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Abstract

Reducing the consumption of single-use plastics is becoming reality in today’s society. More than 300 million tons
of plastic waste are generated annually globally, with a significant portion coming from disposable food packaging.
The development of sustainable paper-based packaging coated with biopolymers has gained prominence in the
packaging sector due to its biodegradability, non-toxicity and biocompatibility properties. These materials offer
additional advantages, such as resistance to moisture and oxidation, which increases the durability of packaged food
products. Improving the knowledge and their applications are essential to ensure the sustainability of production
processes and meet growing environmental and economic demands. However, ongoing research is needed to overcome
challenges such as production scalability and the high cost of some biopolymers in order to ensure their viability on
a large scale. Additionally, it has the potential to stimulate innovation in the packaging industry, offering solutions
that align sustainability and competitiveness in the market.
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1. INTRODUCTION

The increasing demand for sustainable alternatives in the
packaging sector has intensified efforts to replace petroleum-
based materials, particularly in food and cosmetic applications.
Conventional plastic packaging, widely used due to its low
cost and versatility (Reichert et al., 2020; Vera et al., 2023),
presents significant environmental challenges, including
limited recyclability and persistence in the environment
(Hai et al., 2024). It is estimated that over 300 million tons
of plastic waste are generated annually worldwide, with a
significant portion attributed to single-use packaging for
food products. In this context, fiber-based materials such as
paper and paperboard have emerged as promising alternatives
due to their renewability, biodegradability, and established
recycling infrastructure (Asgher et al., 2020; Hadidi et al.,
2022; Mangaraj et al., 2019; Vera et al., 2023).

Pulp-based packaging, exemplified by materials such as
cardboard, kraft or sack kraft, has become a tangible and viable

presence on the market. However, paper-based packaging
exhibits inherent limitations related to its hydrophilic
nature, resulting in poor resistance to water, water vapor,
and grease, as well as reduced mechanical performance
under wet conditions (Dai et al., 2021; Nowacka et al., 2018;
Peng et al., 2024). These drawbacks restrict its application
in more demanding packaging systems. To overcome these
limitations, the application of barrier coatings is essential to
enhance functional properties, such as moisture resistance,
gas barrier performance, and product preservation throughout
storage and distribution (Ahuja; Samyn; Rastogi, 2022;
Jahangiri; Mohanty; Misra, 2024).

Traditionally, these barrier properties have been achieved
using synthetic polymers and aluminum-based materials, which
significantly compromise the recyclability and biodegradability
of paper packaging (Despond; Espuche; Domard, 2001;
Jietal., 2020; Zhang; Britt; Tung, 2001). As a result, increasing
attention has been directed toward the use of biopolymer-based
coatings as sustainable alternatives. Biopolymers, including
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polysaccharides, proteins, and lipids, offer advantages such
as biodegradability, low toxicity, and potential compatibility
with paper substrates (Jafarzadeh; Jafari, 2021; Liu et al., 2021;
Moeini et al., 2021; Reichert et al., 2020).

Despite the growing number of studies on biopolymer-based
coatings, existing reviews tend to address these materials broadly
within the context of food packaging or biodegradable films,
without systematically comparing their barrier performance,
mechanical behavior, and technological readiness specifically
when applied as coatings on paper substrates. Challenges
related to moisture sensitivity, scalability, and performance
trade-offs under realistic processing conditions remain
insufliciently addressed. Therefore, this review critically
examines biopolymer-based coatings with a specific focus on
their barrier and mechanical performance when applied to
paper packaging, their current limitations, and their proximity
to industrial implementation. Key challenges are identified
and perspectives for the development of more efficient and
sustainable coating systems are discussed.

2.METHODOLOGY OF LITERATURE SURVEY

This review was conducted based on a structured literature
survey aimed at identifying and analyzing recent advances in
biopolymer-based coatings for paper packaging applications.
Scientific publications were retrieved from major academic
databases, including ScienceDirect, Google Scholar, and Web
of Science.

The search strategy was based on combinations of relevant
keywords such as “paper packaging’, “biopolymer coatings”,
“barrier properties’, “starch’, “chitosan’, “cellulose derivatives”,
“polylactic acid”, “lignin’, and “tannin” The selection of papers
focused primarily on publications from the last 10-15 years,
in order to reflect the current state of development in the
field. Studies were included based on their direct relevance
to biopolymer coatings applied to paper or paperboard
substrates, with emphasis on works reporting quantitative
barrier or mechanical data. Review articles were also
considered when providing relevant comparative analyses.
Studies focused exclusively on films or coatings for non-
cellulosic substrates, as well as works unrelated to packaging
applications, were excluded.

3. PAPER PACKAGING AND
BIO-BARRIERS

3.1. Paper for packaging

Paper and paperboard have emerged as preferred
substrates for sustainable packaging due to their renewability,
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biodegradability, and compatibility with existing recycling
infrastructure (Asgher et al., 2020; Mangaraj et al., 2019;
Vera et al., 2023). However, the inherent hydrophilic nature
of cellulosic fibers results in poor resistance to water, water
vapor, and grease, significantly limiting the performance
of untreated paper in demanding packaging applications
(Dai et al., 2021; Nowacka et al., 2018; Peng et al., 2024).
The porous fiber network further facilitates the permeation
of gases and moisture, which is particularly critical in food
packaging where barrier integrity directly affects product quality
and shelf life. To address these limitations, the application
of functional coatings has become a central strategy, driving
growing research interest in bio-based alternatives derived
from natural polymers.

