.
The water resistance and
mechanical properties of
the films were improved
with the addition of nano-
SiO,. Resistance to
ultraviolet and thermal
. Preservation . aging was also improved.
Nano-SiO,- . . Whi ;
ano-Sio, Film the white e Finally, they were more [94]
potato starch mushroom - .
mushroom efficient against
Escherichia coli (E. coli)
than Staphylococcus
aureus (S. aureus),
improving the
preservation of white
fungi.
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Packaging Proce§smg Function F9°d. Results References
System Techniques Application
Sachet type packages
demonstrated to have a
notable antimicrobial
Package . .
erishable capability against molds
Corn starch b Strawberries, and yeasts. Flavored
foods such as .
(TPS) and . : ricotta, and breads were the least [95]
. Film strawberries, .
chitosan . flavored susceptible product to the
. ricotta, and . .
oligomers breads. microbial development,
flavored . .
breads while strawberries and
' ricotta presented the
highest molds and yeasts
growth, respectively.
Extend Yam_ $tarch films
. significantly reduced
storage life of .
Yam starch- . . . decay of the fruits [96]
Film strawberries Strawberries
glycerol compared to control and

stored at 4 °C
and 85% RH

extended the shelf life of
strawberries by 21 days.

Thus, Oliveira et al. 22 evaluated different concentrations of cassava starch in the protection of papaya fruit,
reducing the ripening of the fruit and controlling diseases by 100%. Castillo et al. 5] made a Sachet type package
of corn starch and chitosan oligomers for perishable foods such as strawberries, ricotta, and flavored breads. Table
4 lists the starch-based products currently available and marketed for food packaging applications where Biotec,

Novamont and BioBag Americas are the main manufacturing companies.

Table 4. Commercially available starch-based materials for food packaging applications.

Manufacturing

Material Product Company Web Site
B.Io Degradablg RANGDANEH http://www.rangdaneh.ir
Granules based on corn Bio One and Bio
owder/polyester + corn powder Base Rangdaneh SIRJAN Co. GRSzl
. A Sirjan-IRAN 2021)
Sirjan
BIOPLAST 105
BIOPLAST 300
BIOTEC contains 75% BIOPLAST 400
renewable feedstock and has a BIOPLAST 500 BI;LECSOGQ(?H https://es.biotec.de

69% biobased carbon share
according to ASTM D6866 and
ISO 16620-2.

BIOPLAST 900
BIOPLAST GF
106/02
BIOPLAST GS
2189

Emmerich am
Rhein-Alemania

(accessed on 20 November
2021)
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Manufacturing

Material Product Web Site
Company
https://www.novamontiberia.es/
Starch Mater-Bi Novamont, S'.L'U' (accessed on 20 November
Novara-Italia
2021)
BioAari Mulch BloBagI/:(znerlcas, https://www.biobagusa.com
Starch-PBAT g. ) (accessed on 20 November
Film Palm Harbor-
: 2021)
Canadian
roceitsailr:Chir:r(;)LT;ttrheaggiitro cain Rodenburg https://biopolymers.nl
P B ogr seed fI?)/ur baseg ’ Solanyl® Oosterhout- (accessed on 20 November
The Netherlands 2021)
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