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With the increasing awareness of the harmful effects of plastics on the environment, the demand for

biodegradable packaging materials is growing. Over the last decade, starch-based colloidal materials

including hydrogels and aerogels have attracted widespread attention owing to their abundant supply,

complete biodegradability and unique properties. This review aimed to provide an overview of the

fabrication methods of starch-based hydrogels and aerogels, summarize the effects of internal and

external factors on the structural and physicochemical properties of starch-based hydrogels and

aerogels, and focus on the evaluation of their application in active food packaging. Hydrogels are

sensitive to environmental changes, giving them unique advantages in smart packaging applications. In

addition, aerogels have a distinctive place in the delivery and release of active substances based on large

surface areas and high porosity. Starch-based hydrogels and aerogels will provide great potential in the

application of food packaging.
Sustainability spotlight

I would like to declare on behalf of my co-authors that the work described is aligned with the UN's Sustainable Development Goal 13 “Take urgent action to
combat climate change and its impacts”. The overwhelming use of plastic related to food packing is a major concern worldwide. Governmental institutions have
currently formulated new policies aimed at reducing plastic usage. At the same time, researchers from different countries are making efforts to develop
innovative and biodegradable materials for food packaging, which are the topic of this review article. The research and promotion of starch-based food
packaging not only contribute to reducing plastic usage and carbon emission, but also increase food byproduct upcycling.
1 Introduction

Food packaging, served as a storage container, is essential for
protecting fresh produce or processed foods from external
conditions, such as atmospheric interference, microbial inva-
sion and mechanical collision, and maintaining safety, integ-
rity, freshness and quality during shelf life of packed foods.1,2

Currently, the rst-choice of packaging for both fresh food and
manufactured products is plastic materials, since they are
versatile and cheap and have excellent barrier properties.3

However, due to its non-biodegradability properties, the
massive production of plastic is causing serious environmental
impacts, such as intensifying pollution and global warming.4
rthwest A&F University, Yangling 712100,

d Science, Zhejiang University, Hangzhou

ery, Xinjiang Academy of Agricultural

the Royal Society of Chemistry
Meanwhile, a large number of studies on the relationship
between environmental pollution and human health have
conrmed that ingredients in plastics may cause disruptions in
the endocrine and immune systems, leading to an increased
incidence of chronic diseases.5

With emerging global awareness of plastic pollution, as well
as growing interest in fresher foods and longer shelf life,
demand for environmentally friendly technologies for food
packaging is becoming more andmore urgent.6 Therefore, agro-
based polymers are an excellent source of materials for food
packaging.7 Currently, natural biopolymers, including poly-
saccharides and proteins, have been explored for the develop-
ment of active food packaging.

Starch, an abundant food-grade resource and renewable
material, is approved for use in food products in various forms,
including gelling agents, carrier matrices, and emulsiers.8 In
this sense, starch-based materials are regarded as ideal mate-
rials for food packaging due to their availability and biocom-
patibility. More importantly, starch has a high density of surface
active hydroxyl, which can promote the generation of
Sustainable Food Technol., 2024, 2, 615–634 | 615
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intramolecular and/or intermolecular hydrogen bonds with
incorporated materials, providing the possibility for the
production of antioxidant or antibacterial active packaging
materials.9

In the last few decades, fabrication of starch-based hydrogels
and aerogels, as well as their application in food packaging, has
gained special attention.10,11 Hydrogels, three-dimensional (3D)
network structures formed by cross-linking starch chains, are
able to hold large amounts of water while maintaining integral
structures and have good mechanical resistance, swelling
properties and biodegradability.12 Hydrogel packaging is
considered an excellent alternative to conventional packaging
and has shown potential applications in active packaging
systems. Aerogels, porous lightweight solid materials, are
derived from hydrogels by replacing the liquid existing in the
gel structure with gas.13 In general, any sol–gel derived material
that possessed ultra-low density and predominant mesopores
could be referred to as an aerogel.14 Due to high porosity, low
density and high surface area, aerogels have the potential to
become advanced materials in food packaging in various forms,
such as internal food packaging layers, wraps and oxygen/
humidity sachet scavengers.11,15
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Indeed, the use of starch-based hydrogel and aerogels in
food packaging has been growing rapidly over the last decade
(Fig. 1). Henceforth, the objective of this work is to review the
state-of-the-art fabrication techniques of starch-based hydro-
gels and aerogels and provide a detailed overview of their
application in food packaging.

2 Structural and gel characteristics of
starch

Starch is one of the most abundant polysaccharides found in
nature, which is commonly obtained from plant sources such as
cereals (e.g. wheat, maize, rice, etc.), roots and tubers (e.g. cassava,
potatoes, etc.), legumes (e.g. beans, peas, etc.), green fruits (e.g.
jackfruit, green banana, etc.), and leaves (e.g. arabidopsis, tobacco,
etc.). The structure of starch determines its gel characteristics,
which in turn affects the structure and physicochemical proper-
ties of starch-based hydrogels and aerogels. Here is an overview of
the structure and gel characteristics of starch.

2.1 Starch structure

Based on the linear or branched structural arrangement, starch
has two main categories: amylose and amylopectin. Amylose is
a linear polymer with glucose molecules connected in a long,
unbranched chain linked by a-D-(1–4) glycosidic bonds and is
responsible for the formation of a gel-like texture when starch is
heated in the presence of water. Amylose typically makes up
approximately 10–35% of the starch content (Fig. 2). In general,
legume starches have a higher amylose content (AC), for
example, the AC in peas reaches 26–33%, while leafy starches
have lower levels, for instance, starch in arabidopsis leaves
contains 6–12% amylose, which is lower than the amylose
content observed in most storage starches.16 Amylopectin is
a highly branched polymer, in which glucose molecules are
connected by a-D-(1–4) and a-D-(1–6) glycosidic bonds. It is
necessary for the formation of semicrystalline granules and has
an impact on the compactness and granule size of the starch.17

Amylopectin constitutes about 65–90% of the starch content
(Fig. 2). It is worth noting that high-amylose or high-
amylopectin starch has been isolated in various mutants,
such as high amylose maize (50–80% amylose) and waxy corn
and glutinous rice (<1% amylose).18

At the morphology level, starch granules from different
starch sources present different shaped including spherical,
elliptical and irregular, with a size range from 2 mm to 100 mm.
Typically, the size and morphology of starch could be manipu-
lated by physical, chemical and/or enzymatic methods. For
example, starch could be transformed into starch nanoparticles
(referring to particles with dimensions smaller than 1000 nm)19

and porous starch (referring to granules with surfaces pre-
senting abundant voids),20 to obtain innovative starch with
enhanced functional properties.

2.2 Starch gel characteristics

The formation of hydrogels and aerogels depends on gel char-
acteristics (gelatinization and retrogradation) of starch.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Overview of hot research topics on starch-based packaging materials.
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Understanding the processes of colloids is crucial for the food
industry, which facilitates exploring novel strategies to utilize
starches in innovative ways such as starch-based biomaterials.

Gelatinization is described as the transition of starch gran-
ules from an ordered state to a disordered state. It involves three
processes, including the expansion of starch particles, disrup-
tion of ordered structures, and solubilization of starch mole-
cules when exposed to heat and water.21 Retrogradation of
starch refers to the process in which gelatinized starch
undergoes structural change, forming a semi-crystalline struc-
ture. Starch retrogradation is inuenced by the type and content
of starch as well as the presence of other components in the
mixture such as macromolecular polymers22 or small molecular
components.23 In addition, external environments such as
heating pressure,24 cooling temperature,25 mechanical force26

and nonthermal treatment,27,28 could change gel characteristics
by modifying the molecular structure of starch as well as the
combination of starch and water, thus affecting the properties
of colloids.

3 Starch-based hydrogels

Hydrogels are 3D network hydrophilic polymers that can absorb
and retain water. Meanwhile, the 3D network structure of the
starch gel could be loaded with antioxidants, antibacterial
agents, and a pH indicator, which allows the packagingmaterial
to possess functional and responsive intelligent properties.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Therefore, we provide a comprehensive review of fabrication,
properties and characterization techniques of starch-based
hydrogels, as well as the application of various hydrogels on
food packaging.
3.1 Fabrication of starch-based hydrogels

The 3D network structures of starch-based hydrogels are mainly
formed by polymeric association, resulting from interaction
forces between the bonds of each polymer chain during
different preparation processes. Therefore, the properties of
outcomes largely depend on the fabricated method (including
the physical and/or chemical method), starch type (such as
a native starch source and modied starch), and other additive
components in hydrogel formulation.29

3.1.1 Fabrication method. Starch chains contain a large
number of hydroxyl groups and are prone to cross-linking
reactions.30 Therefore, based on cross-linking mechanisms,
starch-based hydrogels can be classied into physical, chemical
and physical–chemical (chemical–physical) hybrid cross-linked
hydrogels.29 Table 1 lists the fabrication methods of hydrogels
based on native and modied starch.

Physically crosslinked hydrogels refer to the 3D network
structure formed by the interaction of molecular chains
through non-covalent bonds such as hydrophobic, electrostatic,
hydrogen, and ionic. These hydrogels exhibit dynamic and
reversible physical properties and possess excellent
Sustainable Food Technol., 2024, 2, 615–634 | 617
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Fig. 2 The molecular structure of starch granules.16
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degradability and biocompatibility. Dodda et al.31 designed
multicomponent system hydrogels by combining chitosan,
starch, PVA, and poly (3,4-ethylenedioxythiophene) polystyrene
sulfone (PEDOT:PSS) via one-pot synthesis. The swelling ratio of
starch-based hydrogels (from 234% to 280%) was higher than
that of cellulose-based hydrogels (from 121% to 156%). Addi-
tionally, the cell metabolic activity aer 3 days of cell culture in
the hydrogel infusion was determined in cytotoxicity experi-
ments, which indicated that there was no release of acute toxic
compounds from the hydrogel.

