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POLYSACCHARIDE-BASED BIOPLASTICS FOR SUSTAINABLE PACKAGING: ROLE OF
NONCOVALENT INTERACTIONS AND TRANSESTERIFICATION

Abstract: The growing accumulation of plastic waste in ecosystems has catalyzed a global search for
environmentally responsible packaging materials. Among biodegradable polymers, bioplastics derived from
polysaccharides — especially from plant-based cellulose and its microbial analogue, bacterial cellulose (BC) —
have attracted significant interest due to their renewability, biodegradability, and desirable mechanical
attributes. Nevertheless, their practical application is frequently constrained by challenges such as
hydrophilicity and vulnerability to environmental stressors. To overcome these issues, recent studies have
explored structural modifications involving both noncovalent interactions (e.g., hydrogen bonding, ionic
crosslinking) and covalent strategies such as transesterification. These approaches have been shown to
improve mechanical integrity, flexibility and water resistance. This review discusses recent progress in
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engineering polysaccharide-based bioplastics, with a particular emphasis on how combined physical and
chemical modifications can enhance performance. Special attention is given to hybrid systems incorporating
BC, laponite, chitosan, and fatty acid esters, which demonstrate promising synergistic effects. Overall, the
integration of noncovalent and covalent modifications offers a compelling strategy for developing next-
generation sustainable packaging materials.

Key words: bacterial cellulose; hydrogen bonding; ionic crosslinking; transesterification; laponite.

Introduction

Rising environmental concerns related to plastic pollution, resource depletion, and
restrictions on single-use plastics have intensified global efforts to identify sustainable alternatives
to conventional packaging. Bioplastics based on natural polysaccharides have emerged as
promising candidates due to their biodegradability, renewability and the potential for functional
tailoring [1-3].

Among these, cellulose and its derivatives hold particular promise, owing to their widespread
availability, favorable mechanical properties and processability. Bacterial cellulose (BC) highly
purified form of cellulose produced by microbial fermentation, has gained increasing attention for its
exceptional physical characteristics and compatibility with advanced packaging applications [4, 5].
Other polysaccharides such as chitosan, alginate, pectin, and starch have also been widely
investigated for food-contact applications due to their natural origin and biocompatibility [6-8].

Despite these advantages, the practical use of polysaccharide-based materials remains
limited by factors such as hydrophilicity, poor mechanical durability and sensitivity to humidity and
temperature [9]. In response, researchers have focused on modifying these materials through
noncovalent interactions — particularly hydrogen bonding and ionic crosslinking — to tune their
molecular organization and improve bulk properties [10]. In parallel, transesterification reactions
have emerged as a powerful covalent modification method, enabling the introduction of hydrophobic
groups that enhance thermal stability and moisture resistance through targeted ester formation
between polysaccharide hydroxyl groups and hydrophobic moieties [11].

This review provides a critical overview of current strategies in designing and modifying
polysaccharide-based bioplastics using a combination of physical and chemical approaches.
Emphasis is placed on the synergistic effects of noncovalent and covalent modifications, as well as
the practical considerations for scaling up these materials for commercial use.

Structural Features and Functional Modifications of Cellulose and Bacterial Cellulose

Cellulose, the most abundant biopolymer on Earth, is a linear polysaccharide composed of
B-(1—4)-linked D-glucose units. It is primarily obtained from plant cell walls and agricultural residues,
offering a renewable and low-cost raw material for the development of bioplastics. Owing to its
excellent mechanical strength, biodegradability and chemical modifiability, cellulose has become a
central focus in the development of sustainable packaging materials [12]. However, the native form
of cellulose exhibits limited solubility in water and most common solvents, primarily due to its dense
network of intra- and intermolecular hydrogen bonds that create a highly crystalline structure. To
overcome these limitations, various chemical modification strategies — such as esterification,
etherification, and oxidation — are employed to improve its solubility and processability [13-15].

Several cellulose derivatives have found widespread use in bioplastic films, including
cellulose acetate, carboxymethyl cellulose (CMC), and hydroxypropyl methylcellulose (HPMC).
These materials are valued for their excellent film-forming capabilities and compatibility with
bioactive additives. When combined with plasticizers or blended with other biopolymers, they offer
improved flexibility, optical clarity, and barrier properties [16,17]. A notable example is the study by
Oliveira et al., who developed transparent nanocomposite membranes by incorporating synthetic
laponite into a CMC matrix. The addition of clay nanoparticles resulted in enhanced tensile strength,
thermal stability, and moisture barrier performance, all while maintaining high optical transparency.
Such findings underscore the promise of CMC-laponite composites as eco-friendly materials for
advanced packaging applications [18].