Additionally, the porous fiber network of paper facilitates
the permeation of gases, water vapor, and grease, significantly
compromising its barrier properties. These limitations are
particularly critical in applications such as food packaging,
where resistance to moisture, oxygen, and oil is essential to
ensure product quality and shelf life, rendering untreated
paper unsuitable for many high-performance applications
(Ji et al., 2020). To address these challenges, the application
of coatings has emerged as a key strategy to enhance both
barrier and mechanical properties, driving increasing research
efforts toward the development of bio-based coatings derived
from natural polymers, including starch, alginate, chitosan,
and proteins (Guillaume et al., 2010; Li et al., 2019, 2017;
Wang; Jing, 2017; Xie et al., 2021). Although these systems have
demonstrated promising improvements, their effectiveness
remains constrained by intrinsic factors such as hydrophilicity,
coating uniformity, and interfacial interactions with the paper
substrate, underscoring the need for further advances toward
more efficient and scalable solutions.

3.2. Packaging barriers

Polymeric coatings on paper substrates are applied through
different industrial techniques, including extrusion, dispersion,
and solution-based systems, enabling the formation of coated,
multilayered, and laminated structures suited to diverse
packaging requirements (Rastogi; Samyn, 2015). Conventional
coatings based on polyethylene (PE) and polyethylene
terephthalate (PET) offer cost-effective moisture and gas
barriers but present significant end-of-life challenges, including
degradation times of up to 300 years and incompatibility with
paper recycling streams (Despond; Espuche; Domard, 2001;
Jietal, 2020; Raheem, 2013; Zhang; Britt; Tung, 2001). These
limitations have accelerated the transition toward bio-based
coating alternatives, increasingly evaluated through life cycle
assessment (LCA) to ensure that improvements in barrier
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performance are accompanied by genuine environmental
benefits (Basak; Dangate; Samy, 2024a).

Biodegradable biopolymers such as PLA, PHA (including
PHBYV), PCL, starch, and chitosan have been widely studied
and, in some cases, commercially applied as coatings for
paper packaging (Cheng et al., 2024; Nath et al,, 2023).
Thermoplastic biopolymers such as PLA and PHB can be
processed industrially mainly through extrusion, although
adaptations are required to improve thermal stability and
properties (Jahangiri; Mohanty; Misra, 2024; Rastogi;
Samyn, 2015). In contrast, non-thermoplastic polymers,
such as polysaccharides and proteins, are typically applied
via dispersion- or solvent-based coating techniques, which
may involve higher energy consumption and limitations for
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large-scale production. Starch, an abundant and low-cost
polymer, is often modified and combined with other polymers
(e.g., PVOH) to improve its barrier performance (Cheng
et al,, 2021). PLA is commercially used to coat paper and
paperboard, although its barrier to oxygen and water vapor
is limited and depends on its crystallinity (Farah; Anderson;
Langer, 2016; Kunam et al., 2024), while chitosan is also
applied as a coating for food packaging applications (Gal;
Rahmaninia; Hubbe, 2023; Tan et al., 2023).

The barrier and mechanical performance of different
bio-based coatings and modified papers reported in the
literature are summarized in Table 1. The data highlight
the tensile, and barrier properties achieved with different
composite systems.

Table 1. Comparative performance of biopolymer-based coatings for paper packaging applications.

Tensile

Properties/Materials

Cobb

KIT Test WVTR WVP

strength (MPa)
Cationic starch

Cationic starch / 5 wt% bentonite
Cationic starch / 7 wt% bentonite

Cationic starch / 10 wt% bentonite

Pickering emulsion ~18
Pickering emulsion/4%PLA ~17
Pickering emulsion8%PLA ~16
Pickering emulsion/12%PLA ~16
Soy protein isolate/glycerol ~1.5-3.0
Soy protein isolate/glycerol/5%tannin ~1.7-3.5
Soy protein isolate/glycerol/10%tannin ~2.0-3.5
Soy protein isolate/glycerol/15%tannin ~2.0-3.0
Chitosan nanocomposite =
Montmorillonite/chitosan nanocomposite =
Poly(butylene adipateco-terephthalate) 45
(PBAT)

PBAT/10%unmodified lignin ~50
PBAT/10%esterified lignin ~60
PBAT/50%unmodified lignin ~45
PBAT/50%esterified lignin ~45

Polyvinyl alcohol/alkyl ketene dimer
(PVA/AKD)