Chemically crosslinked hydrogels are formed through cova-
lent bonding between molecular chains. This process involves
the introduction of chemical crosslinking agents into starch
solution, which could react with starch chains, leading to the
formation of a 3D network structure.32 The covalent bonds
formed within the hydrogel provide stability and structural
integrity. Citric acid (CA) is widely used as a green crosslinker in
starch-based hydrogels because of its non-toxicity and low
cost.33 Starch/xanthan gum hydrogels were prepared using
different concentrations of CA (0.00, 0.75, 1.50, and 2.25 g/100
g) as crosslinking agents.34 The study found that CA enhanced
618 | Sustainable Food Technol., 2024, 2, 615–634
the mechanical properties of the hydrogel. When the CA
concentration was 2.25 g/100 g, the fracture elongation value of
the hydrogel increased by 119% compared to the sample
without CA. What's more, by the swelling analysis, starch-based
hydrogels incorporating CA remained intact, while the sample
without CA experienced fragmentation aer soaking in water
for 2 days. In the fabrication of starch-based hydrogels, chem-
ical crosslinking can occur through the Schiff base reaction,
even without a chemical crosslinker. In the study conducted by
Liu et al.,35 debranched starch was oxidized to dialdehyde
debranched starch (DADBS) and then DADBS was dynamically
crosslinked with the amino groups in chitosan to prepare
a high-performance chitosan hydrogel. When the molar ratio of
amino groups to aldehyde groups is 2.8 in chitosan hydrogels,
the hydrogel remains intact under a strain of 70%, indicating its
strong compressive performance.

To endow the fabricated hydrogels with excellent water
retention capacity, exibility, and good mechanical properties,
physical–chemical or chemical–physical hybrid cross-linked
hydrogels have gradually attracted the attention of researchers
in this eld. Zhao et al.10 developed a chitosan/tannic acid/corn
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Fabrication of hydrogels based on native and modified starch

Starch type Additive components Method Process References

Oxidized maize starch — Physical crosslinking Hot-extrusion 3D printing 49
Citrate starch PVA/PEG Physical crosslinking Antimicrobial hydrogels

were obtained by physical
crosslinking of starch
citrate, PVA and PEG via the
freeze–thaw technique

50

Gelatinized or native potato
starch

Alginate and gelatin Physical crosslinking Emulsion-lled hydrogels
were produced by ionic
gelation, containing potato
starch, alginate and gelatin

58

Oxidized potato starch Sodium trimetaphosphate Chemical crosslinking The hydrogels were made by
chemically cross-linking
oxidized potato starch
polymers and sodium
trimetaphosphate (STMP)

32

Corn starch Chitosan and citric acid Chemical crosslinking The hydrogels were made by
chemically cross-linking
starch, chitosan, and citric
acid

33

Native corn starch Chitosan and tannic acid Physical and chemical
crosslinking

Smart bilayer lms were
fabricated by a physical and
chemical crosslinking
reaction with chitosan,
tannic acid and corn starch

10
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starch (CHT/TA/CS) bilayer hydrogel lm, in which tannic acid
acted as a bridge connecting the chitosan and corn starch layers
by the interaction of the hydroxyl groups on the tannic acid
molecular chain and the hydroxyl groups on the corn starch
molecular chain. The schematic diagram of the fabrication and
formation of CHT/TA/CS bilayer lm is shown in Fig. 3.
Compared with chitosan and corn starch hydrogel lms, the
tensile strength of the bilayer hydrogel lm was signicantly
improved, reaching 24.1 MPa, 1.5 times higher than that of the
chitosan hydrogel lm and 4.6 times higher than that of the
starch hydrogel lm. This was because a Schiff base reaction
occurred between TA and CHT molecules, forming covalent
bonds, resulting in the lm having strong resistance to tensile
forces.

3.1.2 Native and modied starch. The physicochemical
properties of hydrogels are inuenced by the types of starch,
which can be optimized by selecting preferable starch sources
and conducting modication on starch (Table 1).

Dos Santos et al.36 compared the characteristics of starch-
based hydrogels prepared from starches derived from various
sources with different amylose contents (ACs), including
pinhão, guabiju, and uvaia seeds (AC: 34.31% ± 1.24, 43.65 ±

0.70 and 42.68% ± 1.96, respectively). They found that starch
with lower AC could improve water absorption capacity of the
hydrogel, in which the pinhão, guabiju, and uvaia starch
exhibited a water absorption capacity of 722.07%, 457.45% and
604.06%, respectively. It was also concluded that the micro-
structure of the hydrogels was related to AC of the starch
sample. The hydrogel prepared from guabiju starch with higher
AC exhibited a uniform structure, with smaller cavities. In
contrast, pinhão starch hydrogels (lower AC) showed deeper
© 2024 The Author(s). Published by the Royal Society of Chemistry
structural cavities and a spongy appearance. Luo et al.20 found
that amylopectin was benecial for improving the graing rate
of acrylamide (AM). As the amylopectin content increased from
0% to 90%, the graing rate of AM increased by nearly 1-fold.
This was because amylopectin had more branching points,
providing more chemical graing sites. At the same time, the
increase in the graing rate enlarged the pores of the gel
network, promoting an increase in water absorption capacity of
the hydrogel. When the amylopectin content was 70%, its water
absorption capacity was 45.25 times that of the hydrogel
prepared with 0% amylopectin content. Therefore, the ratio of
amylose and amylopectin should be adjusted to meet the needs
of hydrogel applications.

Indeed, a wide range of modication approaches have been
explored to tailor the properties of starch materials specically
for active packaging purposes. These modications mainly
include physical, chemical, and enzymatic methods.

High hydrostatic pressure (HHP), shear force, dry heating
treatment (DHT), heat moisture treatment (HMT), ultra-
sonication treatment, pulsed electric eld, cold plasma and
irradiation (e.g., electron beam, microwave, and gamma) are the
main physical modication methods for the preparation of
starch-based hydrogels because they are simple to operate, low
cost, and harmless.

HHP is a non-thermal technology that can disrupt non-
covalent intermolecular interactions, leading to the disorder-
ing of biopolymers and inducing pressure-assisted gelatiniza-
tion. From the previous study, a pressure level of 600 MPa was
utilized to prepare a potato starch hydrogel for 15 min, and
a conventional thermal treatment hydrogel served as the control
sample.37 This indicated that the complete gelatinization of
Sustainable Food Technol., 2024, 2, 615–634 | 619

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00030g


Fig. 3 The fabrication (a) and formation (b) of a CHT/TA/CS bilayer film.10
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potato starch suspension could be achieved by combining
pressure (600 MPa) and moderate heating treatment (50 °C). In
the research conducted by Shahbazi et al.,38 high-speed
shearing force was used to modify starch and the impact of
different shear rates (0/s, NF; 56/s, SF1; 210/s, SF2; 400/s, SF3)
on the physicochemical properties of the prepared hydrogel was
investigated. The researchers found that increasing the shear
rate could cause an increase in the tensile strength and
a decrease in water vapor permeability of the hydrogel. This led
620 | Sustainable Food Technol., 2024, 2, 615–634
to an improvement in the texture stiffness and water barrier
properties of the hydrogel lms. Specically, the tensile
strengths of the SF1, SF2, and SF3 samples were 7.7 MPa,
9.6 MPa, and 12.9 MPa, respectively. The water vapor perme-
ability of NF decreased from 55.2 × 10−1 (g m−1 s−1 Pa−1) down
to 0.33 × 10−1 (g m−1 s−1 Pa−1) and 0.1 × 10−1 (g m−1 s−1 Pa−1)
regarding the SF2 and SF3 samples, respectively.

DHT usually involves treating starch granules at tempera-
tures ranging from 110 to 150 °C for 1–4 h and a low moisture
© 2024 The Author(s). Published by the Royal Society of Chemistry
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level (<10%, w/w).39 Researchers have utilized DHT to modify
cassava starch, successfully obtaining a water-based gel mate-
rial that possesses improved elasticity and excellent printing
performance. Specically, compared to the native starch
hydrogel, the gel strength and gel hardness of DHT-starch
hydrogel decreased from 0.37 N and 0.47 N to 0.06 N and
0.10 N, respectively. They believed that DHT pre-treated starch
could be applied in 3D food printing technology.40 Different
from DHT, HMT refers to the process of treating starch at
higher moisture (10–35%) for a specic period of time in
a temperature range of (90–120 °C).41 In the study conducted by
Bangar et al.,41 it was found that the light transmittance of
starch hydrogels increased from about 15% to 30.5% aer HMT
modication.

