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Abstract

The rapid accumulation of plastic waste and the depletion of fossil resources have intensi-
fied global efforts to develop biodegradable polymeric materials derived from renewable
feedstocks. In this context, starch-based films have emerged as one of the most promising
alternatives to conventional petroleum-based plastics, owing to their wide availability,
low cost, biodegradability, and ability to form continuous films using simple and scalable
processing techniques. Starch is a naturally occurring polysaccharide composed primarily
of amylose and amylopectin, whose molecular structure is rich in hydroxyl (–OH) groups.
These functional groups promote extensive intermolecular hydrogen bonding, enabling
starch gelatinization and film formation in aqueous systems. However, the same hydroxyl-
rich structure confers a pronounced hydrophilic character, resulting in high moisture
sensitivity, poor water vapor barrier properties, and limited dimensional stability under
humid. Consequently, improving the hydrophobicity of starch-based films remains one of
the most critical challenges for their practical application in food packaging. This review
aims to summarize and critically discuss the main strategies reported for improving the
hydrophobicity of starch-based films. The review focuses on composition and processing
approaches, including (i) chemical modification of starch, (ii) incorporation of hydrophobic
additives, (iii) reinforcement with natural fibers and nanocellulosic materials, (iv) polymer
blending and multilayer/gradient architectures, and (v) processing strategies, including
film homogenization, shear treatment and aging conditions. Emphasis is placed on the
mechanisms governing hydrophobicity enhancement, comparative performance indicators,
and current limitations.

Keywords: thermoplastic starch; starch-based films; hydrophobicity; chemical modification
of starch; hydrophobic additives; nanofillers reinforcement; water vapor permeability;
water contact angle

1. Introduction
Plastics are indispensable in modern manufacturing due to their low density, chemical

stability, mechanical durability, and cost-efficient large-scale production. Global plastic
production has surpassed 390 million tonnes annually, with packaging constituting the
dominant application sector [1,2]. However, the extreme environmental persistence of
conventional petroleum-based plastics has raised serious ecological and societal concerns,
as these materials resist biological degradation and accumulate across natural systems [3,4].
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Plastic debris is now ubiquitous in terrestrial and aquatic environments, including agri-
cultural soils, freshwater systems, marine ecosystems, and even remote polar regions,
underscoring the global scale of the problem [5,6]. Modelling studies further predict that
global plastic production may reach 900–1100 million tonnes per year by 2050 [2]. In this
context, biodegradable polymers have emerged as one of the fastest-growing segments of
the plastics market, with global production capacity exceeding 1.2 million tonnes in 2020
and continuing to expand [7].

Biodegradable polymers are generally classified as natural or synthetic biopolymers ac-
cording to their origin and production pathway [8]. Natural biopolymers are derived from
renewable biological resources, whereas synthetic biodegradable polymers are chemically
synthesized from bio-based or fossil-derived monomers but remain susceptible to biological
degradation. Representative examples include polylactic acid (PLA), polycaprolactone
(PCL), polybutylene succinate (PBS), polybutylene adipate terephthalate (PBAT), and re-
lated aliphatic–aromatic copolyesters [9]. Polyhydroxyalkanoates (PHAs), produced by
bacterial fermentation, constitute a distinct class of biodegradable polymers that combine
renewable origin with thermoplastic processability [10].

Among natural biopolymers, starch-based materials have received sustained attention
owing to their abundance, renewability, biodegradability, low cost, and wide availability
from agricultural feedstocks [9,11–13]. A diverse range of starch-containing products is
already commercially available, including compostable packaging, disposable items, and
biomedical applications, most of which are produced as blends with synthetic polymers [14].
Industrial starch is primarily extracted from maize, rice, wheat, potato, and cassava [15,16].

In its native form, starch exhibits extensive hydrogen-bond-induced crystallinity that
precludes thermoplastic behavior. However, when processed with plasticizers under heat
and shear, starch can be converted into thermoplastic starch (TPS) using conventional
polymer-processing techniques such as extrusion, injection molding, and film casting [17].
During gelatinization, starch granules swell and disintegrate, amylose chains leach into
the continuous phase, and amylopectin crystallites melt, forming a continuous polymeric
network [15]. Despite these advantages, the intrinsic hydrophilicity of TPS severely limits
its application in moisture-sensitive environments, particularly in food packaging. The high
density of hydroxyl (–OH) groups along amylose and amylopectin chains promotes strong
interactions with water molecules, resulting in high moisture uptake, elevated water vapor
permeability, dimensional instability, and rapid deterioration of mechanical properties
under humid [18,19], as illustrated in Figure 1. TPS also typically exhibits low thermal
resistance, brittle mechanical behavior, and pronounced susceptibility to retrogradation
during storage, further restricting shelf life and functional reliability [20].

To address these limitations, extensive research over the past decade has focused on
enhancing the hydrophobicity and barrier performance of starch-based films. Proposed
strategies include chemical modification of starch, such as esterification and crosslink-
ing [13–23]; incorporation of hydrophobic additives including waxes [24], oils, and nanopar-
ticles [18,25–30]; polymer blending [31,32], multilayer structures [33–35]; and reinforcement
with natural fibers [18,36–39] or nanocellulosic materials [20,40,41]. These approaches aim
to reduce the availability of hydrophilic sites, lower surface energy, and engineer mi-
crostructures that hinder water diffusion through the film matrix (Figure 1). Beyond
formulation strategies, processing parameters, namely homogenization methods, drying
regimes, film-forming techniques, and rheological behavior of film-forming solutions, play
a decisive role in determining the final hydrophobic and barrier properties of starch-based
films [11–13,42–46].
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Figure 1. Hydrophilic character of starch-based films and approaches to increase hydrophobicity.
Legend: water contact angle (WCA); water vapor permeability (WVP).

Parallel research on other natural polymers, including cellulose derivatives, chitosan,
alginates, gelatin, zein, agar, and konjac glucomannan, has demonstrated promising barrier,
antimicrobial, and active-packaging functionalities [19,30,32,34,42]. Nevertheless, starch
remains particularly attractive as a platform material due to its low cost, global availability,
compatibility with agricultural and food systems, and chemical versatility. The abundance
of free hydroxyl groups in the starch chain enables facile functional-group substitution as
well as oxidation to carbonyl and carboxyl derivatives [14].

The objective of this review is to critically examine recent advances in compositional
design and processing strategies aimed at improving the hydrophobicity of starch-based
films (Figure 1). The review synthesizes underlying mechanisms, quantitative performance
trends, and comparative advantages of different approaches, while identifying current
limitations and research gaps. A systematic literature search was conducted using Scopus
and Web of Science, considering peer-reviewed articles published in English between
2015 and 2025. The remainder of this review addresses the structure and limitations of
starch-based films, hydrophobicity-enhancement strategies, the role of fibrous and nanos-
tructured reinforcements, synergistic hybrid approaches, applications in food packaging,
and future perspectives.
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2. Starch-Based Films: Processing and Properties
2.1. Starch Structure and Properties

Native starch is one of the most abundant renewable biopolymers and is obtained from
a wide range of inexpensive agricultural resources, including maize, rice, wheat, potato, and
cassava. Its botanical origin strongly influences granule size, crystalline organization, and
the resulting performance of TPS materials [14,29,47]. These intrinsic structural differences
translate into marked variation in gelatinization behavior, mechanical performance, and
moisture sensitivity in starch-based films.

As illustrated in Figure 2, starch granules are primarily composed of amylose, a
mostly linear α-(1→4)-linked glucan, and amylopectin, a highly branched macromolecule
consisting of α-(1→4)-linked chains interconnected by α-(1→6) branch points [9,26]. Native
starch displays a hierarchical semicrystalline organization with alternating crystalline and
amorphous lamellae. The crystalline domains are mainly formed by ordered amylopectin
double helices, whereas the amorphous regions are enriched in amylose and amylopectin
branch points [26,48]. Among structural parameters, the amylose-to-amylopectin ratio
is particularly critical, as it governs water uptake, crystallization kinetics, mechanical
behavior, and barrier performance in starch-based films [17,20].

