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Abstract

The characteristics of starch-based films are profoundly governed by their chemical constitution, structural
arrangement, and the extent of crystallinity, which are pivotal in ascertaining their functional capabilities and
performance metrics. Mechanical properties constitute critical variables for assessing the appropriateness of
starch films for various practical utilizations. These characteristics are contingent upon the source of starch,
the conditions under which processing occurs, and the incorporation of additives such as plasticizers and
reinforcement agents. An increase in crystallinity typically enhances the tensile strength and rigidity of the
films, notwithstanding the potential compromise in flexibility. Barrier properties are of equal significance,
especially in the context of food packaging applications. The permeability to water vapor and oxygen is
markedly influenced by the microstructural attributes of starch films. Crystalline domains within the
polymeric matrix are regarded as impervious to gases and moisture. Furthermore, a salient advantage of
starch-derived materials is their inherent biodegradability. These films possess the capability to be
decomposed by microorganisms and enzymes in appropriate environmental settings, thereby aiding in the
alleviation of plastic pollution.
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. Introduction
The escalating environmental issues related to the pervasive

substantially affect the physicochemical and mechanical
properties of starch-based materials. [2]

utilization of petroleum-derived plastics and the resultant
accumulation of non-biodegradable waste have stimulated
the pursuit of sustainable and environmentally benign
alternatives. In this regard, biodegradable films originating
from renewable natural resources have garnered substantial
interest in recent years. Among the diverse array of
biopolymers evaluated for biofilm fabrication, starch is
distinguished as one of the most promising substances
owing to its widespread availability, cost-effectiveness,
biodegradability, and exceptional film-forming
characteristics. [1]

Starch represents a naturally occurring polysaccharide that
functions as the principal energy reservoir in numerous
plant species, including corn, potato, wheat, rice, and
cassava. It is recognized as one of the most plentiful
renewable biopolymers on the planet and assumes a vital
role in both human dietary intake and industrial use.
Chemically, starch is composed of two predominant
glucose polymers: amylose and amylopectin. Amylose is
primarily a linear molecule constituted of a-(1—4)-linked
glucose units, whereas amylopectin is a highly branched
polymer featuring both a-(1—4) and o-(1—6) glycosidic
bonds. The relative proportions of these two constituents

A critical characteristic of starch is its capacity to form
films. When starch is dispersed in aqueous solutions and
subjected to heating, a phenomenon known as
gelatinization transpires. During this phase, starch granules
absorb water, expand, and partially relinquish their
crystalline configuration, permitting polymer chains to
attain greater mobility. Upon cooling and desiccation, these
chains engage in hydrogen bonding interactions,
culminating in the establishment of a continuous and
cohesive film matrix (Figure 1). This film-forming ability
has prompted extensive exploration of starch as a
biodegradable substitute for traditional synthetic plastics.
[3]
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Starch-based biofilms present numerous advantages. They
are derived from renewable agricultural resources, are
typically non-toxic, and can be entirely degraded by
microorganisms under suitable environmental conditions.
These attributes render them eco-friendly materials capable
of mitigating plastic pollution and reducing reliance on
fossil fuel resources. Moreover, starch films display
favourable characteristics such as good transparency,
odourless  properties, and relatively low oxygen
permeability, which are particularly advantageous in food
packaging applications. [4]

Notwithstanding these benefits, starch-based biofilms also
exhibit certain constraints. The hydrophilic nature of starch
molecules renders these films highly susceptible to
moisture and water absorption. Exposure to humid
conditions may result in swelling, diminished mechanical
integrity, and inadequate barrier properties against water
vapor. Additionally, films generated from pure starch
frequently exhibit brittleness and lack the requisite
flexibility for practical applications. To address these
limitations, plasticizers such as glycerol, sorbitol, and
polyethylene glycol are routinely incorporated into starch
formulations. These additives enhance film flexibility by
diminishing intermolecular interactions among polymer
chains. [5]

Recent investigations have concentrated on augmenting the
performance of starch-based biofilms through blending and
composite formation. A variety of natural polymers,
including gelatin, chitosan, cellulose derivatives, and plant
proteins, have been amalgamated with starch to enhance
mechanical, thermal, and barrier properties. Furthermore,
the inclusion of nanoparticles, nanocellulose, essential oils,
and plant extracts has been assessed to impart
antimicrobial, antioxidant, and functional attributes. These
modifications have considerably broadened the prospective
applications of starch-based films in food packaging,
agriculture, pharmaceutical products, and biomedical
domains.[6]