Ultrasonication technology is also a feasible eco-friendly way
to improve properties of starch hydrogels for food packaging
materials. Aer subjecting to ultrasonication with a duration of
7.5 minutes and a power output of 360W, the tensile strength of
the PVA lm was increased by nearly 29%, while the fracture
strain, water vapor permeability and moisture resistance were
reduced by 30%, 11%, and nearly 12%, respectively.42 PEF is
a non-thermal technique and could be used to modify starch
structural and physicochemical properties. In the early work
conducted by Singh et al.,43 elephant foot yam starch (EFYS) was
subjected to electrical eld intensities of 4, 8, 12, and 16
kV cm−1 in pulse width 10 ms and pulse number 1000 for the
development of the biodegradable lm. It was found that the
water absorption capacity of starch increased initially with an
increase in PEF intensity from 4 to 12 kV cm−1 and then reduced
at 16 kV cm−1 and varied in the range of 1.79 ± 0.01 to 2.08 ±

0.02 g g−1. The variation was explained by the fact that the low
intensity PEF treatment caused dissociation of amylose chains
in the amorphous region of starch granules which made it
easier to absorb water, while high intensity PEF (16 kV) mainly
caused destruction of the crystal region which reduced the
number of binding sites between starch and water. Cold plasma
can change the physical and chemical properties of starch
without destroying the integrity of starch granules and is envi-
ronmentally friendly, which has also been widely used for starch
modication. The effects of dielectric barrier discharge (DBD)
plasma (a common method for cold plasma generation) treat-
ment (3, 6, and 9 min) on the physicochemical properties of
potato starch and its lms were studied.44 It has been shown
that the permeability and mechanical properties of starch lms
were improved aer DBD plasma treatment, with oxidation, de-
polymerization and crosslinking as the main mechanisms. The
DBD 9-min lm exhibited lower water vapor permeability (4.39
× 10−9 g m m−2 Pa s) and higher tensile strength (more than 21
MPa), compared to the control DBD 0-min lm (8.41× 10−9 g m
m−2 Pa s and 16.10 MPa, respectively). This suggested that DBD
plasma could enhance the properties of potato starch and its
lm, making it suitable for use in starch-based packaging.

Radiation technology as an emerging “green technology” has
been explored to improve the properties of starch-based
hydrogels.45–47 In a previous study,48 waxy maize starch was
treated by electron beam irradiation in air with irradiation
doses of 2, 4, 6, 8, 10, 15, 20 and 30 kGy. Subsequently, native
© 2024 The Author(s). Published by the Royal Society of Chemistry
and irradiated starch lms were prepared through a solution
casting method. As the radiation dose increased from 0 to 30
kGy, the average molecular weight of starchmolecules gradually
decreased from 1002.93 × 105 g mol−1 to 2.32 × 105 g mol−1.
However, the tensile strength of starch lms displayed a trend
of initially increasing and then decreasing, reaching
a maximum value of 39.94 MPa at 10 kGy. The solubility
exhibited a trend of initially increasing and then stabilizing,
also reaching 85.56% under 10 kGy irradiation.

Compared with physical modication, chemically modied
starch lms possess unique advantages, such as enhanced
thermal stability and improved mechanical strength.49,50 In
essence, chemical modication refers to the reaction where the
hydroxyl group of starch is substituted with different functional
groups through processes such as esterication, etherication,
oxidation, or graing. Early work showed that modied starch-
based hydrogels prepared from maleic anhydride esteried
starch had excellent pH sensitivity.51 As the pH increased from 3
to 8, the swelling degree of the starch hydrogel with a maximum
degree of substitution (DS, 0.250) increased by nearly 2 times.
What's more, the adsorption capacity and encapsulation rate of
curcumin increased with an increase in the degree of substi-
tution. When the degree of substitution reached 0.250, the
adsorption capacity was 399.23 mg g−1 and the encapsulation
rate reached 80%.51 Similarly, Kobryn et al.52 discovered that the
properties of starch hydrogels were improved via acetylation
with acetic anhydride, resulting in prolongation of the release of
b-escin. According to the kinetics and Weibull model, the half-
time release of b-escin was determined. The minimal values
occurred in the native starch hydrogel, while the maximal
values occurred in the hydrogel with 40% modied acetylated
potato starch, which were 949.26 min and 4091.24 min,
respectively.

Ozone is an emerging and environmentally friendly tech-
nology for starch modication. In a previous study,53 when
cassava starch samples underwent ozone treatment, the
number of carbonyl and carboxyl groups increased while large
molecules and branched molecules decreased. Besides, the
texture of the hydrogel improved and the strength of the
modied starch hydrogel was 280% higher than that of natural
starch. According to the study by Maniglia et al.,54 the hydrogel
prepared with starch treated with ozone for 30 minutes
exhibited a lower peak apparent viscosity of approximately 3000
mPa s compared to native starch (above 4000 mPa s). This
provided the optimal rheological properties for food matrices,
thereby enabling excellent 3D printing applications. Through
evaluating the printability of the gel, the star-shaped pattern
produced using ozonated starch exhibits better resolution than
native starch, and the result is shown in Fig. 4.

Enzymatic modication is oen regarded as an efficient
avenue to improve hydrogel functionality by altering the starch
chain structure and granule microstructure.55 In the study
conducted by Rosseto et al.,56 it was found that trans-
glutaminase enzyme (TGase) treatment can increase the tensile
strength of hydrogel lms by 20%. When exposed to humidity,
the solubility of starch treated with TGase was markedly
reduced compared to native starch, with a decrease of
Sustainable Food Technol., 2024, 2, 615–634 | 621
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Fig. 4 Images of the stars obtained with cassava starch gels and
stored for 7 days at 5 °C.54
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approximately 25%. As a result, the subsequently prepared
packaging materials will be suitable for humid environments.

In general, the hardness of starch hydrogels prepared by
physical treatment would increase. However, the viscoelastic
properties and thermal stability of starch hydrogels prepared by
chemical and enzymatic treatments have improved.

3.1.3 Additive components. In addition to modication
reactions of starch, blending formation is also an effective way
to improve the properties of starch-based materials.57 Natural
polysaccharide polymers (such as cellulose, chitosan, gelatin,
etc.) can be blended with starch to prepare hydrogels, which
achieve high chain exibility for water transport.58 This property
is especially crucial in the realm of food preservation, where
maintaining the moisture content of food products is of utmost
importance.

In the early work conducted by Amaral et al.,59 lignin and
cellulose were separated from chestnut (Castanea sativa) shells
and then the isolated ber and glycerol were used for the
fabrication of the starch-based hydrogel. Aer formula optimi-
zation, the optimal addition ratio of ber and glycerol was
determined to be 10% (w/w) and 50% (w/w), respectively.
Compared to the native starch hydrogel, the optimized hydrogel
lm exhibited approximately 3.5 times higher tensile strength.
Furthermore, it was opaque, which possessed the ability to
block ultraviolet rays. Therefore, the optimized chestnut shell
ber starch lm has the potential for producing biodegradable
food packaging. According to Ren et al.,60 the addition of 1% (w/
w) Mesona chinensis Benth polysaccharide (MCP) could notice-
ably improve the tensile strength (about 2 times more than the
native sample) of sweet potato starch hydrogel lms in the
presence of sodium carbonate, resulting from the interaction
between the acidic anionic of MCP and the sodium ions of
sodium carbonate through electrostatic force. Similarly, kappa
carrageenan (kCA) with a high hydrophilicity hydrogel could be
cross-linked with other polymers through different chemical
and physical mechanisms.61,62 In the previous research, surface
modication of hybrid starch/cellulose nanober (CNF) with
622 | Sustainable Food Technol., 2024, 2, 615–634
kCA hydrogel coating was conducted by Tavakoli et al.63 The
result showed that compared to the hydrogel without kCA,
mechanical strength of kCA-coated starch/CNF hydrogels
increased by more than two times, depending on the kCA
content.

Meanwhile, inorganic materials with high strength charac-
teristics have also been used to improve the overall mechanical
properties of the hydrogel, which commonly include biochar,
graphene, halloysite, metal oxides, etc.

In the research carried out by Motamedi et al.,64 the effects of
natural char (NC), ball-milled natural chars (BMNCs) and
chemically modied NC nanoparticles (NCNPs) on the proper-
ties of starch-g-poly(acrylic acid-co-acrylamide) composites were
determined and compared. The water absorption capacity of
NCNPs/hydrogel (389.9 g g−1) was twice as high as that of the
neat hydrogel (202.1 g g−1). Aer storage for 14 days, water
absorption capacity of NCNPs/hydrogel (23.1%) was three times
that of the neat hydrogel (7.1%). It could be deduced that the
presence of NCNPs in the polymermatrix led to the formation of
a porous gel structure, which improved the distribution of
liquid in the absorbent network during the water absorption
process. Clay has the ability to absorb moisture and, when
moistened, it exhibits plasticity and high-capacity cation
exchange capability, making it a potential choice as an additive
material in the packaging industry.65 According to Chaudhuri
et al.,66 bentonite clay was incorporated into a starch graed
polyacrylic acid hydrogel. Compared to samples without
bentonite clay, the storage modulus of the hydrogel with
bentonite clay increased by 3.55 times. The thermal response
results indicated that with the incorporation of bentonite clay,
the thermal response behavior of the hydrogel transitions from
thermophilic behavior to thermophobic behavior. In the study
conducted by Su et al.,67 Ca2+ was used to construct a double-
network hydrogel, in which the rst physical cross-linked
network was formed by the hydrogen bond between corn
starch and sodium alginate and the second physical ion cross-
linked network was formed between Ca2+ and corn starch or
sodium alginate. In addition, under a strain of 160%, the
composite hydrogel with 0.4% (W/V) Ca2+ had the highest
toughness (61.61 kJ m−3) and breaking strength (281.51 kPa). In
addition to improving the mechanical properties of hydrogels,
metal ions or metal oxides could also endow them with an
antimicrobial function.68,69 For example, CuO nanoparticles
prepared by the hot injection precipitation method were used to
achieve antifungal hydrogel lms. Specically, CuO nano-
particles not only increased the tensile strength of the hydrogel
from 0.87 ± 0.40 MPa to 1.92 ± 0.09 MPa, but also gave the gel
an inhibitory effect on Alternaria alternata, with a fungistatic
rate of 33%.70

The addition of antimicrobials and antioxidants to the
hydrogel matrix, such as polyphenols,71,72 essential oil,73,74 and
lactic acid bacteria,75 is another efficient approach to improve
bio-functional properties of reinforced hydrogel lms. The early
work indicated that curcumin can improve the antioxidant
capacity of hydrogels, and the composite hydrogel lm with 5%
curcumin had the highest scavenging activity for ABTS and
DPPH, reaching 98.09% and 86.77%, respectively.72
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2 Properties and characterization techniques of starch-
based hydrogels

3.2.1 Properties of starch-based hydrogels. Hydrogels
based on starch have the following main characteristics: water
retention capacity, a combination of toughness and exibility,
and permeability. These properties provide a variety of possi-
bilities for the application of hydrogels in various elds.