Beyond amylose content alone, botanical origin determines amylopectin chain-length
distribution, crystalline polymorph type (A-, B-, or C-type), granule morphology, and the
presence of endogenous lipids or phosphate groups, all of which contribute to structure–
property relationships in TPS films. Cereal starches such as maize, wheat, and rice typically
exhibit A-type crystallinity, characterized by densely packed double helices and lower
hydration capacity, whereas tuber and root starches (e.g., potato and cassava) predomi-
nantly display B-type or mixed C-type crystallinity, with more open lattice structures and
higher water accessibility. Consequently, potato and cassava starches generally show higher
swelling power and water uptake during gelatinization, which facilitates film formation
but also leads to increased moisture sensitivity and higher water vapor permeability in
the resulting films [48]. Granule size further modulates processing and film performance.
Potato starch, with large granules (20–100 µm), tends to gelatinize more heterogeneously
and form films with higher thickness variability and greater susceptibility to microstruc-
tural defects, whereas rice and wheat starches, with smaller granules (<10 µm), often yield
more homogeneous matrices and smoother film surfaces under comparable processing
conditions [14,23]. These morphological differences directly influence diffusion pathways
for water vapor and gases, thereby affecting barrier performance.

Differences in amylose content affect lamellar packing and the extent of residual crys-
tallinity after processing, modulating diffusion pathways for water vapor and gases in
TPS films [47]. In most cereal starches, amylopectin accounts for approximately 70–82%
of total starch, while amylose typically represents 18–30% [14]. High-amylose starches
(>50% amylose) and waxy starches (<1% amylose) represent useful compositional extremes
for tailoring film properties [17]. High-amylose systems tend to form denser polymer
networks with increased intermolecular entanglement, resulting in higher tensile strength
and improved oxygen-barrier performance, albeit at the expense of flexibility and process-
ability [49,50]. In contrast, waxy starches yield more flexible and transparent films due to
their predominantly amorphous character but are more prone to rapid retrogradation and
long-term instability, particularly under fluctuating humidity conditions [51].

Minor non-carbohydrate constituents inherent to specific botanical sources—such
as lipids in cereal starches and phosphate monoesters in potato starch—can exert dis-
proportionate effects on film performance. Endogenous lipids may form amylose–lipid
inclusion complexes that restrict chain mobility and reduce swelling, leading to lower
water uptake and, in some cases, reduced water vapor permeability (WVP). Conversely,

https://doi.org/10.3390/polym18040490

https://doi.org/10.3390/polym18040490


Polymers 2026, 18, 490 5 of 27

phosphate groups in potato starch increase electrostatic repulsion and hydration capacity,
enhancing swelling and film extensibility but generally increasing moisture sensitivity and
permeability [52]. These compositional nuances help explain why starch films derived from
different botanical origins can exhibit substantially different hydrophobicity, mechanical
behavior, and aging responses even under identical formulation and processing conditions.

Figure 2. Structure and SEM images [53] of starch and its processing on TPS.

Upon heating in the presence of water, starch undergoes gelatinization: the hydrogen
bonds stabilizing crystalline regions are disrupted, granules swell, amylose leaches into the
continuous phase, and amylopectin crystallites melt (Figure 2). Depending on botanical
origin and moisture content, this largely irreversible transition typically occurs between 65
and 90 ◦C [17,48,54]. As granules absorb water and swell, much of their original crystalline
structure is lost. When shear is applied, swollen granules may be disrupted to varying
degrees, depending on starch type and processing conditions [55]. During subsequent
cooling and storage, dispersed starch chains gradually reassociate and reorganize into
an ordered structure distinct from native starch, accompanied by a loss of water-holding
capacity; this process is known as retrogradation [15]. Retrogradation adversely affects
solubility, permeability, stability, and the mechanical properties of starch-based films [55,56].

TPS films consist of amorphous regions interspersed with residual or re-formed
crystalline domains and are produced by converting native starch granules into a con-
tinuous polymeric matrix through the combined action of plasticizers (most commonly
water, glycerol, and/or sorbitol), heat, and shear. This transformation disrupts the native
semicrystalline granular structure, enabling melt or solution processability comparable to
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that of conventional thermoplastics [11,15]. However, the reduction in native crystallinity
also increases the availability of hydroxyl groups, thereby intensifying hydrophilicity and
moisture sensitivity. Plasticizers therefore play a decisive role in TPS structure and per-
formance. Glycerol is widely used because it effectively reduces intermolecular hydrogen
bonding and imparts flexibility, but its strong hygroscopicity and tendency to migrate
during storage can compromise long-term performance. Alternative polyols such as sor-
bitol generally exhibit lower migration rates and can retard retrogradation, albeit at the
cost of increased stiffness and melt viscosity, which may complicate processing [15,57].
Accordingly, recent research increasingly emphasizes co-plasticization strategies aimed at
balancing flexibility, moisture resistance, and structural stability over time.

Despite its favorable processability and renewability, TPS remains intrinsically disad-
vantaged relative to conventional thermoplastics due to its high hydrophilicity, relatively
high glass-transition temperature, brittle behavior under ambient conditions, and pro-
nounced susceptibility to retrogradation. Moreover, retrogradation increases stiffness,
reduces transparency, and degrades both mechanical and barrier properties [47,58]. These
inherent limitations underscore the need for targeted strategies to enhance the hydropho-
bicity and long-term performance of starch-based films.

2.2. Production of Starch-Based Films

Starch-based films are produced using processing routes conceptually like those
applied to petroleum-derived polymers, including solution casting, extrusion, thermocom-
pression, and injection molding [14,20,38]. Some hydrophobicity effects of these methods
are briefly summarized in Table 1. Alternative processing methods, such as injection mold-
ing, compression molding, foaming, and melt, wet, and electrospinning, have also been
applied to produce starch-based films [18]. Nonetheless, starch processing is inherently
more complex because native starch is not thermoplastic and exhibits high melt viscosity,
extensive hydrogen bonding, and strong sensitivity to moisture and thermal properties.
Hence, achieving reproducible film properties requires careful coordination of formulation
parameters with processing conditions.

Table 1. Processing routes for starch-based films and their implications for hydrophobicity enhancement.

Processing Route Typical Scale Key
Advantages

Main
Limitations

Implications for
Hydrophobicity

Solution casting Laboratory Simple; precise
formulation control

Long drying time;
high water use;

limited scalability

Sensitive to
drying-induced migration;

good for screening
hydrophobic additives

Extrusion/
film extrusion Industrial

Continuous; scalable;
good dispersion

under shear

Narrow processing
window; moisture

control critical

Enables bulk barrier
improvement if

dispersion is optimized

Thermocompression Pilot/
industrial

Dense films;
controlled thickness

Requires
pre-processed TPS

Often improves barrier
via densification

Reactive extrusion Emerging
industrial

Solvent-free;
integrated

modification

High sensitivity to
residence time and

moisture

Strong potential for
durable hydrophobicity

via network fixation

2.2.1. Wet Processing

Solution casting is the most widely used method at laboratory scale due to its sim-
plicity and suitability for systematic formulation screening. In this approach, starch is
dispersed in excess water and heated (typically 70–95 ◦C) to induce gelatinization [14,17].
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During heating, starch granules swell, crystalline lamellae are disrupted, amylose leaches
into the continuous phase, and a viscous film-forming solution is obtained [55,59]. Despite
these advantages, solution casting presents significant limitations for industrial translation.
High water content results in long drying times, high energy consumption, and drying-
induced heterogeneities, including thickness gradients, pore formation, and plasticizer
migration. These effects strongly influence surface hydrophobicity and water vapor perme-
ability (WVP), complicating direct comparison of formulation strategies unless drying and
conditioning protocols are rigorously controlled [20,55,59].