PVA/AKD/3%Nanoclay
PVA/AKD/5%Nanoclay
PVA/AKD/10%Nanoclay

The data in Table 1 highlight the trade-offs between
barrier performance and material properties in biopolymer
coatings applied to paper substrates. Starch-based coatings,
widely used in surface sizing, improve mechanical strength
and grease resistance; however, their hydrophilic nature results
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(gm?)  (1-12) (g/m’day) (10'%gs'mipat) References
189 10 ~1200 -
~100 6 ~1250 - Santos et al.
114 12 ~1200 - (2023)
~60 4 ~1100 -
- 9 - -
. 9 . - Peng et al.
- 10 - ~3.5 (2024)
- 9 - -
- - - ~4,0 - 3.5
- - - ~4.5-3.5 Wang &
- - - ~4.5-3.7 Wang (2017)
- - - ~5.0 - 4.0
- - ~2520 - Wang & Jing
_ _ ~2500 _ (2017)
~27 1 - -
~22 3 - - Shorey &
~20 4 ; ; Mekonnen
(2022)
~25 4 - -
~16 5 - -
~22 12 1.90 e
~24 12 1.47 = Shen et al.
(2021)
~24 12 1.26 -
~24 12 1.48 =

in limited water vapor barrier performance, often requiring
chemical modification or combination with hydrophobic
components to enhance moisture resistance. Similarly,
chitosan coatings exhibit excellent oxygen barrier properties
and strong interactions with cellulose fibers, but their high
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affinity for water leads to reduced water vapor resistance,
limiting their performance under humid conditions. Among
the reviewed systems, PVA/AKD-based coatings combined
with nanoclay demonstrated the most competitive water vapor
barrier performance, while PBAT/esterified lignin blends
showed promising grease resistance alongside improved
tensile properties. These results underscore the importance
of hybrid and composite approaches in overcoming the
intrinsic limitations of individual biopolymers, and highlight
the need for standardized testing protocols to enable more
robust cross-study comparisons.

3.3. Biopolymers as coating

In recent years, biopolymers (from renewable sources) have
been explored for potential use as biodegradable coatings for
paper packaging. Compared to traditional synthetic polymers,
biopolymer-based materials, including polyesters, proteins,
polysaccharides, and their blends, offer environmental benefits
such as recyclability and reusability (Basak; Dangate; Samy,

Figure 1. Starch types and sources in different plant species.

Chemically, starch consists of two main polysaccharides:
amylose, a highly linear structure composed of a-(1-4) linked
glucopyranosyl units, and amylopectin, a highly branched
molecule containing a-D-(1>4) linked glucopyranosyl
units with a-D-(1->6) branch points (Takeda; Shitaozono;
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2024a; Peng et al., 2024). Biodegradable materials are substances
that break down into water, carbon dioxide, methane and
biomass through the enzymatic action of microorganisms.
For a material to qualify as biodegradable, it should ideally
decompose in approximately 1 to 2 months under composting
conditions (Brdlik et al., 2021; Cheng et al., 2024).

3.3.1. Starch

Starch is a widely available biopolymer present in cereal
grains, roots, tubers, fruits, and leaves. Under high temperature
and pressure, it can be extruded into a thermoplastic melt
with the addition of low levels of plasticizers, such as water or
glycerol. This thermoplastic starch is renewable, flexible, and
suitable for producing polymer films (Mousavi et al., 2021).
In the paper industry, starch is the most applied additive for
surface treatment at the size press, primarily due to its cost-
effectiveness and its substantial contribution to the bonding
and stiffness of the paper sheet (Bildik Dal; Hubbe, 2020;
Shoukat et al., 2025). Figure 1 presents the starch source diversity.

Hizukuri, 1990; Tharanathan, 2005). Despite its promising
characteristics, native starch exhibits limited industrial
applicability due to its insolubility in cold water and high
hydrophilicity (Shoukat et al., 2025). Consequently, various
starch modifications have been developed to enhance its
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functionality, broadening its application in the paper and
packaging industry as a sustainable and high-performance
material. The polyhydroxy nature of starch makes it easy to
modify its structure and functional properties using enzymatic
or chemical methods (Cheng et al., 2021; Linan et al., 2024).

Starch and starch-based composites/hybrids have been
extensively explored in the paper industry due to their
ability to form hydrogen bonds with cellulosic fibers, thereby
enhancing inter-fiber bonding and improving mechanical
properties. Polyelectrolyte complexes (PECs), particularly
those anchored onto cellulosic fibers or mineral fillers,
significantly contribute to the development of fiber networks
by promoting favorable electrostatic interactions (Fares;
Schlenoff, 2017). The stoichiometric mixing of oppositely
charged polyelectrolyte solutions can result in structured
complexes, where polymer chains are ionically crosslinked
and stabilized by additional macromolecular interactions
(e.g., hydrogen bonding, hydrophobic, or van der Waals
forces). The densely packed, interpenetrated network formed
in these PECs from binary oppositely charged starches
can serve as effective barrier coating or films for food and
beverage packaging. For instance, layer-by-layer starch-based
polyelectrolyte films have demonstrated high-performance
liquid barrier properties, effectively preventing the penetration
of water, oxygen, grease, and oil (Meka et al., 2017).

Recent studies illustrate both the potential and the
remaining challenges of starch-based coatings. Khaksaar
et al. (2023) demonstrated that acorn starch improved
pulp drainage, retention, and mechanical strength more
effectively than commercial cationic corn starch, highlighting
the potential of alternative starch sources as sustainable
papermaking additives (Khaksaar; Jalali Torshizi; Hamzeh,
2023). Zeng et al. (2021) showed that oxidized starch films
incorporating licorice root extracts exhibited improved
mechanical, water barrier, and antibacterial properties,
suggesting that bioactive starch composites represent a
promising direction for active paper packaging (Zeng et al.,
2021). Taken together, these findings indicate that while native
starch alone is insufficient as a barrier coating, modified
and composite starch systems can deliver competitive
performance, provided that moisture sensitivity is addressed
through appropriate formulation strategies.