In the domain of food packaging, starch-derived biofilms
have garnered notable attention as sustainable alternatives
to traditional packaging materials. They may serve as either
independent packaging films or as edible coatings that are
directly applied to the surfaces of food products. Such
implementations contribute to the preservation of food
quality, the mitigation of moisture loss, the restriction of
microbial proliferation, and the prolongation of shelf life,
all while reducing ecological footprints. Furthermore, the
increasing consumer inclination towards biodegradable and

environmentally-friendly ~ products has  significantly
propelled research and innovation in this field. [7]

In summation, starch is recognized as one of the most
promising natural polymers for the synthesis of
biodegradable  biofilms. Its extensive availability,
renewability, economic feasibility, and superior film-
forming capabilities render it an appealing candidate for the

development of sustainable materials. Despite the
persistence of challenges pertaining to moisture
susceptibility and mechanical performance, ongoing

advancements in starch modification techniques and
composite material technology are progressively enhancing
the functionality and versatility of starch-based biofilms.
Consequently, it is anticipated that starch will assume a
crucial role in the forthcoming advancement of eco-friendly
packaging solutions and biodegradable materials. In this
review, mechanical properties, permeability and
biodegradation of starch will be underscored.

I1. Mechanical properties

The possession of favourable mechanical properties is
imperative for the practical utilization of food packaging
materials [8]

Nevertheless, in comparison to analogous applications of
conventional  plastics,  starch-based  biodegradable
packaging manifests significant shortcomings attributable
to its inferior mechanical properties [9] thereby
constraining its applicability in food and product packaging
[10] Superior mechanical properties can be harnessed to
substantial advantage in traditional packaging contexts.
Consequently, it is crucial to enhance the mechanical
properties of starch-based films.

Blending approaches have been shown to significantly
enhance the mechanical properties of starch-based films,
making them more suitable for various applications. This
improvement is often achieved by combining starch with
other materials and plasticizers.

Starch, when blended with lime and citrus pectin, can form
strong, self-supporting films. Researchers have investigated
the use of different plasticizers, such as glycerin, urea, and
polyethylene glycol, in these blends to characterize their
ability to form such films. Among the plasticizers studied,
glycerin demonstrated the best results, leading to films with
strong, high modulus [11].

Numerous endeavors have been undertaken to formulate
PLA/starch composites with the objective of minimizing
the overall expenditure of raw materials while
simultaneously augmenting their biodegradability. A
predominant challenge associated with this composite
system is the inadequate interfacial synergy between the
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hydrophilic starch granules and the hydrophobic PLA. The
mechanical characteristics of PLA and starch blends
produced through traditional methodologies exhibit
significant deficiencies due to the inherent incompatibility
[12]. Polycaprolactone (PCL) represents an additional class
of biodegradable polymer. The literature has extensively
documented the interactions between starch and PCL
blends. The limitations inherent in pure starch materials,
such as diminished resilience, heightened moisture
sensitivity, and pronounced shrinkage, have been
effectively mitigated by the incorporation of PCL into the
starch matrix, even at minimal concentrations of PCL. The
blending process with PCL markedly enhances the impact
resistance of the composite [13].

In summary, blending starch with various components like
lime, citrus pectin, and different plasticizers, particularly
glycerin, is a proven method to enhance the mechanical
strength and modulus of starch-based films. This approach
also contributes to improving biodegradability and other
functional properties, expanding the potential applications
of starch in sustainable materials.

1. Permeability
Starch permeability represents a significant characteristic
that governs the capacity of water, gases, or other entities to
traverse starch-derived materials. It serves a vital function
in domains such as food packaging, biodegradable films,
and pharmaceutical applications. The permeability of starch
is influenced by various factors including its chemical
composition, molecular architecture, and ambient
environmental conditions. A comprehensive understanding
and regulation of starch permeability may enhance the
efficacy and sustainability of materials derived from starch.

It was noticed that Starch biofilms extracted from melloco
and mashua exhibited higher water vapor permeability
(WVP) compared to those from oca and potato, attributed
to stronger starch-starch interactions in the latter, indicating
varying moisture interactions based on the starch source
[12].

The incorporation of glycerol, which engages in
interactions with starch macromolecules, into the starch-
based film results in an augmentation of the free volume
within the film matrix. This modification facilitates an
enhancement in molecular mobility, thereby rendering
hydroxyl moieties more amenable to hydrogen bonding
interactions with water molecules. The substitution of
phenolic compounds with glycerol subsequently diminishes
the affinity for water in the films, attributed to an
intermolecular interaction between glycerol and the

hydroxyl groups present in the starch chains [13]. As per a
certain study, the integration of citric acid within potato
starch-based films resulted in an enhancement of water
vapor permeability [14,15].

According to Ramesh et al [16], Water-vapor permeability
of starch-based biofilms, specifically avocado seed starch,
decreases with increased concentrations of Tween-20 and
sorbitol, while higher starch and agar concentrations
increase WP due to enhanced intermolecular connections
and free space within the film matrix.