2.2.2. Dry Processing

The industrial production of starch-based films relies predominantly on dry ther-
moplastic routes, including extrusion followed by sheet or film extrusion, film blowing,
thermocompression, or injection molding [14,17]. In these processes, starch is converted
into TPS through the combined action of plasticizers, elevated temperature (typically
90–180 ◦C), and shear, which reduce intermolecular hydrogen bonding and enable flow
below the degradation temperature [60,61]. Shear plays a critical role by accelerating
granule restructuring and promoting homogeneous dispersion of hydrophobic additives
and fillers [55]. However, excessive thermo-mechanical input may induce chain scis-
sion, plasticizer loss, or localized overheating, resulting in inferior mechanical and barrier
properties [60,61]. Recent studies emphasize that extrusion parameters, including screw
configuration, moisture content, and temperature profile, must be optimized in tandem
with formulation to ensure consistent hydrophobic performance [44,62].

In the last decade increasing attention has been devoted to reactive extrusion, in
which TPS formation is combined with chemical modification or crosslinking in a single
processing step. This approach reduces solvent use and enables precise control over
network formation, chain mobility, and dimensional stability [63,64]. Reactive extrusion
has been successfully applied to introduce ester crosslinks or exploiting functionalities that
reduce water solubility and improve moisture resistance [9,62,63]. From a hydrophobicity
perspective, reactive extrusion is particularly attractive because it allows simultaneous
dispersion of hydrophobic phases and fixation of the polymer network before phase
separation or migration can occur. Nevertheless, reaction efficiency remains highly sensitive
to moisture level and residence time, underscoring the importance of process–chemistry
co-optimization [38,62–64].

2.2.3. Role of Ingredients During Processing

Plasticizers are essential for TPS processing but are also a primary source of moisture
sensitivity. An effective plasticizer is typically a low-molecular-weight compound that is
compatible with the polymer matrix and increases intermolecular spacing [15]. In starch-
based systems, polyhydroxy compounds, most notably glycerol and sorbitol, are widely
used. Glycerol provides high flexibility and good processability but is strongly hygroscopic
and prone to migration during storage [14]. In contrast, sorbitol and related polyols
generally exhibit lower migration rates and can retard starch retrogradation, although
they increase melt viscosity and stiffness, potentially complicating extrusion and filler
dispersion [9,57]. Other plasticizers, such as citric acid, urea, and diacetin, have also been
explored. Water can act as a plasticizer, but its volatility during high-temperature processing
and storage compromises dimensional stability and may induce shrinkage [14,15].

To balance flexibility, barrier performance, and long-term stability, co-plasticization
strategies combining water, glycerol, and sorbitol or alternative polyols are increasingly
employed [26,60,65]. For instance, Abera et al. (2020) [66] reported that anchote starch
films plasticized at 30–40 wt.% with glycerol, sorbitol, triethylene glycol, or ionic liquids
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were transparent, with 1-ethyl-3-methylimidazolium acetate yielding the highest flexibility.
Glycerol- and triethylene glycol-plasticized films showed higher moisture uptake, whereas
sorbitol produced non-sticky films over a wider concentration range. Ionic liquids, such
as 1-ethyl-3-methylimidazolium acetate and 1-butyl-3-methylimidazolium chloride, have
emerged as environmentally friendly alternatives, offering effective plasticization and, in
some cases, superior flexibility compared with conventional polyols [67–69].

Films based solely on starch and plasticizers typically exhibit limited physicochemical
and mechanical performance and are highly susceptible to retrogradation. Consequently,
blending starch with co-biopolymers or incorporating fillers has been widely adopted
to tailor composite film properties [47,68–71]. Such blending can modify gelatinization
temperature as well as thermal and retrogradation behavior, leading to improved film
performance [15]. In hydrophobicity-oriented formulations, emulsifiers, compatibilizers,
or masterbatch approaches are often required to ensure uniform dispersion of lipid-based
additives or nanofillers; inadequate dispersion during casting or extrusion can introduce
microstructural defects that negate intrinsic hydrophobic effects and increase permeabil-
ity [72].

2.2.4. Post-Processing Conditioning

Regardless of processing route, TPS films are susceptible to retrogradation, a time-
dependent reassociation and recrystallization of amylose and amylopectin chains during
storage. Retrogradation alters stiffness, opacity, and barrier properties and is strongly influ-
enced by residual moisture content, plasticizer distribution, and thermal history [55,72].
Consequently, post-processing conditioning under controlled temperature and relative
humidity should be regarded as an integral stage of starch-based films manufacture, par-
ticularly when evaluating hydrophobicity strategies whose performance may evolve over
time [64,73].

2.3. Physicochemical and Functional Properties of Starch-Based Films
2.3.1. Thickness and Structural Uniformity

Film thickness is a key structural parameter influencing mechanical performance,
barrier behavior, optical properties, and surface wettability of starch-based films [11,47,72].
In diffusion-controlled processes, permeability is inversely related to thickness when the
microstructure is homogeneous; thus, uncontrolled thickness variations can confound
structure–property relationships [57]. Thickness depends on solids content, processing ge-
ometry, drying conditions, and formulation variables such as plasticizer and filler loading.
The incorporation of nanofillers (e.g., CNCs, CNFs, layered silicates) typically increases
thickness by 15–25% at ~5–6 wt.% due to higher solids content and matrix densifica-
tion driven by strong filler–starch interactions. Non-uniform drying, agglomeration, or
phase separation may introduce local thickness gradients, leading to misleading barrier or
wettability data. Accordingly, recent studies emphasize thickness normalization and corre-
lation with microstructural analyses to ensure meaningful comparisons of hydrophobicity-
enhancement strategies [57,72,73].

2.3.2. Water Resistance and Surface Hydrophobicity

Water resistance of starch-based films is commonly assessed through water solubility,
moisture uptake, WVP, and water contact angle (WCA). Native and plasticized starch films
typically exhibit WVP values one to two orders of magnitude higher than conventional
plastics, limiting their use in moisture-sensitive packaging [15].

Surface hydrophobicity is evaluated via WCA measurements: although WCA > 90◦

defines hydrophobicity, values above ~65–70◦ are often considered practically improved for
starch-based films [15]. Chemical modification, incorporation of lipids or waxes, coatings,
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and nanoparticles can raise WCA to 80–120◦, depending on formulation and surface
morphology. However, durable water resistance requires stability under humidity cycling
and handling, as plasticizer migration, surface rearrangement, and microcracking can
rapidly degrade apparent hydrophobicity.

2.3.3. Mechanical Properties

Mechanical performance, typically quantified by tensile strength (TS), Young’s modu-
lus (YM), and elongation at break (EAB), is essential for handling and packaging integrity
and is commonly measured following ASTM D882 [74]. Native starch films can exhibit high
TS under dry conditions but are brittle and highly sensitive to humidity [14]. Increasing
moisture content markedly reduces strength and stiffness. Plasticizers enhance flexibility
and EAB but generally reduce TS and YM by weakening intermolecular interactions. Re-
inforcement with nanocellulose, inorganic nanoparticles, or natural fibers is an effective
strategy to improve stiffness and strength and partially mitigate moisture-induced mechan-
ical degradation. Nevertheless, excessive filler loading or poor dispersion can introduce
stress concentrators and reduce EAB, compromising film integrity [15].

2.3.4. Barrier Properties

Barrier performance against water vapor, oxygen, carbon dioxide, and aroma com-
pounds is critical for food preservation. Gas and vapor transport in starch-based films
follows a solution–diffusion mechanism governed by thickness, crystallinity, free volume,
and environmental conditions. In the dry state, dense hydrogen-bonded networks can
provide good oxygen barrier properties, but WVP remains high due to the strong affinity
of starch for water [47]. Increasing humidity plasticizes the matrix, increases free volume,
and sharply raises permeability [57,71]. While increased crystallinity can reduce gas perme-
ability by creating tortuous diffusion paths, excessive crystallization or retrogradation may
induce brittleness and microcracking, ultimately compromising barrier reliability [47,48].
Plasticizers generally increase WVP by enhancing hydrophilicity and free volume. Hy-
brid strategies combining chemical modification, hydrophobic additives, nanofillers, and
multilayer structures are particularly effective in reducing WVP while retaining favorable
oxygen barrier properties, enabling applications in dry and semi-moist food packaging.