Oxidized starch, due to its enhanced solubility, is particularly
suited for coatings and surface sizing. Its superior film-
forming ability contributes to a smoother and more uniform
surface (Shoukat et al., 2025). Furthermore, starch represents
a sustainable alternative to conventional plastics, with broad
applications across multiple industries. Various starch
sources, including rice, corn, cassava, and potato, have been
utilized in the synthesis of biodegradable polymers, offering
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environmental advantages due to their natural degradation
without toxic residues (Tan et al., 2015).

3.3.2. Chitosan

Chitosan, derived from chitin through alkaline hydrolysis,
is a linear polysaccharide composed of glucosamine units
with B-(1>4) linkages, whose primary amine (NH;)
and hydroxyl (OH) functional groups enable chemical
modifications without disrupting polymerization (Kumari;
Rath, 2014; Peniche; Argiielles-Monal; Goycoolea, 2008).
Its degradation products are non-toxic, non-immunogenic,
and non-carcinogenic, making it particularly attractive for
food packaging applications (Muzzarelli, 1997). The hydroxyl
and protonated amino groups in chitosan interact with the
negatively charged cellulose in paper through hydrogen
bonding and electrostatic interactions, promoting strong
adhesion of chitosan coatings to paper substrates and enhancing
mechanical strength, surface smoothness, and gas barrier
properties (Song et al., 2018; Tan et al., 2023).

Despite these advantages, the inherent hydrophilicity
of chitosan remains its primary limitation as a barrier
coating for paper packaging, resulting in reduced water
vapor resistance under humid conditions (Géllstedt;
Hedengqvist, 2006; Urefia et al., 2023). Several strategies
have been explored to overcome this challenge. Chemical
modifications such as carboxymethylation and cross-linking
with hydrophobic agents have demonstrated improved
moisture resistance while preserving chitosan’s film-forming
ability (Gal; Rahmaninia; Hubbe, 2023). Blending chitosan
with hydrophobic components, such as waxes or lipid-based
materials, and the use of multilayer coating architectures have
also proven effective in reducing water vapor transmission
rates (Tan et al., 2023). Additionally, the incorporation of
nanoclay or other nanofillers into chitosan matrices has
been shown to enhance barrier performance through the
formation of tortuous diffusion paths that restrict moisture
and gas permeation (Wang; Jing, 2017).

Roy et al. (2024) demonstrated that carboxymethylated
chitosan (CMCh) increased both dry and wet strength
of paper when added to refined and unrefined pulps at
concentrations of 1.0-2.0%, with the largest gains attributed
to higher applied charge (Roy et al.,, 2024). These findings
highlight that chemical modification not only addresses
moisture sensitivity but also expands the functional versatility
of chitosan as both a coating and a strength additive in paper
systems. Taken together, the evidence suggests that chitosan’s
performance as a barrier coating is highly dependent on the
modification strategy adopted, and that hybrid approaches
combining chemical modification with multilayer design
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represent the most promising path toward industrially viable
chitosan-based coatings for paper packaging.

The practical potential of these strategies is illustrated
by recent studies focusing on chitosan-based composite
coatings for paper substrates. Tan et al. (2023) developed a
recyclable chitosan coating cross-linked with cardanol glycidyl
ether that demonstrated excellent water and oil resistance,
UV-shielding capacity, and gas barrier performance when
applied to paperboard, while remaining compatible with
repulping processes, a critical requirement for maintaining
paper recyclability (Tan et al., 2023). Similarly, Zhu et al.
(2023) reported that cross-linking chitosan with tannin
extract-based epoxy resin produced coatings with satisfactory
resistance to oil, gas, and UV radiation at competitive cost,
further confirming that hybrid chitosan systems can deliver
multifunctional barrier performance on paper substrates
(Zhu et al., 2023). These results reinforce that, while neat
chitosan coatings remain constrained by moisture sensitivity,
chemically modified and composite chitosan systems are
progressively closing the gap between laboratory performance
and the functional requirements of industrial paper packaging.

3.3.3. Cellulose derivatives

Cellulose is a linear biopolymer composed of 7,000-15,000
D-glucopyranose units linked by B-(1->4)-glycosidic bonds
(Amenorfe et al., 2022; Li et al., 2024; Sampath et al., 2017).
The cellulose chains aggregate into microfibrils through van der
Waals interactions and hydrogen bonding, which subsequently
form cellulose fibers (Ching et al., 2015; Rubentheren et al.,
2016). The degree of polymerization typically ranges from 1,510
to 5,500, resulting in both crystalline and amorphous regions
within the structure. This arrangement gives cellulose properties
including flexibility, thermal stability and mechanical strength
(Lietal., 2024). While the amorphous regions are less ordered
and constitute a minor proportion of the material, crystalline
cellulose exhibits higher resistance to enzymatic degradation
due to its tightly packed structure (Sampath et al., 2017).