The high water absorption of starch is suitable for food
packaging materials, which is benecial to avoid the water loss
of food, so as to properly delay the spoilage of food.4 On the
other hand, the swelling properties of starch allows hydrogels to
undergo volume or shape transitions in response to physical
and chemical stimuli, such as temperature, light, magnetic/
electric eld, pressure, ionic strength, and pH value.

It has been reported that the rheological strength and
structural rigidity of maize starch hydrogels were negatively
correlated with the magnitude of inherent mobile fractions
within the hydrogels.76 According to a previous study,77 a dual
amylopectin (Amy, the rst network)/poly(N-hydroxyethyl
acrylamide) (PHEAA, the second network) hydrogel was devel-
oped through “so-hard” hydrogen bond (H-bonded) cross-
links. In this hydrogel, the “hard” H-bonded between Amy
molecular chains played a key role in maintaining the rigidity,
while the “so” H-bonded between Amy and PHEAA polymer
chains provided toughness, thereby synergistically enhancing
the mechanical properties of the hydrogel and making it both
tough and adhesive.

The permeability or barrier properties of hydrogels to
water vapor, oxygen and ultraviolet are of great signicance
for their application in food packaging. This performance is
affected by the microstructure of the hydrogel, which is
closely related to the interaction between its components.78

The study conducted by Sifuentes-Nieves et al.79 showed that
the roughness of the hydrogel decreased from 612 to 499 nm,
the melting temperature increased from 130 to 146 °C, and
the Young's modulus increased from 12 to 202 MPa aer
ultrasonic/plasma dual treatment. This was because the dual
treatment of ultrasound/plasma helped form more polar
functional groups on the surface of the bers, further
enhancing the bonding between the bers and starch,
resulting in a smoother surface of the starch lm and better
mechanical properties.

Fully transparent packaging is expected by consumers to see
the state of the goods inside; however, the barrier performance
of the completely transparent packaging to food destruction
factors (such as light, oxygen, and heat) is reduced. Therefore,
appropriately reducing the transparency of the packaging is
benecial for the long-term storage of food.80 Zhou et al.73

proved that the light transmittance of a CEO free lm was
39.33%, while the transmittance of a lm added with 1% CEO
decreased to 24.30%, which may be conducive to the packaging
of light-sensitive food. Similarly, the water vapor transmission
rate increased from 1.04 × 10−12 g cm cm−2 s−1 Pa−1 (CEO free
lm) to 1.90 × 10−12 g cm cm−2 s−1 Pa−1 (2.5% CEO lm),
which meant the improvement of the water resistance of the
lms.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.2.2 Performance characterization techniques. Tech-
niques employed for evaluating starch-based hydrogel charac-
teristics include texture analysis, thermogravimetric analysis,
scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), nuclear magnetic resonance (NMR), etc.

Hardness and tensile strength are the main indicators for
evaluating the mechanical strength and exibility of lms,
which are important parameters for characterizing hydrogel
textural properties. Zhao et al.10 developed a bilayer lm
composed of chitosan/tannic acid/corn starch (CHT/TA/CS).
Through a texture analyzer, it was determined that the tensile
strength of the CHT/TA/CS lm was 24.1 MPa, which was 1.5
times and 4.6 times higher than that of the CHT lm and CS
lm, respectively. This bilayer hydrogel lm holds promising
potential for applications in areas such as food packaging
materials.

Qin et al. prepared packaging hydrogel lms by adding free
anthocyanin from wolerry and nano-complexes into a starch/
PVA mixture. From SEM images, it can be observed that
anthocyanin-loaded nanocomplexes were uniformly distributed
in the membrane, which veried the formation of the starch/
PVA lm incorporated with anthocyanin-loaded
nanocomplexes.71

Previous research81 has reported the preparation of hydro-
gels by crosslinking lignin sulfonate (KL) with starch. By
analyzing the change in the C–O/C–O–C bond mass concen-
tration (KLS, 55.5 ± 2.2%, KL, 37.2 ± 1.8% and starch, 42.3 ±

2.2%) using NMR and XPS, the changes in aromatic and
anhydroglucose units of KL and starch were quantied. This
conrmed the presence of glyceryl ether crosslinking between
starch and KL in KLS, which provided a basis for the mecha-
nism of KL in hydrogels.

According to the research of Lin et al.,82 a hydrogel was
successfully prepared by cross-linking N,N0-methyl-
enebisacrylamide (MBA) graed starch, sorbitol, and eugenol.
In order to understand the cross-linking pattern among the
three components (MBA, graed starch and sorbitol), molecular
docking technology was employed for evaluation. The results
showed that sorbitol formed new hydrogen bonds with starch,
providing a cross-linking region through structural reorgani-
zation and promoting the formation of a denser network. This
offers a new approach for explaining the mechanism of
improving hydrogel performance at the molecular level.
3.3 Applications of starch-based hydrogels for food
packaging

Due to the properties of high-water content, exibility and
compatibility, hydrogels are widely used in various elds, for
example biomedical applications, hygiene products, agricul-
ture, and the food industry. This review focuses on the appli-
cation of hydrogels in food packaging (Table 2). The basic
function of hydrogels as food packaging is to control the
humidity inside the packaging, or to capture excess evaporated
water inside the packaging caused by physicochemical changes
in the packaged food. Novel hydrogel materials can also confer
new functions on food packaging, including antibacterial and
Sustainable Food Technol., 2024, 2, 615–634 | 623
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antioxidant activity, edibility, sensing environmental stimuli
and monitoring food quality, thus forming an active packaging
system.83

3.3.1 Functional hydrogels. Due to their superabsorbent
properties, hydrogels could prolong the shelf-life of foods,
therefore, playing an important role in packaging of high
moisture content agricultural produces. Most hydrogels in food
packaging are elaborated as absorbent pads or lm-shaped
structures.84 Hydrogel-based absorbent pads can absorb meat
and vegetable exudates and keep them within the 3D structure
of the hydrogels, which maintain the good visual presentation
Table 2 Potential application of starch-based hydrogels in the food fiel

Type of hydrogel Starch type
Active/intelligent
compound

Functional hydrogels Corn starch Chitosan and tannic

Corn starch CuO nanoparticles

Cassava starch Lactobacillus plantaru
Pediococcus pentosace

Potato starch Guar gum, and the ex

Responsive intelligent
hydrogels

Soluble starch Gellan gum and
anthocyanin

Water chestnuts, maize
and potato starches

—

Edible hydrogel lm
and carrier system

Hydroxypropyl
cornstarch

Xylose, cellulose cryst
and laver

Hydroxypropyl high-
amylose corn starch

Glycerol and hawthor
berry (Crataegus pinna
extract

Maize starch Grape juice, sodium
trimetaphosphate and
glycerol

Starch (native and
gelatinized)

b-Carotene, alginate,
gelatin

624 | Sustainable Food Technol., 2024, 2, 615–634
and sensory properties of the food material and also increase
the shelf life of the food.85

Furthermore, there are two main important applications
focused on functionally active packaging: antioxidant and
antimicrobial. The rst one is to protect the food from
oxidation by incorporating antioxidants into substances, such
as natural extracts or essential oils. The second one is gener-
ally achieved by the addition of antibacterial agents such as
essential oils, probiotics, nanoparticles, and metal ions,
resulting in the reduction or inhibition of microorganism
growth.3
d

Properties
Potential
application References

acid The CHT/TA/CS coating
maintained the freshness
of banana from 3 days to 7
days

Fruit
preservation

10

The CuO/starch hydrogel
lms showed
a bacteriostasis rate of 33%
for the Alternaria alternata
fungus

Antimicrobial
packaging

70

m and
us

The antioxidant activity of
starch/CMC/LAB-2% lm
was 48.12 � 1.11%, an
increase of 13.18 times
compared to the lm
without LAB

Fruit
preservation

75

tract The hydrogel can maintain
the quality of chicken meat
for 12 days at 4 °C

Fresh meat
preservation

86

The pH-indicating smart
packaging could display
food freshness in real time

A smart tag
signaling food
freshness

87

The intensity of
luminescence decreased
when the packaged meat
thawed

An indicator to
reveal the state
of frozen food

88

als, Hydrogels had high tensile
properties, ductility and
low permeability under dry
conditions

Instant noodle
preservation

89

n
tida)

Hydrogels containing 4%
glycerol and 6% hawthorn
berry extract had inhibitory
effects on Pseudomonas
aeruginosa

Antibacterial
food packaging

91

The total counts of
psychrotrophic bacteria,
Enterobacteriaceae and
aerobic mesophilic
bacteria, in active hydrogel-
coated chicken llets, were
reduced by 0.94, 0.85, and
1.58 log, respectively

Coating chicken
llets

92

and Under accelerated storage
conditions (65 °C for 6
days), the hydrogel lm
improved the stability of
beta-carotene