2.3.5. Optical Properties

Optical properties (transparency, opacity, haze, gloss, and UV–visible transmission)
affect both consumer perception and protection against photo-induced degradation [9].
Transparency is typically quantified by UV–visible spectrophotometry, with opacity defined
as absorbance at 600 nm normalized by thickness. Amylose-rich films tend to be more
transparent due to their predominantly amorphous structure, whereas amylopectin-rich
or highly crystalline systems scatter light more strongly [13,48]. Gelatinization generally
improves transparency, while retrogradation reduces optical clarity during storage through
chain reassociation. Plasticizers can enhance transparency at moderate levels but may
cause phase separation or blooming at higher concentrations or under fluctuating humidity.
Functional additives such as polyphenols, essential oils, pigments, and nanoparticles often
reduce visible transparency but impart valuable UV-blocking, antioxidant, antimicrobial,
or sensing functionalities relevant to active and intelligent packaging [19].

3. Hydrophilic Nature of Starch-Based Films
Table 2 summarizes the main limitations of native starch-based films and their molec-

ular and structural origins. In unmodified systems, this hydrophilic nature leads to high
moisture sorption, elevated WVP, and severe degradation of mechanical and barrier proper-
ties under humid conditions, thereby restricting their suitability for food packaging [15,57].
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At the molecular level, hydrophilicity arises from the high density of hydroxyl (–OH) groups
along amylose and amylopectin chains. While these groups form stabilizing hydrogen-
bond networks in the dry state, exposure to moisture disrupts these interactions, causing
swelling, plasticization, and increased chain mobility. As a result, stiffness and TS decrease,
while the diffusion of water vapor and other permeants accelerates [13]. Microstructural het-
erogeneity further amplifies moisture sensitivity, as increases in relative humidity sharply
raise free volume and diffusivity, leading to non-linear increases in WVP. Consequently,
starch-based films may exhibit acceptable gas barrier performance under dry conditions
but suffer rapid barrier deterioration at moderate to high humidity. In addition, time-
dependent structural evolution imposes further constraints. Retrogradation, driven by
chain reassociation and recrystallization during storage, progressively increases stiffness
and brittleness while altering permeability and optical properties. Because this process
is strongly coupled to moisture content, it can undermine long-term performance even
when initial properties are adequate [11]. Collectively, these mechanisms highlight the
need to enhance hydrophobicity and moisture resistance in starch-based films, motivating
the targeted chemical, compositional, and structural modification strategies discussed in
the following section.

Table 2. Main limitations of native starch-based films and their molecular and structural origins.

Limitation Macroscopic
Manifestation

Molecular/
Structural Origin

Key Consequences for
Applications

High hydrophilicity Low WCA (<60◦); rapid
moisture uptake

High density of hydroxyl (–OH) groups
along amylose and amylopectin chains

promotes strong starch–water hydrogen
bonding

Poor resistance to humidity
and liquid water; unsuitable

for moist foods

High water solubility
Partial or complete

dissolution in aqueous
environments

Disruption of starch–starch hydrogen
bonds by water molecules; amorphous
regions highly accessible to diffusion

Loss of film integrity; limited
use in aqueous or

high-humidity conditions

High WVP Inefficient moisture barrier Hydrophilic polymer matrix with low
tortuosity and high free volume

Poor shelf-life protection in
food packaging

Brittleness Low EB; brittle fracture Strong intermolecular hydrogen bonding
and lack of flexible chain segments

Mechanical failure during
handling and processing

Low TS Limited load-bearing
capacity

Weak intermolecular cohesion under
hydrated conditions; plasticization by

absorbed water

Restricted use in structural or
protective packaging

Dimensional
instability

Swelling, shrinkage, and
warping under humidity

changes

Water-induced expansion of amorphous
regions and disruption of crystalline

domains

Poor shape retention during
storage and transport

Retrogradation
Increased stiffness, opacity,

and embrittlement
over time

Recrystallization and reassociation of
amylose and amylopectin chains

Deterioration of long-term
mechanical and barrier

properties

Plasticizer-induced
moisture sensitivity

Increased moisture
content and WVP after

plasticization

Hygroscopic nature of glycerol, sorbitol,
and PEG; enhanced water binding

Trade-off between flexibility
and water resistance

Plasticizer migration
Surface stickiness; loss of

mechanical properties
over time

Phase separation and diffusion of
low-molecular-weight plasticizers

Reduced durability and shelf
stability

Water vapor permeability (WVP); water contact angle (WCA); tensile strength (TS); elongation at break (EB);
polyethylene glycol (PEG).
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4. Composition Strategies for Improving the Hydrophobicity of
Starch-Based Films

Improving the hydrophobicity of starch-based films is a core objective for reduc-
ing moisture sensitivity while maintaining biodegradability and food-contact suitability.
Composition-based approaches act mainly at molecular and microstructural levels to lower
water affinity, limit diffusion pathways, or introduce low-surface-energy domains. The
main strategies include (i) chemical modification, (ii) incorporation of hydrophobic addi-
tives, (iii) reinforcement with fibers and nanostructured fillers, and (iv) polymer blending,
often combined to achieve synergistic gains in barrier and mechanical performance [47].
Table 3 links these approaches to the key limitations they address.

Table 3. Modification strategies to improve hydrophobicity of starch-based films.

Modification Strategy Targeted Limitation(s) Mechanism of
Improvement Improvements

Chemical crosslinking (e.g.,
citric acid)

High hydrophilicity; high
solubility; dimensional

instability

Formation of covalent ester
bonds reduces free

hydroxyl groups and
restricts chain mobility

↓ Water solubility
↓ WVP; ↑ WCA; improved

dimensional stability

Esterification with
long-chain reagents

Low water resistance; low
surface hydrophobicity

Substitution of –OH
groups with hydrophobic

alkyl chains; surface energy
reduction

WCA > 100◦

↓ moisture uptake

Grafting of hydrophobic
polymers

Poor barrier properties;
moisture sensitivity

Introduction of
hydrophobic side chains

and microphase separation
↑ WCA; ↓ WVP

Incorporation of natural
waxes (beeswax, candelilla) High WVP; low WCA

Formation of hydrophobic
domains and increased

surface roughness
↑ WCA; ↓ WVP

Incorporation of vegetable
or essential oils

High moisture uptake;
poor barrier properties

Reduction in hydrophilic
site accessibility;

disruption of hydrogen
bonding

↓ moisture content; ↓ WVP
(at optimal oil content)

Nanoparticle
reinforcement (ZnO, AgO)

High WVP; poor moisture
barrier

Increased tortuosity and
surface roughening; barrier

path elongation
↓ WVP; ↑ WCA

Cellulose nanocrystals Low mechanical strength;
high permeability

High crystallinity and
strong interfacial hydrogen

bonding increase matrix
tortuosity

↑ TS; ↓ WVP; moderate
↑ WCA

Cellulose nanofibrils Brittleness; poor
mechanical stability

Formation of entangled
fibrillar network

reinforcing matrix cohesion
↑ TS; ↓ moisture diffusion

Chemical modification of
fibers (e.g., tannic acid,

acid treatment)

Fiber-induced
hydrophilicity; interfacial

incompatibility

Reduction in surface
polarity and improved
fiber–matrix adhesion

↑ WCA; ↓ moisture
absorption

Hybrid strategies (e.g.,
wax + nanocellulose)

Multiple limitations
simultaneously

Synergistic effects
combining hydrophobic
domains and tortuous

diffusion pathways

↑ WCA; ↓ WVP; balanced
mechanical properties

Water vapor permeability (WVP); water contact angle (WCA); tensile strength (TS).
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4.1. Chemical Modification of Starch

Chemical modification is one of the most direct and effective routes to reduce the
intrinsic hydrophilicity of starch-based films. This approach relies on covalent alteration of
amylose and amylopectin chains, in which hydroxyl groups are partially substituted or
engaged in crosslinking reactions. By decreasing the number of free –OH groups available
for hydrogen bonding with water, chemical modification typically lowers moisture uptake,
water solubility, and WVP, while improving dimensional stability [13,21,47]. Table 4 sum-
marizes typical ranges of hydrophobicity and barrier performance for chemically modified
starch-based films reported in representative reviews. Because testing conditions and
formulations vary (e.g., humidity, temperature, thickness, and methodology), the values
should be interpreted as indicative trends rather than directly comparable benchmarks.