Owing to these properties and its being the most abundant
biopolymer on earth, cellulose, particularly its derivatives,
has attracted growing research interest, fostering the
development of novel applications beyond the conventional
pulp and paper industry. Among the cellulose derivatives
are cellulose acetate (CA), carboxymethyl cellulose (CMC),
methyl cellulose (MC), ethyl cellulose (EC), microfibrillated
cellulose (MFC), nanofibrillated cellulose (NFC), cellulose
nanocrystals (CNCs), and bacterial nanocellulose (BNC)
(Li et al., 2024; Liu et al., 2021).

CA films in the presence of plasticizers, exhibit increased
thickness, reduced water vapor transmission rate, and excellent
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optical properties. These characteristics result in a bio-based
packaging material with improved oxygen and water resistance
performance, making it a potential candidate for food
packaging applications (Gongalves et al., 2019). Teixeira et al.
(2021) investigated the use of glycerol and triethyl citrate as
plasticizers in CA films. The incorporation of glycerol resulted
in films with enhanced light protection, effectively reducing
light transmission. In contrast, triethyl citrate-plasticized
films exhibited favorable mechanical properties, including
reduced tensile strength and increased elongation at break,
while also showing a lower water vapor barrier compared
to glycerol-based films (Teixeira et al., 2021).

In the paper industry, CMC is often used as one of the
compounds to produce barrier material, mainly for food
packaging. He et al. (2021) developed a natural coating
formulation of AgNPs immobilized with CMC and CNC aiming
for the improvement of food packaging paper. Compared
with uncoated paper, CMC/CNC@AgNPs coated paper
showed improved tensile strength, WVP, air permeability
properties, evidencing the good barrier material produced.
In addition, good results of antibacterial activities were found
(He et al.,, 2021).

Jhang et al. (2023) investigated the influence of functional
groups on the crystallinity and compatibility of the polymer
matrix by comparing three types of modified microcrystalline
methylcellulose with varying degrees of hydroxypropyl
substitution. The goal was to reduce intermolecular hydrogen
bonding in the modified cellulose and enhance its compatibility
with thermoplastic polyurethane, which was selected for
its superior mechanical properties and broad industrial
applications. Despite the low filler content, the composite
showed significant improvements in toughness, elongation
at break and tensile strength (Jhang et al., 2023).

Zhou et al. (2024) obtained high-purity rice straw cellulose,
aiming to optimize its conversion into EC, and assess the
biodegradability and mechanical properties of EC films
blended with ethanol as a green solvent. The mixture with
ethanol formed a film with a smooth surface, tensile strength
and biodegradability, showing potential as a substitute for
plastics (Zhou et al., 2024).

Many studies aim to investigate the use of MFC as
reinforcement. Li et al. (2021) modified the surface of MFC
using a water-based transesterification reaction with vinyl
laurate, followed by oven drying. The modified MFC was
then used as a reinforcing filler in PLA biocomposites. They
concluded that the surface treatment reduces the hydrophilicity
of the MFC, making it more compatible with the PLA matrix.
The modified MFC significantly increases the resistance
of PLA composites, provided by the better dispersion and
interaction of the MFC within the PLA (Li et al., 2021).
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Taken together, cellulose derivatives offer a broad and
tunable platform for barrier coating development. However,
their performance remains highly dependent on the degree of
substitution, choice of plasticizer or compatibilizer, and coating
architecture. While nanocellulose-based systems show the
greatest potential for high-performance barriers, their large-scale
production and processing remain technically challenging and
cost-intensive, limiting their current industrial applicability.

3.3.4. Polylactic acid

Polylactic acid (PLA) is a biodegradable, bio-based
thermoplastic polyester synthesized from lactic acid obtained
through fermentation of renewable feedstocks such as corn
starch, sugarcane, and agricultural residues (Nath et al.,
2023; Zhang et al., 2021). Among bio-based thermoplastic
polymers, PLA stands out as the most industrially mature
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alternative to conventional polyethylene (PE) coatings for
paper and paperboard, primarily due to its processability via
extrusion coating, that is the dominant industrial technique
for applying barrier layers to paper substrates (Basak; Dangate;
Samy, 2024b; Kunam et al., 2024).

The production of PLA begins with lactic acid, a chiral
molecule existing in two enantiomeric forms: L-lactic acid and
D-lactic acid. These isomers, or their cyclic dimers, lactides,
are the building blocks for PLA synthesis (Nath et al., 2023).
Lactic acid is primarily produced through the fermentation
of various carbohydrates derived from renewable resources.
These renewable feedstocks include a wide range of agricultural
products and byproducts such as corn starch, sugarcane, beet
juice, molasses, agricultural waste, and even sulfite liquors
from the pulp and paper industry (Basak; Dangate; Samy,
2024a; Farah; Anderson; Langer, 2016; Kunam et al., 2024).
Figure 2 outline the PLA life cycle.