Encapsulation
systems for the
active substance

93

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In the study conducted by De Souza et al.,74 the synergic effect
of carvacrol essential oil (CEO) and montmorillonite (MMT) on
thermoplastic starch (TPS) lms was evaluated. The antimicrobial
assay showed that TPS lms without CEO or MMT had no anti-
bacterial activity and the inhibition zone was 0. However, the
inhibition zone of the hybrid-TPS lm incorporating CEO and
MMT increased gradually with the increase in the addition of CEO
(4.5% and 9%), reaching 1.39 and 1.5 mm2, respectively. When
the addition of CEO reached 15%, it exhibited a complete inhib-
itory effect. The researchers also found that during the prepara-
tion or storage of the lm, CEO evaporated or CEO in the starch
solution did not have antibacterial properties. Thus, it was
hypothesized that during the preparation of the hybrid-TPS lm,
the MMT layers could trap the essential oil, providing protection
against its evaporation and volatilization, thereby prolonging and
optimizing the bactericidal effect. Nandi et al.86 developed
a starch-based functional hydrogel lm containing polyphenol
extract from betel leaf residue (BLP extract), which effectively
extended the shelf life of chickenmeat. The hydrogel lmwith 4%
(w/w) BLP extract exhibited the best preservation effect and could
extend the shelf life of chicken meat to 12 days at refrigeration
temperature. In addition, the biodegradation experiment on the
hydrogel lm showed that the biodegradation time of the
composite hydrogel membrane was noticeably reduced from 28
days (natural lm) to 14 days, demonstrating excellent biode-
gradability. According to Kanatt et al.,47 lime juice (LJ) with a pH of
2.6 and brix value of 8.6° was prepared from lime (Citrus aur-
antifolia) through extrusion, centrifugation, and ltration. LJ (3%,
V/V) was then added to the hydrogel packaging lm prepared from
irradiated starch (5 g/100 mL), gelatin (5 g/100 mL) and glycerin
(0.25 g/100 mL). Compared to a packaging lm without LJ, the
shelf life of chicken packaged in the lm with LJ was extended
from 2 days to 12 days during chilled storage.

Li et al.75 prepared starch/CMC/LAB packaging materials by
incorporating lactic acid bacteria (LAB) with high exopoly-
saccharide (EPS) yield at concentrations (0.5%, 1%, 1.5%, and
2%) into the cooled gelatinized solution prepared from cassava
starch (4%), glycerol (1.5%), and CMC (0.2%). The antioxidant
activity of the starch/CMC/LAB lm signicantly increased aer
the addition of probiotics, and it showed concentration
dependence (p < 0.05). The highest activity was observed in the
starch/CMC/LAB-2% lm, which was 48.12 ± 1.11%, an
increase of 13.18 times compared to the lm without LAB. This
proved that the improved antioxidant capacity of the starch/
CMC/LAB lm is primarily due to the presence of EPSs gener-
ated by LAB during the cultivation process. Furthermore, the
preservation ability of the lm was evaluated through qualita-
tive assessment of the banana's shelf life wrapped in the
prepared lm. CS/CMC/LAB-2% exhibited better antioxidant
effect on bananas. During a 7-day storage period, it resulted in
the formation of the smallest black spots, while the bananas
wrapped with the free-LAB lm showed noticeable black spots
on the third day.

3.3.2 Responsive intelligent hydrogels. Responsive intelli-
gent hydrogels based on the stimulus-response system are an
innovative solution that enhance food safety and quality control
© 2024 The Author(s). Published by the Royal Society of Chemistry
by providing consumers with real-time information about the
freshness of the product.

The pH smart label is an effective, non-invasive, real-time
way to display food freshness. The pH responsiveness of
hydrogels is achieved by incorporating pH-sensitive materials,
such as anthocyanins (the molecular structure and color of
anthocyanins change correspondingly with the variation in
pH).71 When acidic or alkaline gases such as NH3, CO2, trime-
thylamine, and dimethylamine, are released during microbiota
growth and food deterioration, signicant color shis may
occur. Ma et al.87 developed starch-based hydrogels incorpo-
rated with gellan gum and anthocyanin and then attached the
hydrogel to the cap of a Petri dish containing milk or shrimp.
Under storage conditions at 25 °C, the acidity of the milk
reached 18 mg/100 g aer 15 hours. According to the Chinese
standard GB19645-2010, the standard for fresh milk is also set
at 18 mg/100 g. During the process of shrimp decay, intelligent
labels exhibited signicant color changes from yellow to purple.
It is worth noting that the acidity of milk and the color change
could be evaluated based on the color parameter measurement
of the smart label. Therefore, this smart label fully demon-
strates its potential as a pH smart label that can evaluate the
freshness level of food.

Frozen food will produce exudates, resulting in decreased
food quality and short shelf life in the process of repeated
freeze–thaw. The variation in humidity can alter the lumines-
cence intensity of starch by affecting non-bonded interactions
between electron-rich heteroatoms in the starch structure. Due
to the clusteroluminescence properties of starch, a starch-based
hydrogel is sensitive to moisture changes.81 In the study con-
ducted by Lai et al.,88 a responsive intelligent hydrogel pack-
aging bag was developed using maize starch and was applied to
the packaging of chicken breast meat. During the experimental
process, the weight changes of the meat pieces were measured
at regular time intervals under frozen conditions. Simulta-
neously, the luminescence of the bags containing samples in
different states (fresh meat, frozen meat, and thawed frozen
meat) was recorded under 365 nm ultraviolet light irradiation,
as well as the water content of the meat sample. When the
humidity inside the package increased, the packaging lm
absorbed water and swelled, causing an increase in the inter-
molecular distance between starch molecules and a decrease in
the aggregation degree of non-conjugated electron-rich units.
As a result, a decrease in the luminescence intensity of the
hydrogel lm was observed as shown in Fig. 5.

3.3.3 Edible hydrogel lms and carrier systems. In general,
a packaging material is an independent lm used to contain or
wrap food, or a coating lm directly coated on the surface of
food.89 When using lms or coatings in food packaging, it is
crucial to ensure that packaging materials are non-toxic.
Therefore, it is necessary to conduct comprehensive toxicity
testing and analysis, to ensure the safety of the hydrogel
material before applying it to food packaging.

In the study by Lai et al.,88 developed edible starch lms were
generated from water chestnuts, maize and potatoes, and the
toxicity of lms was examined in cells. The results showed that
at all tested concentrations, the loss of 3T3 and HEK293 cell
Sustainable Food Technol., 2024, 2, 615–634 | 625
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Fig. 5 (A) Starch-based packaging under white light (a, c and e) and UV
light (b, d and f); fresh chicken meat (a and b); frozen chicken meat (c
and d); thawed frozen chicken meat (e and f). (B) The water content
changes in the meat stored.88
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viability was negligible aer treatment with starch-based
hydrogel lms for 5 h and 24 h, indicating that the generated
lms had neither acute nor chronic cytotoxicity. Besides, edible
coatings are transparent lms that can also be used in fruit
packaging as an alternative to the wax that naturally occurs on
the surface of the fruit.90

In addition, several studies have explored the development
of starch-based hydrogel edible lms as carriers of bioactive
compounds, in which the 3D network structure of starch gels
could protect the biological activity from oxygen, acidity and
free radicals.91,92 Hydrogels have been used for encapsulation of
b-carotene, which is sensitive to high temperature, light and
other external environmental stimulation, as well as an acidic
stomach and other digestive environments.93 In the study con-
ducted by Mala et al.,94 hybrid hydrogel beads were prepared
with pectin and resistant starch using the extrusion–gelation
method and loaded with bromelain. Through thermal stability
experiments, it was found that the highest relative activity of
bromelain occurred at a ratio of pectin/resistant starch of 4.5 :
1.5 (w/w) for all heating treatments (at 95 °C for 1, 2, 3, 4, and 5
min), while the activity of free bromelain was only highest at
30 °C. Apart from that, in vitro release experiments were con-
ducted to evaluate the activity of bromelain in the gastrointes-
tinal tract, and it was observed that the presence of pectin and
resistant starch-based hydrogel appreciably reduced the release
of bromelain, with a reduction in release ranging from 27.41%
to 33.85%. Similarly, another study has shown that the starch-
coated hydrogel could provide protection for the encapsulated
active compound.95
4 Starch-based aerogels

Aerogels are porous materials with a porosity exceeding 90%
and an extreme density typically of 0.001 to 0.5 g cm−3.96 The
high porosity and lightweight properties endow the aerogel with
great potential for application in various elds. The following is
some research progress on the preparation, characteristics, and
application of starch aerogels in food packaging.
626 | Sustainable Food Technol., 2024, 2, 615–634
4.1 Fabrication of starch-based aerogels

The fabrication of starch-based aerogels involves two steps: the
formation of starch-based hydrogels and drying (Fig. 6). Actu-
ally, the aerogel complies with the processing methods of
starch-based hydrogels, which are reviewed in the above
section. This section focuses on the role of gel components
(starch type, ratio of amylose to amylopectin, and presence of
other additives) and drying methods in the preparation process
of aerogels.

4.1.1 Gel components. Factors that affect the properties of
hydrogels, such as AC and starch modication, also have an
impact on the characteristics of aerogels.97 In the study con-
ducted by Le Thanh-Blicharz et al.,98 the physicochemical
properties of aerogels prepared from normal potato starch (PPZ
Trzemeszno, Trzemeszno, Poland) and waxy potato starch
(“Eliane 100”, Avebe, Veendam, The Netherlands) were evalu-
ated. It was observed that the waxy-starch-based aerogel had
a higher bulk density (0.33 g cm−3) than the normal-starch-
based aerogel (0.18 g cm−3). In another study, porous aerogels
were fabricated from corn starches with different ACs (25, 55,
and 72%), and the aerogel prepared from starches with 25% AC
(0.59 ± 0.03 g cm−3) showed a signicantly higher bulk density
compared to 55% AC (0.48 ± 0.01 g cm−3) and 72% AC (0.32 ±

0.02 g cm−3).99 Xie et al.100 prepared modied-starch micro-
sphere aerogels using a-amylase modied tapioca starch and
evaluated their adsorption capacity for methylene blue.
Compared to native tapioca starch, the AC of modied starch
with a-amylase decreased by 9.46%, while the adsorption
capacity of the modied-starch aerogel increased by 25.40%.