Table 4. Typical ranges of hydrophobicity and barrier performance reported for chemically modified
starch-based films.

Strategy WCA 1 WVP
(g m−1 s−1 Pa−1) 1 Impact Representative

Literature Review

Native TPS 20–60◦
1.2 × 10−7

—
8.3 × 10−5

Highly hydrophilic; poor
moisture barrier [57,75,76]

Citric acid (CA)
crosslinking 50–80◦ (1–4) × 10−10

Reduced solubility and
WVP at optimal CA content;
excessive CA may plasticize

[22,77–79]

Esterification
(short-chain, e.g.,

acetylation)
60–90◦ (0.8–3) × 10−10

Moderate hydrophobicity
improvement; depends on

degree of substitution
[80–82]

Esterification
(long-chain hydrophobic

moieties)
90–120◦ (0.5–2) × 10−10

Strong hydrophobicity;
increased surface roughness

and polarity reduction
[82,83]

Combined chemical
modification + mild

plasticization
70–100◦ (0.7–3) × 10−10 Balanced hydrophobicity

and flexibility [84]

Water vapor permeability (WVP); water contact angle (WCA). 1 The reported variability arises from differences in
test conditions and composition across the referenced studies.

Among the various chemical pathways explored, esterification and crosslinking with
polyfunctional organic acids have received sustained attention due to their effectiveness and
compatibility with food-contact requirements. Citric acid is the most extensively studied
crosslinker because it is bio-based, inexpensive, and of relatively low toxicity. Under
appropriate thermal conditions, citric acid reacts with hydroxyl groups on adjacent starch
chains to form ester linkages, producing a three-dimensional network that restricts chain
mobility and limits water diffusion through the film matrix [77]. Starch films crosslinked
with optimized levels of citric acid consistently exhibit reduced water solubility, lower
WVP, increased water contact angle, and improved resistance to dimensional changes
during humidity exposure. However, hydrophobicity enhancement is strongly dependent
on crosslink density and reaction efficiency. Excess citric acid can result in incomplete
esterification and residual carboxyl groups that act as secondary plasticizing sites, partially
offsetting gains in moisture resistance and mechanical stability [77–79]. Consequently,
precise control of formulation and processing conditions is essential.

Beyond citric acid, esterification with longer-chain hydrophobic moieties, such as fatty
acid derivatives or alkyl anhydrides, has been shown to further reduce surface polarity
and water affinity. These modifications often induce microphase separation and increased
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surface roughness, which together can yield water contact angles exceeding 100◦, a range
typically associated with highly hydrophobic [82,83]. While effective, such approaches may
require reactive reagents or organic solvents, raising concerns related to cost, scalability,
and regulatory acceptance for food packaging applications.

Alternative organic acids, including succinic, malic, and tartaric acids, have also been
investigated as crosslinkers. Although generally less efficient than citric acid due to lower
functionality, these acids can still improve moisture resistance and film integrity when com-
bined with optimized plasticizer systems [85]. More recently, dual-modification strategies,
such as combining mild esterification with phosphorylation, have been explored to balance
hydrophobicity enhancement with mechanical flexibility and film cohesion [13,86]. Overall,
chemical modification provides a powerful means of tuning starch hydrophilicity, but
its success depends on achieving an appropriate balance between reduced water affinity,
sufficient chain mobility, and retention of biodegradability and food-contact compatibility.

4.2. Incorporation of Hydrophobic Additives

Incorporation of hydrophobic additives is among the most scalable and industri-
ally attractive strategies for improving moisture resistance in starch-based films. Unlike
chemical modification, this approach preserves the native starch backbone and relies on
physical interactions, phase organization, and microstructural effects to limit water trans-
port [9,13,47]. Hydrophobic additives improve moisture resistance through three principal
mechanisms: (i) formation of low-surface-energy domains that increase surface hydropho-
bicity; (ii) partial shielding of hydrophilic hydroxyl groups; and (iii) increased tortuosity of
diffusion pathways for water vapor transport [13]. Effective performance depends critically
on additive type, concentration, particle or droplet size, and dispersion quality. Table 5
presents a comparative overview of the impact of selected hydrophobic additives on the
moisture resistance of starch-based films, based on findings reported in representative
literature reviews. The reported ranges reflect variations in test conditions and formulation
parameters and therefore should not be interpreted as directly comparable.

Table 5. Comparative overview of hydrophobic additives used to improve the moisture resistance of
starch-based films.

Hydrophobic
Additive Class WCA 1 WVP Reduction

(Mean Values) 1
Dominant

Mechanisms
Key

Advantages
Main

Limitations

Representative
Literature

Review

Natural waxes
(beeswax,
candelilla,
carnauba)

80–110
20–60%

(0.8–3.5) × 10−10

g·m−1·s−1·Pa−1

Surface-energy
reduction; surface

roughness;
hydrophobic domain

formation

Food-grade; strong
surface

hydrophobicity;
scalable

Phase separation;
brittleness at high

loading;
dispersion
challenges

[87,88]

Vegetable oils
(soybean,

sunflower, rice
bran)

60–95
15–45% (1.5–4.0) ×

10−10

g·m−1·s−1·Pa−1

Hydroxyl shielding;
partial plasticization;
hydrophobic phase

dispersion

Low cost; improves
flexibility; food
compatibility

Migration during
storage; limited

long-term barrier
stability

[89]

Essential oils
(clove, oregano,

geranium)
65–95

20–50% (1.2–3.8) ×
10−10

g·m−1·s−1·Pa−1

Hydrophobic
domains +

antimicrobial activity

Active packaging
functionality;

moderate
hydrophobicity

Volatility; aroma
transfer; stability

issues
[89]

Pickering-
stabilized lipid

systems
90–120 40–70%

Stable hydrophobic
domains; controlled
spatial distribution

Superior dispersion;
improved stability

More complex
formulation [87,88]

Hydrophobic
nanoparticles
(ZnO, SiO2,

organoclays)

80–120
30–70%

(0.7–2.5) × 10−10

g·m−1·s−1·Pa−1

Diffusion-path
tortuosity; surface

roughening

Strong bulk barrier
improvement;

multifunctionality

Agglomeration
risk; opacity;
regulatory
concerns

[90]
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Table 5. Cont.

Hydrophobic
Additive Class WCA 1 WVP Reduction

(Mean Values) 1
Dominant

Mechanisms
Key

Advantages
Main

Limitations

Representative
Literature

Review

Carbon-based
nanomaterials
(CNFs, CNCs,

MMT, O-MMT)

85–120
40–75%

(0.6–2.0) × 10−10

g·m−1·s−1·Pa−1

High-aspect-ratio
tortuosity; interfacial

reinforcement

Excellent WVP
reduction at low

loadings

Cost; dispersion
difficulty;

sustainability
concerns

[91]

Multilayer/
gradient

architectures
90–120 35–65% Surface-localized

hydrophobicity

High WCA with
low additive

content

Additional
processing steps [92]

Cellulose Nanofibers (CNFs); Cellulose Nanocrystals (CNCs); Natural Montmorillonite (MMT); Organically
Modified Montmorillonite (O-MMT). 1 The reported variability arises from differences in test conditions and
composition across the referenced studies.