Figure 2. Schematic representation of the life cycle of polylactic acid (PLA), illustrating its production from renewable feedstocks, conversion
to lactic acid via fermentation, polymerization into PLA, application in various products, and end-of-life pathways.
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PLA’s mechanical properties include reasonable tensile
strength and stiftness, although its inherent brittleness and
relatively low toughness limit its suitability for applications
requiring high impact resistance or flexibility (Farah; Anderson;
Langer, 2016). These limitations can be addressed through
blending with other polymers, addition of plasticizers,
or incorporation of reinforcing agents such as cellulose
nanofibers, which improve toughness and overall processability
(Guo et al.,, 2025; Li et al., 2021). However, the barrier
properties of PLA represent its most critical limitation in
paper coating applications, because of its permeability to
water vapor and oxygen, that is significantly higher than
conventional PE coatings. It is directly linked to crystallinity,
with more crystalline PLA exhibiting lower permeability
(Farah; Anderson; Langer, 2016; Kunam et al., 2024).

In the context of paper packaging, PLA coatings improve
water and oil resistance of paper substrates, enhancing their
suitability for food contact applications (Kunam et al., 2024).
Peng et al. (2024) demonstrated that Pickering emulsion-
based coatings incorporating PLA significantly improved
the hydrophobicity and oil resistance of paper, with KIT test
values reaching 10 at 8% PLA content, while maintaining
adequate tensile properties, illustrating the potential of
PLA-based composite systems to deliver competitive
barrier performance when combined with emulsion coating
strategies (Peng et al., 2024). Despite these advances, PLA’s
end-of-life management remains a significant concern, as its
biodegradation requires industrial composting conditions
that are not universally available, limiting the environmental
benefits of PLA-coated paper in regions lacking adequate
composting infrastructure (Brdlik et al., 2021).

Taken together, PLA represents the most technologically
ready bio-based coating option for paper packaging, but its
adoption at scale depends on overcoming both performance
limitations, particularly water vapor and oxygen barrier, and
end-of-life infrastructure gaps. Strategies combining PLA
with nanocellulose, nanoclay, or other barrier-enhancing
fillers represent the most promising direction for closing
the performance gap with conventional synthetic coatings.

3.3.5. Natural waxes

Natural waxes are complex mixtures of hydrocarbons,
fatty acids, esters and other lipid components with diverse
applications, including coatings for paper and food packaging.
Their chemical composition and physicochemical properties
make them excellent candidates for conferring hydrophobicity
and reducing permeability (De Freitas et al., 2019; Hosseini;
Mousavi; McClements, 2023). Waxes derived from plants
and animals (natural and renewable) are insoluble in water,
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but their solubility in organic solvents varies with temperature.
Among the most studied natural waxes are carnauba wax,
candelilla wax, beeswax, sugarcane wax, Japan wax, jojoba
wax, bayberry wax, and rice bran wax (Tijani et al., 2024).
Carnauba wax and beeswax were classified for FDA as GRAS
(generally recognized as safe; 21CRF184.1978, 21CFR184.1973)
(Janjarasskul; Krochta, 2010).

Beeswax (BW) is a natural secretion from honeybees.
Chemically, BW is a complex mixture containing around
300 constituents, including hydrocarbons, fatty acid esters,
diesters, free acids, and fatty alcohols. Unhydrolyzed BW
mainly consists of alkyl esters (72%), free fatty acids (14%),
and hydrocarbons (11%). Upon hydrolysis, it yields primary
alcohols, hydrocarbons, acids, diols, and hydroxy acids,
with fatty acid monoesters (C30-C32) being predominant.
The composition varies slightly depending on bee species,
location, and diet (Hosseini; Mousavi; McClements, 2023).

Carnauba wax (CW) is a complex mixture of free fatty
acids, long-chain alcohols and esters, composed mainly of
carbon chains. Esters dominate its composition, making
up more than 80%, with aliphatic esters and cinnamic acid
diesters being the most abundant. Most esters are w-hydroxy
acids (C26) and monoalcohols (C32), while the rest include
monocarboxylic acids (C28) and a,w-diols (C30). Its structure
is mainly made up of cinnamic acid diesters linked to various
alcohols and hydroxycarboxylic acids (Susmita Devi et al., 2022).

The ester groups in waxes give them hydrophobic properties,
making them effective as moisture barriers (Tijani et al., 2024).
When applied to paper substrates, natural wax coatings form
thin, uniform layers that reduce porosity and significantly
improve water and oil barrier properties. Jahangiri et al.
(2024) evaluated several natural waxes as single-layer coatings
on paper and demonstrated that beeswax produced the best
barrier performance, attributed to its higher coating weight
and degree of crystallinity, while also improving mechanical
strength compared to uncoated paper (Jahangiri; Mohanty;
Misra, 2024). These results highlight the direct relationship
between wax crystallinity and barrier efficiency in paper
coating systems.

While natural waxes offer clear advantages in terms of
renewability and barrier performance, their application as
paper coatings presents practical challenges, including limited
thermal stability at processing temperatures, tendency to
crack under mechanical stress, and difficulties in achieving
uniform coverage at industrial scale (Pashova, 2023; Tijani
etal., 2024). Blending natural waxes with other biopolymers
or emulsifying them prior to application has emerged as
an effective strategy to improve coating uniformity and
processability. In this context, Liu et al. (2022) evaluated
microcrystalline wax emulsions (a petroleum-derived wax)
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demonstrated that optimized emulsifier proportions
significantly improved oil, water, and water vapor barrier
properties of coated paper, representing a viable model for
the development of equivalent emulsion systems based on
natural waxes as more sustainable alternatives to fluorinated
oil repellents (Liu et al., 2022).