1. Starch Film Structure

Amorphous region |~

2. Gas Diffusion Pathway

(permeable)

Crystalline
region
(impermeable)

Amorphous region (disordered, allows diffusion) Gases and water vapor diffuse only

through amorphous regions, following
a tortuous path.

([

Crystalline region (ordered, impermeable to gases)

Figure 2: Effect of crystallinity on the permeability of
starch-based films

Oxygen infiltration is a critical factor in food spoilage, as it
facilitates the growth of aerobic microorganisms and leads
to chemical deterioration. To mitigate this, starch-based
materials are often enhanced with fillers or nanoparticles to
create high-barrier composites. Adding 5% nitrite to a
blend of polybutylene diacrylate (PBAT) and thermoplastic
starch (TPS) modifies chemical bonds and microstructures,
resulting in oxygen permeability comparable to fossil-based
plastics. Nanoclay Reinforcement: Nanoclay combined
with starch-polyacrylic acid through in-situ polymerization
significantly fortifies oxygen resistance. Starch/PVA/Clay
Nanocomposites: Using 50% Polyvinyl alcohol (PVA) in a
starch/clay nanocomposite can reduce oxygen permeability
by approximately 210% through a continuous phase change
mechanism. Gas transmission rates are known to decrease
as amylose content increases. This is demonstrated by
comparing starch sources: potato peel starch, which is
richer in amylose (~31%), produces films with a much
lower oxygen permeability (0.285 Barrer) compared to
starch from the potato itself (0.698 Barrer). Additionally,
crystalline zones within the film are considered
impermeable to gases. Therefore, starch sources that favour
higher crystallinity like those derived from potato waste,
naturally provide better protection (Figure 2). Moreover,
the addition of plasticizers like glycerol creates a strong
interconnecting polymer network that influences the free
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volume of the matrix, which can further decrease oxygen
permeation. [17-19]

v. Environmental impacts

Starch-based materials reduce reliance on fossil polymers
and can be compostable when correctly formulated, which
is attractive for regions with limited recycling
infrastructure. However, life-cycle impacts vary by
formulation, processing route, and end-of-life management,
so outcomes are context dependent. Table 1 encapsulates
the ecological, resource-utilization, and post-consumer
disposal dimensions of starch-derived biodegradable
packaging.

Table 1: Sustainability Advantages and Obstacles of
Starch-Derived Biodegradable Packaging

Aspect Key Main concerns Evidence
benefits
Reduced Performance- Starch
fossil driven losses (e.g., suitability
polymer moisture ingress) for
= use and and variable LCA biodegradab
S potential outcomes le packages
E for depending on and
i compostabil processing and compostabl
Z ity end-of-life e
w alternatives
is reported
[20, 21]
Uses Feedstock sourcing Availability
® widely and processing and
E available energy can change low-tech
8 plant starch impacts production
3 as noted for
§ feedstock developing
contexts
[20, 22]
Can lower Benefits require Importance
plastic litter appropriate of local
if collection/composti waste
composted ng infrastructure; systems and
& or collected otherwise, gains recycling to
% separately are limited reduce
E impacts
L demonstrate
din
regional
LCA work
[20, 21]

It underscores significant advantages such as diminished
dependence on petroleum-based plastics, renewable starch
feedstocks, and potential for compostability, while
concurrently  delineating  issues  associated  with
performance, the implications of feedstock processing, and
the necessity for robust waste management systems. The
evidence column cites empirical studies that corroborate
these benefits and drawbacks.

V. Conclusions
Starch-based packaging can provide low-cost, locally
sourced biodegradable alternatives to single-use plastics but
environmental benefits depend on formulation, barrier
performance, and waste infrastructure. Industrial scaling
faces technical, economic, and food-security trade-offs that
require targeted investment and standards.

Starch-derived films have emerged as viable alternatives to
traditional petroleum-derived plastics owing to their
renewability,  biodegradability, —and  environmental
sustainability. The overall efficacy of these films is dictated
by several critical factors, including mechanical properties,
permeability to water vapor and oxygen, and
biodegradation characteristics. These attributes are
significantly impacted by the source of the starch, its
molecular composition, the conditions under which it is
processed, and the degree of crystallinity attained. An
increase in crystallinity typically enhances barrier
properties by diminishing gas and moisture permeability,
while the interplay between crystalline and amorphous
domains influences both mechanical strength and the rate of
degradation.

Additionally, the incorporation of plasticizers, fillers, or
reinforcing agents can markedly enhance the performance
of the films and expand their applicability. Consequently,
the optimization of the structural and compositional aspects
of starch-based materials is imperative for the development
of sustainable packaging solutions that integrate sufficient
mechanical strength, effective barrier characteristics, and
controlled biodegradability.
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