4.2.1. Waxes, Lipids, and Oils

Barrier performance against water vapor, oxygen, carbon dioxide, and aroma com-
pounds is critical for food preservation. Natural waxes and lipid-based additives are widely
used due to their strong water-repellent character, biodegradability, and food-grade status.
Commonly studied waxes include beeswax, candelilla wax and carnauba wax. When well
dispersed, these materials form discontinuous hydrophobic domains that reduce surface
energy and hinder water vapor diffusion, often yielding water contact angles above 90◦

and significant reductions in WVP [88,89]. Vegetable oils and essential oils also improve
water resistance by shielding hydroxyl groups and disrupting hydrogen-bonded starch
networks. At moderate loadings, oils can simultaneously reduce WVP and increase film
flexibility through a secondary plasticizing effect [47,89]. Essential oils additionally impart
antimicrobial and antioxidant functionality, making them attractive for active packaging
applications [93]. However, excessive lipid content may cause phase separation, lipid
migration, and long-term instability, underscoring the need for controlled formulation and
processing [47,89].

4.2.2. Organic Nanofillers

The use of nanoparticles (NPs) as polymer fillers is an established approach to en-
hance material properties at low filler loadings, with smaller, well-dispersed particles
exerting stronger effects due to increased polymer–filler interfacial area [18]. NPs are
commonly classified as inorganic (e.g., ZnO, TiO2, SiO2, MgO, CuO, ZrO2 NPs; nanoclays,
such as montmorillonite, kaolinite; and halloysite nanotubes) or organic nanofillers (e.g.,
starch nanocrystals (SNC); starch nanoparticles (SNP); cellulose nanofibers (CNF); chitosan
nanoparticles), or alternatively by their geometry and number of nanoscale dimensions.
These nanomaterials provide a complementary route to starch-based films hydrophobicity
enhancement by improving bulk barrier properties rather than surface chemistry alone.

Starch-based nanofillers has been shown to markedly improve mechanical strength,
thermal stability, moisture resistance, oxygen barrier properties, and biodegradation be-
havior of starch-based films [94]. Starch nanocrystals (SNCs) are crystalline fragments
formed by the removal of amorphous regions from starch granules and possess at least one
nanoscale dimension (<100 nm). They can be derived from various botanical sources using
several methods, most commonly sulfuric acid hydrolysis. However, this conventional
approach is limited by aggregation, long processing times, low yields, and environmental
concerns that hinder industrial implementation [18]. Thus, alternative production methods
have been explored, including physical treatments (e.g., ultrasonication [95]; stirred media
milling [96]; and high-pressure homogenization [97], and hybrid processes combining acid
hydrolysis with mechanical or enzymatic treatments [98–102]. According to Oliveira et al.
(2018) [103], the addition of 5% SNC to mango kernel starch film increased their TS and E
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in about 90% and 120% respectively and reduces their WVP in about 15%. On the other
hand, the film EAB has been reduced to half the one for the unfilled film.

Chitosan nanoparticles, derived from chitin-modified chitosan, and synthesized using
techniques such as tripolyphosphate crosslinking and emulsification, are effective bio-
composite nanofillers due to their biodegradability, nontoxicity, and intrinsic antimicrobial
activity. These fillers enhance gas and moisture barrier performance, thermal stability,
mechanical strength, and antimicrobial efficacy of starch-based films, enabling shelf-life
extension of perishable foods without synthetic preservatives [104,105]. For instance, Liu
et al. (2023) [106] enhanced the hydrophobicity of corn starch films by incorporating
oxidized debranched starch/chitosan nanoparticles. Films containing 3% nanoparticles
exhibited a 3.6-fold increase in water contact angle (70◦ vs. 19.4◦) compared with pure
starch films, alongside markedly improved ultraviolet and light barrier properties.

4.2.3. Inorganic Nanofillers

Inorganic nanoparticles (e.g., ZnO, TiO2, SiO2, MgO, CuO, ZrO2) are also widely inves-
tigated to enhance hydrophobicity of starch-based films [18]. When uniformly dispersed,
these fillers significantly reduce WVP and can moderately increase WCA by increasing
surface roughness and creating longer diffusion pathways. ZnO and TiO2 additionally
provide antimicrobial and UV-protective functions, enhancing multifunctionality. However,
nanoparticle aggregation can reduce TS and YM by forming rigid domains and decreasing
interfacial contact [107]. Homogeneous dispersion is typically achieved through mechanical
mixing techniques or ultrasonic sonication [18].

ZnO NPs have received more attention than other metal oxide nanomaterials. Anu-
grahwidya et al. (2022) [108] demonstrated that the incorporation of ZnO NPs enhanced the
TS of starch films and extended bread shelf life. In a related study, ZnO NPs combined with
fennel essential oil in cast potato starch films improved barrier performance by reducing
water vapor and oxygen permeability while increasing TS [109]. The incorporation of
TiO2 NPs into sago starch films increased TS and reduced EAB, water vapor, and oxygen
permeability [110]. In another study, ZrO2 NPs combined with encapsulated essential oil
improved the antioxidant, antibacterial, and mechanical properties of potato starch–apple
peel films and extended quail meat shelf life by reducing moisture and WVP [111].

Carbon-based nanomaterials, including graphene oxide and carbon nanotubes, exhibit
particularly strong barrier enhancement at low loadings due to their extremely high aspect
ratio [18]. However, their effectiveness depends critically on surface functionalization
and dispersion state, as oxygen-containing groups may introduce competing hydrophilic
interactions. Agglomeration at higher nanoparticle contents leads to microstructural defects
and diminished performance. Consequently, surface modification, compatibilizers, and
optimized processing are essential to maximize barrier efficiency while preserving optical
clarity and mechanical integrity [112].

Nanoclays (nanoscale lamellar silicates) represent a particularly effective class of
nanofillers for addressing the limitations of starch-based matrices. Owing to their low cost,
biocompatibility, and wide availability, nanoclays are extensively used in biodegradable
films and coatings, as well as in synthetic polymer films, to enhance barrier performance
and thermal stability [18]. Even low nanoclay loadings can reduce gas permeability in
polymer films by factors ranging from 50 to 500 [113]. For instance, Ren et al. (2018) [114]
showed that incorporating halloysite nanoclay into potato TPS films improved thermal
stability and reduced moisture content irrespective of plasticizer type, while glycerol
enabled better nanotube dispersion and greater TS enhancement than sorbitol due to
stronger hydrogen bonding.
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4.3. Reinforcement with Natural Fibers and Nanocellulosic Materials

Cellulose is the most abundant natural polysaccharide, consisting of linear β-(1→4)-
linked D-glucose chains whose extensive hydrogen bonding imparts a highly crystalline
structure. It is the primary structural component of plants, algae, and bacteria and can be
sourced from trees, plant residues, and agricultural waste. In nature, cellulose assembles
hierarchically from protofibrils into microfibrils and ultimately into fibers, with crystallinity
stabilized by hydrogen bonding and van der Waals interactions, while amorphous regions
arise from molecular disorder [18]. This polysaccharide has attracted significant attention
in the form of cellulose nanomaterials, including cellulose nanocrystals (CNCs), cellulose
nanofibrils (CNFs), and bacterial nanocellulose (BNC) to improves the functional perfor-
mance of starch-based films primarily through microstructural densification and increased
diffusion tortuosity rather than intrinsic chemical hydrophobicity. The ranges in Table 6
arise from differences in testing conditions and formulation parameters and are therefore
not directly comparable.

Table 6. Typical effects of cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) on hy-
drophobicity and mechanical properties of starch-based films.