Considering these findings together, natural waxes represent
a promising but underexplored class of bio-based coating
materials for paper packaging. Their performance is strongly
influenced by crystallinity, coating weight, and application
method, and their full industrial potential is likely to be
realized through formulation strategies that combine wax
emulsions with complementary biopolymers to achieve more
robust and processable coating systems.

3.3.6. Lignin

Lignin is the second most abundant biopolymer on
Earth, accounting for up to one-third of plant cell wall
material, where it provides structural rigidity and protection
against microbial attack (Argyropoulos et al., 2023). As a
byproduct of the pulp and paper industry, particularly of
the kraft process, lignin is available in large quantities at
relatively low cost, making it an attractive candidate for
valorization as a bio-based coating material (Dessbesell
et al., 2020). However, the structural heterogeneity and
limited reactivity of technical lignins (resulting from the
harsh chemical conditions of pulping) represent significant
challenges for their direct application as coating materials,
generally necessitating chemical modification to improve
processability and performance (Argyropoulos et al., 2023).

Several modification strategies have been explored to enhance
lignin’s suitability as a barrier coating for paper packaging.
Esterification with fatty acids such as palmitic and lauric acids
has proven particularly effective, promoting the formation of
continuous, hydrophobic films on paperboard that significantly
reduce water vapor and oxygen permeability while increasing
surface hydrophobicity, as evidenced by higher water contact
angles (Hult et al., 2013). Hydroxypropyl modification under
mild conditions, as demonstrated by Wang et al. (2024), converts
phenolic hydroxyl groups to more reactive aliphatic hydroxyl
groups, improving lignin’s reactivity for polymerization with
isocyanates and resulting in coatings with enhanced moisture
resistance and barrier properties (Wang et al., 2024). Additionally,
the incorporation of lignin into polymer matrices such as
PBAT has been shown to enhance water resistance, thermal
stability, and mechanical performance of cellulosic substrates, as
illustrated by the data in Table 1, where PBAT/esterified lignin
blends achieved KIT test values of up to 5 and Cobb values as
low as 16 g/m* (Shorey; Mekonnen, 2022).
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More recently, kraft lignin-based polyurethane coatings
have demonstrated promising results specifically for paper
packaging substrates. Figueiredo et al. (2026) developed
kraft lignin-based polyurethane coatings applied to recycled
linerboard, achieving improved mechanical properties,
water resistance, and thermal stability while maintaining
biodegradability, highlighting the potential of lignin
valorization within a circular bioeconomy framework for
the paper packaging sector (Figueiredo etal., 2026a, 2026b).

Opverall, lignin represents a high-potential but technically
demanding bio-based coating material. Its performance is
strongly dependent on the type of technical lignin used,
the modification strategy adopted, and its compatibility with the
paper substrate. While esterification and hydroxypropylation
have shown the most consistent results in improving barrier
performance, large-scale application remains constrained
by variability in lignin composition across sources and
processes, underscoring the need for advances in structural
standardization and quality control.

3.3.7. Tannin

Tannins are the fourth most abundant polymer in plant
vascular tissue, present in high concentrations particularly in
tree bark, where they typically account for 15-30% of dried
material (Bule et al., 2020; Cheng, 2021). As polyphenolic
compounds, tannins exhibit a range of functional properties
relevant to packaging applications, including antioxidant
activity, UV absorption, protein binding, and antimicrobial
behavior, making them attractive multifunctional additives
for bio-based coating systems (Melone; Saladino; Crestini,
2013; Vera et al., 2023).

Tannins are broadly classified into two types (hydrolysable
and condensed) each with distinct chemical structures and
reactivity profiles that influence their performance as coating
components (Nonaka, 1989; Pizzi, 2008). Commercially,
tannins are extracted primarily from wattle, quebracho,
and various tree barks, using solvents such as hot water,
ethanol, and acetone, with extraction conditions significantly
affecting the molecular weight distribution and functional
properties of the resulting material (Das et al., 2020; Melone;
Saladino; Crestini, 2013).

When applied as coatings or incorporated into biopolymer
matrices, tannins have demonstrated the ability to enhance
barrier performance, mechanical properties, and active
functionality of paper packaging systems. Zhu et al. (2023)
developed a cross-linked coating combining chitosan with a
tannin extract-based epoxy resin, demonstrating resistance
to oil, gas, and UV radiation when applied to paper, while
remaining biodegradable and compatible with repulping
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processes, a critical advantage for maintaining paper
recyclability (Zhu et al., 2023). The low cost of tannin extracts
further contributed to the economic viability of this system,
reinforcing its potential for industrial scaling.

Ismayati et al. (2024) developed active packaging from
polyvinyl alcohol (PVA)/tannin-based bioplastics, featuring
antioxidant activity and UV protection. The study explored
three distinct synthesis methods, varying the order and
temperature of tannin addition, along with different tannin
concentrations. Heating during the bioplastic synthesis resulted
in lower antioxidant activity and greater rigidity. Therefore,
the method without heating was chosen to evaluate different
tannin concentrations. Increasing the tannin content resulted
in greater antioxidant activity, more elastic properties and
greater protection against UV radiation (Ismayati et al., 2024).