To improve the stability, homogeneity and open porosity of
aerogels, precursor materials are essential, such as poly-
saccharides,101,102 proteins,103 macromolecular compounds,15

and inorganic molecules,104 which affect the degree of cross-
linking between the polymer chains and thus improve the 3D
structure of the gel. More importantly, functional aerogels with
antibacterial and antioxidant properties can be achieved by
incorporating polyphenols,105,106 essential oils,107 and metal
ions108 into them.

4.1.2 Drying methods. The most widely used drying
methods in the fabrication of aerogel are freeze-drying, air-
drying, and supercritical drying. The selection and optimiza-
tion of drying methods are helpful in maintaining the integrity
of the original nano-porous structure and avoiding shrinkage
during the drying process. This is a major challenge in aerogel
fabrication.109

Air drying is the process of matrix moisture evaporation until
reaching a constant weight, which is performed at room
temperature under ambient pressure or in a constant oven.110 It
is indeed a basic and simple method of drying that can be easily
implemented using drying equipment. It should be noted that if
air drying is used alone, it is prone to causing the collapse of gel
pores, shrinkage of the gel structure, and the formation of
cracks, leading to the loss of nanoporous structures in aerogels.
Therefore, it is necessary to optimize the parameters of air
drying to improve the aerogel characteristics. In the study
conducted by Zou et al.,111 a starch-based aerogel with low
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Necessary steps involved in starch-based aerogel production.
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densities (0.39 g cm−3) and specic surface areas above 100 m2

g−1 (132 m2 g−1, specically) was obtained by the low-vacuum
drying method (using a water aspirator created pressure of
around 3 kPa), which were close to those of aerogels obtained by
supercritical CO2 drying (density: 0.35 g cm−3 and surface area:
141 m2 g−1). Low-vacuum drying provides a new perspective for
the preparation of starch aerogel materials by air drying.

Freeze-drying is another drying method widely used in the
preparation of starch aerogels. It involves two steps: a pre-
freezing process of a wet material or solution into a solid at
−45–−15 °C and a sublimation process of the solvent under
vacuum, ultimately resulting in the formation of pores in the
aerogel.112 However, it has been found that pre-freezing might
damage the structure of the resultant aerogel due to the growth
of ice crystals during this stage. Therefore, Ni et al.113 controlled
the growth of ice crystals and the formation of aerogel struc-
tures by selecting appropriate preparation conditions. The
homogeneity of the pore structure in the aerogel depends on the
nucleation and growth rate of ice crystals, which could be tuned
using pre-freezing temperatures. With the decrease in pre-
freezing temperature (from −15 °C to −25 °C and −40 °C), it
was observed by SEM that the pore size distribution zones
decreased, measuring 18–15 mm, 10–18 mm, and 4–9 mm,
respectively. However, the corresponding peak area ratios were
37.0%, 65.1%, and 25.2%, respectively. This indicated that the
ice crystal size of the aerogel formed under pre-freezing condi-
tions of −25 °C was most uniform.

It had been reported that gelatin could be used to inhibit the
growth of ice crystals and avoid the formation of very large
macropores, which was due to the existence of numerous
microporous structures and the formation of dense structures
in the aerogel.114 The starch concentration has a signicant
effect on the microstructure of aerogels. From SEM, as the
concentration of starch (1–4%, weight/volume) increased, the
pore size gradually decreased. When the starch concentration
was 4% (w/v), the pore was the smallest, resulting in the most
compact structure. Correspondingly, the ltration efficiency of
the 4%-starch aerogel was the highest, reaching 92.78%, which
was approximately 9 times higher than that of the 1%-starch
aerogel.114 Considering the cost, the freeze-drying technique is
the most suitable for producing large quantities of porous aer-
ogels at moderate costs.

Supercritical drying is the most efficient way to fabricate
starch aerogels with minimal damage to the microstructure.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Supercritical carbon dioxide (scCO2) is the most common uid
used for supercritical drying, which possesses the properties of
both gas (low viscosity and high diffusion coefficient) and liquid
(the density and solvation capacity are similar to those of
liquids).115 However, it should be noted that water could not
form supercritical mixtures with scCO2 at the critical point.
Therefore, solvent exchange is necessary in this dry method, in
which ethanol is the most commonly used.116 The previous
study found that the starch concentration and drying parame-
ters, such as the CO2 ow rate, temperature and pressure during
scCO2 drying, have potential to affect the microstructure of
starch aerogels.117 It was indicated that an increase in the starch
concentration (from 5 to 10%) promoted an increase in surface
area (from 121 to 185 m2 g−1). An increase in CO2 density (from
629 to 839.9 kg m−3) could cause an increase in surface area
(from below 40 m2 g−1 to approximately 94 m2 g−1). However,
the disadvantages of high energy consumption and solvent
exchange steps severely restrict the application of scCO2 drying
in the industrial-scale production of aerogels.118
4.2 Properties of starch-based aerogels

4.2.1 Microstructure properties of starch-based aerogels.
The main microstructure properties of starch-based aerogels
include morphology, bulk density, and specic surface area,
which are inuenced by factors such as the starch source,
additive components and the drying method of the samples
(Table 3).

The pore sizes in aerogels vary from nanometers to
micrometers and can be classied into micropores (with
a diameter below 1 nm), mesopores (with a diameter ranging
from 2 nm to 50 nm), andmacropores (with a diameter above 50
nm). The sizes and shapes of these pores in aerogels can be
controlled by selecting suitable gel components and drying
methods.

Zou et al.119 obtained aerogels with different pore sizes and
shapes by changing the concentration of waxy maize starch.
From SEM images (Fig. 7), big slit pores, medium irregular
honeycomb-like pores, and smaller spherical pores were
observed in aerogels with 5 wt%, 8 wt%, and 11 wt% concen-
trations of starch, respectively.

The microstructure of starch aerogels can be modied using
additive components such as the cross-linking agent. The effect
of trisodium citrate (at three different concentrations of 12.8,
Sustainable Food Technol., 2024, 2, 615–634 | 627
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Table 3 Properties of various starch-based aerogels

Starch source
Additive
components Drying method

Bulk density
(g m−3)

Specic surface
area (m2 g−1)

Pore diameter
(nm) Reference

Potato starch, corn
starch, and tapioca
starch (8–14% w/v)

— Rotary vacuum
evaporator

— 75.6 — 116

Waxy maize starch — Freeze-drying 0.070–0.153 3–5 — 119
Potato starch (5.0%,
w/v)

Konjac
glucomannan
(0.3%, w/v)

Freeze-drying — — 10–18 113

Dialdehyde starch Nanocellulose and
gelatin

Freeze-drying 0.010–0.020 132.28–191.31 — 112

Corn starch (27, 55,
and 72% amylose
content)

Chitosan (0.5 and
0.75 wt%)

SC-CO2 drying 0.120–0.160 — — 115

Corn starch (70%
amylose content)

Agar or
microcrystalline
cellulose

SC-CO2 drying 0.145–0.207 120–169 — 118
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19.3, and 25.7 mg mL−1) on starch-based aerogel porous
structures was studied.120 The highest relative density
(0.2166 g cm−3) and lowest porosity (72%) were observed in the
aerogel with a high concentration trisodium citrate (Aero 25.7),
compared to Aero 12.8 (0.1071 g cm−3 and 86%) and Aero 19.3
(0.079 g cm−3 and 90%). The authors explained that this was
because the high concentration of trisodium citrate enhanced
the cross-linking between molecules and the pore structure was
destroyed, forming a thin sheet of interconnected pores.

More importantly, the drying method of gels has a signi-
cant impact on the microstructure of starch aerogels. Zou
et al.121 compared the effects of scCO2 drying and freeze drying
on starch aerogels obtained from different sources (waxy maize,
potato and pea). The density of all the aerogels prepared by
supercritical drying (0.1–0.6 g cm−3) was higher than that of
aerogels produced by freeze drying (0.07–0.16 g cm−3). The
specic surface area of aerogels obtained through scCO2 drying
was higher, being at least 20–30 times greater than that of
freeze-dried aerogels.

4.2.2 Physicochemical properties of starch-based aerogels.
The main physicochemical properties of starch-based aerogels
include the microstructure, mechanical properties, water/oil
absorption capacity, and thermal behavior, which depend on
the microstructure of aerogels.

To obtain satisfactory mechanical and adsorption proper-
ties, starch-based aerogels were prepared by optimizing the
Fig. 7 SEM images of porous starch with starch concentrations of 5 wt%

628 | Sustainable Food Technol., 2024, 2, 615–634
proportion of corn starch and trisodium citrate (1 : 1, 1 : 1.5, and
1 : 2) by Camani et al.122 The aerogel with a 1 : 2 ratio exhibited
the highest compressive modulus of 123.0 kPa. Correspond-
ingly, it had the lowest specic surface area of 183.5 m2 g−1 and
a pore volume of 0.18 cm3 g−1. This indicated that the aerogel (a
ratio of 1 : 2) possessed excellent mechanical strength and large
surface area, thus furnishing a good load-bearing capacity.