Nanocellulose WCA 1 WVP 1

(g·m−1·s−1·Pa−1)
TS 1

(MPa) Mechanisms Representative
Literature Review

CNCs 65–95◦ (0.8–3.0) × 10−10 5–35
↑ tortuosity; high

crystallinity restricts
diffusion pathways

[26]

CNFs 60–90◦ (1.0–3.5) × 10−10 10–45
Entangled fibrillar

network; strong interfacial
bonding and stress transfer

[26,115]

Water vapor permeability (WVP); water contact angle (WCA); tensile strength (TS). 1 The reported variability
arises from differences in test conditions and composition across the referenced studies.

CNFs typically have diameters of approximately 2–20 nm and lengths extending to
several micrometers, with dimensions largely determined by their source, while CNFs
contain both crystalline and amorphous regions and are commonly produced through high-
shear mechanical treatments such as high-pressure homogenization, microfluidization, or
grinding of cellulosic materials [116,117]. Overall, CNCs reduce WVP through their high
crystallinity and rigid morphology, whereas CNFs form entangled networks that enhance
TS and toughness [117].

Surface modification of fibers, through alkaline treatment or polyphenol functional-
ization, reduces surface polarity and improves fiber–matrix adhesion, leading to lower
moisture uptake and improved durability [115]. However, excessive fiber loading may
increase water affinity and induce aggregation, necessitating careful optimization. Potato
starch films reinforced with pineapple leaf CNFs (3% w/w) exhibited enhanced UV resis-
tance and improved water barrier properties [118]. Similarly, the addition of just 0.4 wt%
henequen CNFs to TPS films increased TS and YM by 80% and 170%, respectively, while
reducing water vapor and oxygen permeability by 86% and 94% [119].

4.4. Polymer Blending

Polymer blending represents another widely used composition strategy. Blending
TPS with biodegradable polymers such as poly(lactic acid), poly(caprolactone), poly(vinyl
alcohol), polyhydroxyalkanoates, or chitosan can substantially reduce moisture sensitivity
and improve mechanical performance [15]. Chang et al. (2021) [120] reported that multi-
layer films based on glycerol-plasticized corn starch, maleated starch, and poly(butylene
adipate-co-terephthalate) improved moisture and oxygen barrier properties by 86.8% and
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74.3%, respectively, compared with neat starch films. Similarly, Trinh (2021) [33] showed
that multilayer films incorporating maleated starch, nanoclay, corn starch, and poly(lactic
acid) achieved moisture and oxygen barrier improvements of 1300% over native starch
films and 3300% over poly(lactic acid) films, respectively. Hydrophobic phases impede
water diffusion and may form surface-enriched layers during processing, further enhanc-
ing barrier properties [47,71]. However, immiscibility and weak interfacial adhesion often
necessitate compatibilization strategies to achieve consistent performance.

Blends of chitosan with starches from various botanical sources have been extensively
investigated. Overall, the combination of chitosan with starch—particularly starches with
high amylose content—promotes the formation of strong intermolecular hydrogen bonds,
leading to films with enhanced structural stability relative to their respective monolayer
counterparts [121]. Incorporation of chitosan generally improves the mechanical perfor-
mance and water barrier properties of starch-based films [122]. In corn starch–chitosan
films, the addition of chitosan (degree of deacetylation 88%) results in increased TS and
EAB, alongside reductions in YM and WVP compared to neat starch films [123]. Con-
sistent trends are also observed in solubility behavior. Fonseca-García et al. (2021) [124]
reported water solubility values of 21% for starch films and 76% for chitosan films (degree
of deacetylation ≥75%), whereas blended films exhibited an intermediate solubility of 42%.
A comparable intermediate behavior was likewise observed for water vapor permeability.

5. Processing Strategies for Improving the Hydrophobicity of
Starch-Based Films

Variations in dispersion quality, phase morphology, and polymer-chain mobility in-
troduced during processing can dominate moisture transport and mechanical response
of starch-based films. Consequently, hydrophobicity enhancement must be understood
not only as a compositional issue but also as a processing-controlled structure–property
problem [47].

5.1. Homogenization of the Film-Forming System

Homogenization governs the spatial distribution of plasticizers, hydrophobic ad-
ditives, and nanofillers within the starch matrix and is therefore a key determinant of
microstructural uniformity. Insufficient homogenization leads to large droplets, filler ag-
glomeration, and interfacial discontinuities that act as preferential pathways for moisture
diffusion. In contrast, effective homogenization improves phase continuity and increases
diffusion tortuosity, resulting in reduced WVP and enhanced surface hydrophobicity [9,124].
Several homogenization techniques have been optimized and evaluated for their effects on
the hydrophobicity and barrier properties of starch-based films. Representative literature
review is summarized in Table 7.

Rotor–stator mixing provides moderate shear and is suitable for simple formulations
but often yields coarse dispersions in systems containing lipids or nanoparticles. High-
pressure homogenization and ultrasonic treatment generate finer, more stable dispersions
through intense shear and cavitation, promoting stronger interfacial interactions and
more homogeneous polymer networks. However, excessive energy input may induce
chain scission or reaggregation, underscoring the need for process optimization tailored to
formulation complexity [115,125–127].
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Table 7. Comparison of homogenization techniques used in the preparation of starch-based film-
forming solutions and their effects on hydrophobicity and barrier properties.

Homogenization
Technique

Shear/Energy
Input Main Functions

Effects on Film
Microstructure and

Hydrophobicity

Key
Advantages

Main
Limitations

Representative
Literature

Review

Rotor–Stator
Homogenization

Low–moderate
shear

Mixing, coarse
dispersion,

emulsification

Relatively large droplets
or particles; possible

heterogeneity in
multiphase systems

Limited improvement in
hydrophobicity; moderate

or inconsistent WVP
reduction

Simple, low
cost, easy
scale-up

Insufficient
dispersion for

lipids/
nanofillers;
aggregation

risk

[126]

High-Pressure
Homogenization

(HPH)

High shear,
turbulence,
cavitation

Fine
emulsification,

droplet size
reduction,
interfacial

stabilization

Uniform microstructure;
small and stable lipid

droplets
Significant increase in
WCA; marked WVP

reduction

Excellent
dispersion;

reproducible
barrier

improvement

High energy
consumption;

equipment cost
[115,125]

Ultrasonic
Homogenization

Localized very
high energy

(acoustic
cavitation)

Nanofiller
dispersion,

deagglomeration,
emulsification

Improved nanoparticle
distribution; increased

diffusion tortuosity
Moderate–high WVP

reduction; indirect
hydrophobicity
enhancement

Highly effective
for nanocom-

posites;
lab-scale
precision

Risk of polymer
degradation;

limited
scalability

[127]

Water vapor permeability (WVP); water contact angle (WCA).

5.2. Thermal and Shear Treatment During Film Formation

Thermal and shear conditions during casting, extrusion, or thermocompression di-
rectly control starch gelatinization, plasticizer distribution, and additive dispersion. Ade-
quate thermo-mechanical input disrupts native granule structure and promotes formation
of a continuous TPS network, improving barrier uniformity. Conversely, excessive tem-
perature or shear may cause molecular degradation, plasticizer volatilization, or phase
separation, resulting in inferior mechanical and barrier properties [15,115].

5.3. Post-Drying Conditioning and Physical Aging of Films

Post-processing conditions determines whether hydrophobicity enhancements achieved
during formulation and starch-based film formation are preserved or lost over time. Ac-
cordingly, conditioning protocols should be explicitly reported and standardized when eval-
uating structure–property relationships in starch-based films. Relative humidity (RH) and
temperature during storage strongly influence moisture sorption, retrogradation (physical
aging), plasticizer redistribution, and phase reorganization, all of which affect hydrophobic-
ity and permeability of starch-based films. Conditioning under controlled or low relative
humidity promotes matrix densification and stabilizes hydrophobic domains, improving
reproducibility of WVP and mechanical properties. In contrast, high humidity accelerates
water uptake, increases chain mobility, and degrades barrier performance [15,115].