Asawhole, tannins represent a versatile and cost-effective
bio-based component for paper packaging coatings, particularly
when combined with other biopolymers such as chitosan or
PVA to form hybrid systems with multifunctional barrier and

active properties. Their natural abundance, low extraction
cost, and compatibility with repulping processes position
them as promising candidates for sustainable and recyclable
paper coating systems. However, the variability in tannin
composition across plant sources and extraction methods
remains a challenge for standardization and consistent
industrial performance.

3.3.8. Comparative analysis of biopolymer-
based coatings

While the previous sections discussed each biopolymer
individually, a direct comparison between these materials
is essential to better understand their relative performance,
limitations, and industrial potential as paper coatings.
In this context, Table 2 provides a comparative overview
of the main biopolymer systems, considering their barrier
performance, technological readiness, key limitations, and the
most promising strategies to overcome current challenges.

Table 2. Comparative analysis of biopolymer-based coatings for paper packaging.

Material

Barrier performance

Technological

Main limitation Most promising strategy

Good O, barrier, poor water

h High
Starc vapor barrier '
Chitosan Excellent O, barr1eri poor Medium
water vapor barrier
Ce.llul?se Moderate barrier, tunable High
derivatives
PLA Moderate water.vapor and O, el
barrier

Natural waxes Excellent water vapor barrier, Medium

poor O, barrier

Lignin Moderate barrier

Tannins Limited barrier alone

The comparison highlights that no single biopolymer
simultaneously fulfills all the functional requirements for paper-
based packaging. Polysaccharide-based coatings, such as starch
and chitosan, exhibit excellent oxygen barrier properties due
to their dense hydrogen-bonded networks, but their intrinsic
hydrophilicity limits their performance as water vapor barriers.
In contrast, lipid-based materials, including natural waxes,
provide outstanding moisture resistance but lack sufficient
gas barrier properties and present processing challenges.
Thermoplastic polymers such as PLA offer advantages in
terms of industrial processability, particularly via extrusion
coating, but still fall short in barrier performance compared
to conventional synthetic polymers. More complex systems,

10

readiness

Low-Medium

Low-Medium

Hydrophilicity Chemical modification + multilayer

Moisture sensitivity ~ Cross-linking + hydrophobic agents
Nanocomposites + surface

Cost (nanocellulose) modification

Gas permeability Blends + nanofillers

Processability Emulsions + blends
Structura.l Esterification + functionalization
heterogeneity
Variability Hybrid systems (e.g., chitosan/PVA)

such as lignin- and tannin-based coatings, show promising
multifunctionality but remain limited by structural variability
and lower technological maturity.

4. CONCLUSIONS

The use of renewable and bio-based resources in the
packaging sector is rapidly advancing, with biopolymer
coatings emerging as promising alternatives to conventional
fossil-based materials. Polysaccharides, proteins, and bio-based
polyesters have demonstrated significant potential to enhance
the barrier and mechanical performance of paper-based
packaging while improving its environmental profile. However,
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their widespread implementation remains constrained by
intrinsic limitations, particularly their sensitivity to moisture,
variability in barrier performance, and trade-offs between
functionality and processability.

From an industrial perspective, important challenges persist
regarding scalability, cost competitiveness, and compatibility
with existing converting technologies. While thermoplastic
biopolymers such as PLA can be processed via extrusion coating,
many natural polymers still rely on dispersion- or solvent-
based techniques, which may limit large-scale application and
increase processing costs. In this context, strategies such as
chemical modification, blending, and multilayer design are
essential to overcome performance limitations and enable
more robust and industrially viable coating systems.

Among the reviewed materials, starch- and cellulose-based
coatings present the most advanced technological readiness,
benefiting from abundant raw material supply and established
processing routes, though their barrier performance under
high humidity conditions remains a critical limitation that
requires addressing through modification or hybrid formulation
strategies. PLA-based extrusion coatings represent the most
mature alternative to conventional PE coatings in terms of
processability and barrier performance. Chitosan and lignin-
based systems show considerable promise, particularly when
combined with hydrophobic agents or applied in multilayer
architectures, but require further development to achieve
consistent industrial performance. Natural waxes and tannins,
while less technologically mature, offer compelling advantages
in terms of natural abundance, low cost, and multifunctional
properties, and are increasingly demonstrating competitive
barrier performance when formulated as emulsions or
incorporated into hybrid coating systems.

The evidence reviewed suggests that no single biopolymer
is likely to emerge as a universal solution for paper packaging
coating. Rather, hybrid and multilayer systems that combine
the complementary strengths of different bio-based materials
represent the most promising path toward coating systems
that can simultaneously meet functional, processability,
and sustainability requirements.

Future developments should prioritize bridging the gap
between laboratory-scale performance and industrial feasibility,
with particular emphasis on life cycle assessment to ensure that
bio-based coatings deliver genuine environmental benefits
across their full value chain. Standardization of testing protocols
and material characterization methods will also be essential to
enable more robust cross-study comparisons and accelerate the
transition of promising laboratory findings toward commercial
implementation in next-generation paper packaging systems.
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