Water absorption properties of starch-based aerogels,
namely affinity to water, are one of the most important features.
When an aerogel comes into contact with water, water mole-
cules are easily linked to polar molecules in the aerogel struc-
ture and interact with hydrophobic molecules until the water
absorption force and retention force reach equilibrium. At this
point, the aerogel will reach its maximum water absorption
capacity.123 The water transport behavior in aerogels obtained
from normal and waxy potato starches (AC: 19.3% and 3.0%)
was studied by Le Thanh-Blicharz et al.123 A decrease in equi-
librium water activity of the obtained aerogels was observed
with an increase in the ratio of amylopectin and amylose starch.
The maximum water activity reached by the normal starch
aerogel and waxy starch aerogel was 0.904 ± 0.002 and 0.858 ±

0.001, respectively. It could be inferred that waxy potato starch
varieties were not preferred for preparing aerogels with stronger
water–biopolymer interactions. To further analyze binding
ability and mobility of water molecules in the starch-based
aerogel at the molecular level, LF NMR was used to determine
(a), 8 wt% (b) and 11 wt% (c). Scale bars are 20 mm.119

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the spin–lattice relaxation time T1 and the spin–spin relaxation
time T2 of water in aerogels. It was found that the T1 value of the
normal starch aerogel was 57.5± 0.4 ms, which was higher than
that of the waxy starch aerogel (30.3 ± 0.1 ms). Principal
component analysis was conducted on the starch types and the
water properties of aerogels. The results showed that measuring
the relaxation rate at the onset of free water in the aerogel was
sufficient to characterize the water behavior in starch aerogels.

In terms of oil absorption capacity, it also depends on the
microstructure of aerogels.98 In a recent study, microcrystalline
cellulose aerogels were synthesized with different amounts of
high amylose corn starch (0%, 5%, 10%, 15%, and 20%) and
NaOH–urea solution using vacuum freeze-drying technology.124

With an increase in starch content, the density of aerogels
showed a trend of initially increasing and then decreasing, as
did the adsorption capacity for linseed oil. When the ratio of
starch was 15%, the prepared aerogels presented the lowest
density (0.125 g cm−3), which endowed the aerogels with the
highest absorption ratio of linseed oil (11.44 g g−1).

The excellent heat absorption performance (HAP) of aerogel
materials is a key property for food storage and packaging
applications.125 In the study conducted by Qian et al.,126 the HAP
of konjac glucomannan (KGM)/starch aerogel was investigated,
using commercial cellulose acetate (CA) aerogels as the control
sample. It was displayed that under continuous heating
conditions, the degree of temperature reduction in the air aer
condensing into a KGM/starch aerogel and CA aerogel was
approximately 47.32% and 51.92%, respectively, and the
temperature increasing degrees of KGM/starch and CA aerogel
were 2.85% and 3.72%, respectively. This meant that the
thermal stability of the KGM/starch aerogel was better than that
of the CA aerogel. Moreover, the appearance of wrinkle struc-
ture in the starch-based aerogel was observed when hot air
passed through, so it was assumed that heat absorption
performance of aerogels was attributed to the thermal stability
of KGM/starch aerogel.126

4.2.3 Functional properties. Aerogels have an open struc-
ture and large surface area, as well as hydrophilic and lipophilic
properties, giving them good loading and release capacity for
active compounds.

Three types of starch-based aerogels with different densities
and surface areas were prepared and loaded with theophylline,
including a potato starch aerogel (density 0.33 g cm−3, surface
area 43 m2 g−1), pea starch aerogel (density 0.12 g cm−3, surface
area 217 m2 g−1), and waxy maize starch aerogel (density
0.44 g cm−3, surface area 17 m2 g−1).111 The theophylline
loading efficiency of the aerogels based on waxy maize starch
(240%) was markedly higher than that of aerogels based on
potato starch (182%) and pea starch (100%), which was attrib-
uted to the noticeably higher density in the waxy maize starch
aerogels. What's more, based on the release kinetics experi-
ment, the release prole of theophylline from the starch aero-
gels varied depending on the formulation. Typically,
approximately 60% of the loaded theophylline was released
within a timeframe of 30 to 70 minutes. A higher percentage,
nearly 98%, was released within a longer period of 3 to 13 hours.
The release rate indicated that starch aerogels can effectively
© 2024 The Author(s). Published by the Royal Society of Chemistry
control the release of theophylline, allowing for sustained active
component delivery.

Starch-based aerogel delivery systems have been widely used
to transport various nutrients such as vitamins, as well as
bioactive ingredients such as antimicrobials and antioxidants
in the food packaging industry. The use of an aerogel as
a carrier could improve the bioavailability of these compounds,
especially water insoluble bioactives. Due to its crystalline and
lipophilic structure, the bioavailability of phytosterol is
extremely limited. The bioaccessibility of free phytosterols is
only 3%. In the study conducted by Ubeyitogullari et al.,127

phytosterols were incorporated into nanostructured porous
starch aerogels using SC-CO2, resulting in a 35% increase in in
vitro bioaccessibility.

4.2.4 Characterization of starch-based aerogels. The
surface morphology of starch-based aerogels could be evaluated
by SEM or 3D tomography, but the general validity of the results
is susceptible to the sample bias and preparation method. The
bulk density (r) of starch-based aerogels can be determined by
directly measuring the weight (rw) and volume (rv) of the
sample, which is calculated as rw divided by rv. The porosity
refers to the compactness of the material and could be
measured by the liquid displacement method. Specic surface
area is a basic parameter to characterize the microstructural
characteristics of an aerogel,2 which is usually measured by
using the Brunauer–Emmett–Teller (BET) method, involving
nitrogen adsorption and desorption isotherms. It should be
noted that BET isotherms cannot be used to precisely calculate
specic surface area of the aerogels when the pore size is below
a detection limit of 0.5–1 m2 g−1.116

The mechanical properties of starch-based aerogels have
mainly been determined using compression testing with
a texture analyzer. The water vapor sorption of aerogels can be
evaluated by gravimetry under 97% RH conditions at 25 °C, in
which the weight of the sample needs to be measured at
intervals until the weight is constant.

The thermal behavior of starch-based aerogels can be
investigated using differential scanning calorimetry performed
under a nitrogen ow (20 mL min−1) in the temperature range
of 25 to 400 °C. The thermal stability can be characterized using
a thermogravimetric analyzer. Thermal conductivity is
measured by the steady-state plate method through a thermal
conductivity tester. The loading properties of starch aerogels are
determined by in vitro release tests using simulated gastric uid
(pH 1.2) and simulated intestinal uid (pH 7.4).
4.3 Applications of starch-based aerogels for food packaging

Different types of food have different characteristics, which
consequently impose distinct performance requirements on
aerogel packaging materials.128 This section focuses on the
applications of aerogels in three types of foods: fruits and
vegetables, meat, and fatty foods.

4.3.1 Application in fruit and vegetable packaging. Fruits
and vegetables are susceptible to oxidation and senescence
during postharvest storage and logistics, leading to a serious
loss of sensory properties and nutrients.129 Aerogel packaging
Sustainable Food Technol., 2024, 2, 615–634 | 629
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materials not only protect fruits and vegetables from texture
damage due to mechanical properties, but also effectively
reduce the exposure of fruits and vegetables to oxygen, mois-
ture, and pathogens through barrier properties, thereby
extending the shelf life of fruits and vegetables inside the
packaging.130

In the study carried out by Dhua et al.,131 a starch aerogel was
used to package fresh spinach leaves. Under room temperature
and refrigerator conditions, the moisture content of fresh spinach
leaves wrapped in aerogels increased by 43.12% and 49.57%
respectively. The use of aerogel effectively reduced the moisture
content within the packaging resulting from the transpiration of
fresh spinach leaves. Furthermore, the efficiency of maize starch
aerogel in the preservation of fresh spinach leaves has been veri-
ed. Without aerogel packaging, fresh spinach leaves spoiled
within 2–3 days at room temperature and within 6–7 days at
refrigeration temperature. However, aerogel packaging can extend
the shelf life to 6 days and 10 days, respectively.

4.3.2 Application in fresh meat packaging. Fresh meat is
exceptionally perishable because of its rich nutrition and high
moisture content, resulting in a waste of resources and even
food hygiene and safety problems.

Depending on large surface areas and high porosity, aerogels
possess the absorptive capacity of the blood and sap released by
fresh meat, so as to prolong its shelf life effectively. Studies have
also indicated that aerogels have loading ability on bioactive
substances (antimicrobial compounds and antioxidants), giving
aerogel packaging materials antibacterial and antioxidant prop-
erties.132 Chen et al.133 prepared antibacterial aerogels based on
dialdehyde starch and chitosan, incorporated with copper nano-
particles (CuNPs). The result showed that fresh pork packaged
with an active aerogel lm had a shelf life of 14 days at 4 °C
without any signs of spoilage. During this storage period, the
amount of CuNPsmigrating into the fresh pork was 3.38mg kg−1,
which was within the safe range.133 Such active aerogels loaded
with antibacterial agents, such as polyphenols106 and essential
oils,107 had the potential for prolonging the shelf life of freshmeat.

4.3.3 Application in fatty food packaging. Fatty foods are
easily oxidized by oxygen and light. Active starch-based aerogel
materials can efficiently load antimicrobial agents, which can
be applied in fatty food packaging to prevent lipid oxidation.