Controlled-storage studies on films from different starch sources show that crys-
tallinity, Tg, and WVP evolve significantly over weeks to months, and that the direction
and magnitude of WVP change depend strongly on plasticizer level and storage conditions
(RH, temperature) [128,129]. More recent aging studies further confirm that retrogradation
at different temperatures produces measurable, time-dependent shifts in barrier and me-
chanical properties, illustrating that “best” performance immediately after processing may
not be the “stable” performance relevant to packaging service conditions [129].

Plasticizer migration and redistribution is another major durability risk, particularly in
glycerol-plasticized TPS. Glycerol and water act as coupled plasticizers: changes in ambient
RH drive moisture sorption/desorption, which modifies local mobility and can create
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concentration gradients that promote plasticizer redistribution. This not only alters bulk
permeability (via free volume and chain mobility), but can also change surface composition,
shifting WCA over time. If glycerol enriches at the surface (or if water is sorbed at high
RH), surface energy tends to increase and WCA decreases; conversely, plasticizer loss to
the environment or inward redistribution can yield transient increases in WCA that do not
necessarily correspond to improved bulk barrier performance [130].

Storage temperature fluctuations further intensify these effects by accelerating diffu-
sion kinetics and shifting sorption equilibria. Temperature cycling can increase molecular
mobility intermittently, amplifying retrogradation, enabling faster plasticizer redistribution,
and destabilizing dispersed hydrophobic phases or interfacial architectures formed during
processing. In practical packaging scenarios—where films experience variable temper-
atures (e.g., warehouse → transport → retail)—durability must therefore be evaluated
under application-relevant thermal and humidity histories. The sensitivity of starch-based
films to RH and temperature, including associated changes in permeability and mechanical
behavior, has been repeatedly highlighted as a central barrier to reliable service perfor-
mance [131].

Durability concerns are particularly acute for processing-enabled hydrophobicity
strategies that rely on microstructural organization rather than permanent chemical
fixation—such as surface-enriched lipids/waxes, emulsified oils, or percolated filler net-
works. During aging, dispersed hydrophobic domains can coarsen (Ostwald ripen-
ing/coalescence), bloom to the surface, or reorganize under humidity-driven plasticization,
leading to drift in both WCA and WVP. Similarly, nanofiller-based tortuosity effects can
weaken if interfacial regions restructure or if moisture disrupts filler–matrix interactions,
especially in systems lacking strong compatibilization. These considerations imply that
claims of “enhanced hydrophobicity” should be supported not only by initial WVP/WCA
measurements, but also by retention metrics (e.g., ∆WCA and ∆WVP after defined storage
periods, humidity conditioning, and temperature cycling), alongside structural diagnos-
tics (DSC/XRD for retrogradation, gravimetry/DMA for mobility changes, and surface-
sensitive analyses for compositional drift).

6. Scale-Up Feasibility, Industrial Compatibility, Cost, and
Process Stability

While numerous strategies markedly improve the hydrophobicity of starch-based films
at laboratory scale, their industrial relevance depends on compatibility with continuous
processing, economic feasibility, long-term property stability, and compliance with food-
contact regulations. In this context, scale-up feasibility is closely tied to the processing route.

Solution casting offers high formulation flexibility but is limited by solvent handling,
drying energy demands, and batch variability, whereas melt-based technologies—such
as extrusion, blown-film extrusion, thermocompression, and coextrusion—are inherently
more compatible with industrial throughput and quality control requirements [61,63].
Among these, extrusion-based routes are particularly attractive because they enable con-
tinuous film production and in-line compounding of plasticizers, compatibilizers, and
additives. Improved barrier and processing performance of extruded TPS films has been
achieved through careful control of melt rheology and plasticizer chemistry [61]. Reactive
extrusion further enables solvent-free chemical modification, including citric-acid-mediated
crosslinking, offering an industrially viable route to network fixation and moisture resis-
tance, if residence time, moisture content, and thermal history are tightly controlled to
avoid degradation or discoloration [129,130].

Hydrophobic additives, including waxes, lipids, and oils, are among the most indus-
trially accessible approaches because they preserve the native starch backbone and can
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be readily incorporated by compounding. However, their scalability is frequently limited
by dispersion control and long-term morphological stability. Droplet coalescence, phase
separation, and additive blooming can induce surface heterogeneity and time-dependent
drift in WCA and WVP, particularly under humidity and temperature fluctuations. Conse-
quently, scalable additive-based strategies typically require compatibilization or multilayer
architectures that physically stabilize hydrophobic domains.

Reinforcement with nanofillers can substantially enhance barrier properties through in-
creased diffusion tortuosity and matrix densification, yet industrial feasibility is constrained
by supply-chain maturity, production cost, and energy intensity. This is particularly evident
for nanocellulosic reinforcements, whose large-scale adoption is limited by high capital and
energy requirements for fibrillation, viscosity constraints at high solids content, and the
need for consistent quality across batches [131,132]. Accordingly, nanofiller strategies are
most scalable when based on low-cost feedstocks, industrially viable dispersion methods,
and demonstrable long-term property retention.

Multilayer and multiphase film architectures represent one of the most robust scale-up
pathways, as they are compatible with coextrusion, lamination, and coating operations
already established in the packaging industry. Multilayer TPS/PLA and TPS/PBAT systems
fabricated through scalable processing routes have shown simultaneous improvements
in moisture and oxygen barrier performance while maintaining mechanical integrity and
transparency [133,134].

7. Practical Packaging Applications and Regulatory Considerations
Scalable starch-based packaging materials must balance durable hydrophobicity, con-

trolled gas permeability, process compatibility, and regulatory compliance, rather than
maximize any single performance metric. For moisture-sensitive dry foods (e.g., cereals,
powders, bakery snacks), low WVP is required to prevent caking and texture loss. For
oxygen- and aroma-sensitive products (e.g., nuts, coffee), oxygen transmission rate be-
comes the dominant design parameter, making nanofillers, nanoclays, and multilayer or
blended architectures particularly relevant, provided dispersion stability and humidity
resistance [135].

Packaging materials intended for food contact are regulated under Regulation (EC)
No 1935/2004 [136], which requires food-grade components and limits harmful migration;
while native starch is generally regarded as safe, plasticizers and chemical modifications
must be carefully controlled, as low-molecular-weight additives may migrate and affect
both food quality and long-term material performance.

8. Conclusions
This review highlights that the intrinsic hydrophilicity of starch-based films—rooted

in the high density of hydroxyl groups and the supramolecular organization of amylose
and amylopectin—poses significant limitations in terms of moisture sensitivity, barrier
performance, and mechanical stability. Over the past decade, substantial progress has been
made in addressing these limitations through chemical, physical, and structural modifica-
tion strategies, including: (i) chemical modification (especially esterification/crosslinking),
which most directly reduces hydrophilicity and improves WCA and barrier performance
but must be carefully controlled to avoid losses in flexibility, processability, or food-contact
compliance; (ii) hydrophobic additives (waxes, oils, lipids), which can raise surface hy-
drophobicity and lower WVP, although performance depends on compatibility and disper-
sion and may be undermined by phase separation; and (iii) fiber/nanocellulose reinforce-
ment, which improves tortuosity and mechanical integrity and can support moisture-barrier
gains, particularly when fibers are surface-modified.
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Overall, no single strategy fully overcomes native starch limitations. The most ef-
fective systems reported from 2015–2025 are hybrid formulations combining chemical
modification with hydrophobic phases and nanostructured reinforcements, leveraging
complementary mechanisms to achieve better hydrophobicity, balanced mechanics, and
retained biodegradability.

Future research should therefore prioritize the rational design of synergistic starch-
based systems, with particular emphasis on interfacial chemistry, dispersion control,
and the coupling of hydrophobicity enhancement with long-term mechanical and bar-
rier stability. Additionally, scalable processing routes, life-cycle assessment, and perfor-
mance evaluation under realistic service conditions will be essential to bridge the gap
between laboratory-scale developments and industrial implementation. Through such
integrated and application-oriented approaches, starch-based films can progress from
promising biodegradable materials to viable alternatives for sustainable packaging and
related applications.
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