In the study conducted by Mirmoeini et al.,107 novel antimi-
crobial aerogels based on acetylated potato starch (5%, w/w),
cellulose (1%, w/w), and Thymus daenensis Celak essential oil
(TDEO) were created and used in cheese packaging. And then
antimicrobial efficiency of aerogel packaging in Koopeh cheese
was evaluated during the storage period. The dosage of TDEO
was measured and determined using the minimum inhibitory
dose (MID) of TDEO against E. coli O157:H7 in the vapor phase.
Aer 21 days of storage at 7 °C, cheese packaged with the TDEO-
aerogel at a high concentration (50 ×MID) showed a signicant
decrease in the count of psychrotrophic bacteria (reduced by 3
log) as well as yeast/mold count (reduced by 1 log). Further-
more, in the cheese samples packed with an aerogel incorpo-
rating 50 × MID TDEO and 25 × MID TDEO, the quantity of E.
coli O157:H7 reduced from 4.2 log CFU g−1 to undetectable
levels aer 7 and 14 days of storage, respectively. However,
630 | Sustainable Food Technol., 2024, 2, 615–634
through sensory evaluation, a high concentration TDEO (50 ×

MID) had a negative inuence on sensory characteristics of
cheese, resulting in a lower sensory score (<6), while TDEO at
a 25 × MID received a higher sensory score (>6). Therefore, in
this study, the researchers suggested that new methods such as
embedding technology would be adopted in further studies to
alleviate the adverse sensory properties associated with high
concentrations of essential oils in aerogels.

5 Future prospects and challenges

As public awareness of sustainable development increases, the
commercialization of biodegradable packaging materials has
gained signicant attention over the past few years. Based on
the global survey by Statista, 61% of consumers are willing to
pay extra for eco-friendly products.134 The share of biodegrad-
able and non-biodegradable plastics in 2021 stands at 58.3%
and 41.7%, respectively, indicating the shi towards biode-
gradable products.135 Additionally, the growth of the food
packaging industry, which accounts for around 50% of the
worldwide biodegradable plastics market, is a major driver of
the need for biodegradable packaging materials.136 According to
the survey by Market Research Future, the global starch-based
packaging market is projected to grow from USD 6.9 Billion in
2022 to USD 12.4 Billion by 2032.137

Furthermore, incorporating starch-based plastics into agri-
cultural operations promotes the development of a circular
economy by efficiently utilizing resources and reducing
dependence on non-renewable materials. Nevertheless, the
industrial-scale manufacturing of these starch-based materials
encounters numerous challenges, notably concerns related to
food supply, land-use conicts, and agricultural energy
consumption. Therefore, utilizing agricultural or food waste for
the production of starch-based materials and maintaining the
sustainability of large-scale production of agricultural pack-
aging materials is needed.138

It is worth noting that solely focusing on environmental
sustainability is not enough to prove that biomaterials can
completely replace traditional petroleum-derived plastics across all
applications. Certain modication methods, such as the intro-
duction of plasticizers, have been shown to improve the perfor-
mance of starch-based packaging materials. However, a new
problem will arise with the leaching of plasticizers during storage
or end-user applications, as well as their harmful effects on
consumer health and the environment. Therefore, more research
studies are needed to evaluate the toxicity of degradation byprod-
ucts to ensure the safety of biomaterials in the environment.138

Overall, to increase the market share in the future, starch-
based materials should compete directly with petroleum-
based plastics and other biomaterials in areas such as
consumer awareness, production costs, toxicity and an accept-
able level of biodegradability.

6 Conclusions and future outlook

In general, starch-based hydrogels and aerogels belong to
polysaccharide colloids with 3D networks. Both of them show
© 2024 The Author(s). Published by the Royal Society of Chemistry
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excellent mechanical properties and biodegradability and have
potential applications in various elds. When optimizing starch
hydrogels and aerogels, it is necessary to consider the type and
concentration of starch, modication of starches, the addition
of gelling improvers and the selection of preparation methods.
In particular, drying methods should also be considered in the
preparation process of aerogels.

Hydrogel and aerogel packaging materials can prolong the
shelf life of perishable foods by absorbing moisture and
blocking oxygen and UV radiation. Beyond that, hydrogel and
aerogel active packaging incorporated with antioxidants and
antimicrobial agents not only provide a physical barrier against
external conditions but also exhibit antioxidant and antibacte-
rial effects in food preservation. Starch-based aerogels, as
carriers for loading active compounds, exhibit superior encap-
sulation capability compared to hydrogels. This is primarily due
to their high specic surface area and adjustable porosity. On
the other hand, starch-based hydrogels possess a unique
property known as a stimulus-response system. This charac-
teristic allows hydrogels to undergo changes in response to
specic stimuli, making them highly suitable for applications
in smart packaging.

Developing a composite material combining hydrogels and
aerogels with a double-layer structure of the hydro-coat/aero-
core, consisting of a hydrogel shell and an aerogel core, would
be an innovative approach in the eld of packaging materials.
The hydrogel coating facilitates the rapid permeation of the
water phase into the aerogel core. The porous structure of the
aerogel core provides ample storage space, allowing for the
retention of a signicant amount of water.139 This makes it an
ideal candidate material for applications in various areas such
as fried food packaging, where both oil resistance and water
absorption properties are desirable characteristics.

To date, starch-based packaging has not yet achieved
commercialization on an industrial scale, mainly due to high
production costs and poor material properties compared to the
production of synthetic plastics. More research should focus on
efficient strategies for their bioprocessing and suitable modi-
cations to improve material properties that can be scaled up.
Improving the efficiency of processes and the circularity of
materials is also needed, aligning with the concept of the
circular biomaterial economy, which would ensure the
sustainable development of the bio-based packaging market.
Conflicts of interest

The authors declare no conict of interest. All authors have read
and agreed to the published version of the manuscript.
Acknowledgements

This work was nancially supported by the National Key
Research and Development Program of China
(2023YFD2201300), Major Science and Technology Project of
Xinjiang Uygur Autonomous Region (2022A02005-5), Key
Research and Development Program of Shaanxi (2023-ZDLNY-
© 2024 The Author(s). Published by the Royal Society of Chemistry
15), and Qinchuangyuan “Scientists + Engineers” Team
Construction Project of Shaanxi (2023KXJ-231).

References
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L. Bacáková, J. Kadlec and T. Remis, Cellulose, 2022, 29,
6697–6717.

32 Y. Li, S. Kadam, T. Abee, T. M. Slaghek, J. W. Timmermans,
M. A. C. Stuart, W. Norde and M. J. Kleijn, Food
Hydrocolloids, 2012, 28, 28–35.

33 H. Peidayesh, Z. Ahmadi, H. A. Khonakdar, M. Abdouss and
I. Chodák, Polym. Adv. Technol., 2020, 31, 1256–1269.

34 B. M. Simoes, C. Cagnin, F. Yamashita, J. B. Olivato,
P. S. Garcia, S. M. de Oliveira and M. V. Eiras Grossmann,
LWT–Food Sci. Technol., 2020, 125, 108950.

35 Q. Liu, N. Ji, L. Xiong and Q. Sun, Carbohydr. Polym., 2020,
246, 116586.

36 J. S. dos Santos, B. Biduski, R. Colussi, V. Z. Pinto and
L. R. dos Santos, Food Res. Int., 2023, 173, 113243.

37 D. Larrea-Wachtendorff, G. Tabilo-Munizaga and G. Ferrari,
Polymers, 2019, 11, 1673.

38 M. Shahbazi, M. Majzoobi and A. Farahnaky, J. Food Eng.,
2018, 223, 10–21.

39 W. Liu, W. Pan, J. Li, Y. Chen, Q. Yu, L. Rong, W. Xiao,
H. Wen and J. Xie, Curr. Res. Food Sci., 2022, 5, 28–33.

40 B. C. Maniglia, D. C. Lima, M. D. Matta, P. Le-Bail, A. Le-Bail
and P. E. D. Augusto, Food Res. Int., 2020, 128, 108803.

41 S. P. Bangar, M. Nehra, A. K. Siroha, M. Petru, R. A. Ilyas,
U. Devi and P. Devi, Foods, 2021, 10, 1609.

42 H. Abral, A. Atmajaya, M. Mahardika, F. Hazulhaq,
Kadriadi, D. Handayani, S. M. Sapuan and R. A. Ilyas, J.
Mater. Res. Technol., 2020, 9, 2477–2486.

43 S. Singh, V. S. Sharanagat, S. Desai, K. Kumar, S. Upadhyay
and G. Chakraborty, Starch/Staerke, 2023, 75, 2200229.

44 Z. Guo, Q. Gou, L. Yang, Q.-l. Yu and L. Han, Food Chem.,
2022, 370, 130992.

45 B. S. Teixeira and N. L. del Mastro, Radiat. Phys. Chem.,
2023, 213, 111234.

46 K. A. Ciesla and A. Abramowska, Nukleonika, 2021, 66, 3–9.
47 S. R. Kanatt, Radiat. Phys. Chem., 2020, 173, 108873.
48 X. Zhou, X. Ye, J. He, R. Wang and Z. Jin, Int. J. Biol.

Macromol., 2020, 151, 239–246.
632 | Sustainable Food Technol., 2024, 2, 615–634
49 Z. P. Qiu, B. Zheng, J. C. Xu, J. Chen and L. Chen, Carbohydr.
Polym., 2022, 292, 119686.

50 S. F. Chin, A. N. B. Romainor, S. C. Pang and S. Lihan, J.
Drug Delivery Sci. Technol., 2019, 54, 101239.

51 R. Meng, Z. Z. Wu, H. Q. Xie, G. X. Xu, J. S. Cheng and
B. Zhang, Int. J. Biol. Macromol., 2020, 155, 1–5.

52 J. Kobryn, T. Zieba, S. K. Sowa and W. Musial,
Pharmaceutics, 2020, 12, 84.

53 D. C. Lima, N. Castanha, B. C. Maniglia, M. D. M. Junior,
C. I. A. La Fuente and P. E. D. Augusto, Ozone Sci. Eng.,
2021, 43, 60–77.

54 B. C. Maniglia, D. C. Lima, M. D. Matta, P. Le-Bail, A. Le-Bail
and P. E. D. Augusto, Int. J. Biol. Macromol., 2019, 138, 1087–
1097.

55 Y. Benavent-Gil, L. Román, M. Gómez and C. M. Rosell,
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