Bacterial cellulose (BC), on the other hand, represents a highly pure and structurally unique
form of cellulose produced extracellularly by bacteria such as Komagataeibacter xylinus [19]. Unlike
plant-derived cellulose, BC is free from lignin and hemicellulose and features an intricate nanofibrillar
network characterized by high crystallinity, porosity, and exceptional water-holding capacity. These
properties, combined with its mechanical robustness and structural uniformity, make BC particularly
well-suited for applications in food packaging, biomedical devices, and cosmetics [20, 21].
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Moreover, BC exhibits exceptional compatibility with various functionalization strategies,
including ionic crosslinking and surface esterification, enabling fine-tuning of its water resistance,
mechanical performance, and biological activity [22]. Through composite formulation, BC can be
combined with other biopolymers such as starch, chitosan, or poly(lactic acid) (PLA), yielding hybrid
materials with enhanced and complementary properties [23]. For example, Xu et al. developed a
biodegradable film incorporating BC, chitosan of varying molecular weights, and curcumin to improve
both the functional and structural attributes of active packaging materials. The incorporation of BC
contributed to improved film uniformity and mechanical strength, while chitosan enhanced barrier
performance and helped modulate moisture sensitivity. Curcumin, acting as a bioactive additive,
imparted antioxidant functionality to the composite. Structural analysis confirmed uniform dispersion
of BC within the polymeric matrix, and the resulting films exhibited good thermal stability along with
reduced water vapor permeability — features desirable for food packaging applications [24]. In
another study, Shi et al. engineered a BC-based film modified with a guanidine-functionalized
polymer and gallic acid to improve its performance in sustainable packaging. The resulting
nanocomposite demonstrated a dense and coherent nanofibrous architecture, significantly
enhancing its tensile strength and flexibility. Additionally, the film exhibited broad-spectrum
antibacterial activity, effectively suppressing the growth of Escherichia coli and Staphylococcus
aureus. Beyond antimicrobial functionality, the material also provided UV protection, antioxidant
properties and antifungal effects. Importantly, it showed the ability to biodegrade into non-toxic
sugars, underscoring its potential as a safe and environmentally responsible alternative to
conventional plastics [25].

Recent work by Liao et al. further illustrates the promise of BC-based composites. Their
study focused on the development of multifunctional packaging films incorporating bacterial
cellulose, chitosan, and e-polylysine (e-PL). The addition of e-PL at controlled concentrations resulted
in reinforced structural properties, as evidenced by higher tensile strength and improved thermal
behavior [26]. These enhancements were attributed to increased intermolecular interactions within
the composite network. The films also exhibited notable antimicrobial activity against common
spoilage microorganisms. When applied to fish preservation, the films effectively prolonged shelf life
by mitigating microbial proliferation and moisture loss. The composite’s biodegradability and non-
toxic profile make it a promising candidate for sustainable, bioactive packaging systems A schematic
overview of the preparation steps is presented in Figure 1, which illustrates the integration of
g-polylysine into the polymeric network, contributing to enhanced film structure and bioactivity [26].

Figure 1 — Schematic illustration of the preparation of chitosan — bacterial cellulose composite films
containing e-polylysine. Adapted from [26]

Collectively, these findings highlight the adaptability and multifunctionality of bacterial
cellulose when integrated into advanced material systems. Whether used alone or in combination
with plant-derived cellulose, BC-based composites align with principles of circular bioeconomy
through their renewable origin, low toxicity, and capacity for customization. The ability to tailor
physical, chemical, and biological properties makes these materials particularly relevant for next-
generation packaging solutions that balance performance with environmental responsibility [27].

Noncovalent Interactions in Polysaccharide-Based Bioplastics

Noncovalent interactions play a critical role in defining the structural integrity, mechanical
strength, and barrier performance of polysaccharide-based bioplastics. These interactions —
including hydrogen bonding, ionic interactions, van der Waals forces, and hydrophobic effects —
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govern the self-assembly of polymer chains, the compatibility between polymer components, and
the integration of functional additives within the matrix [28].

Hydrogen bonding is particularly prevalent in polysaccharide systems due to the high
density of hydroxyl, carboxyl, and amine groups. In native cellulose and its derivatives, strong intra-
and intermolecular hydrogen bonds form semi-crystalline structures that contribute to the material’s
tensile strength and stiffness [29]. However, these interactions can also limit solubility and reduce
flexibility. To address this, targeted disruption or modulation of hydrogen bonding — through the use
of plasticizers such as glycerol or sorbitol, or via blending with other biopolymers like starch or
proteins — has been employed to optimize mechanical and moisture barrier properties [30,31]. The
significance of hydrogen bonding in biopolymer interactions has been explored through
computational methods. For instance, a Density Functional Theory (DFT) study by Pontoh et al.
demonstrated that intermolecular hydrogen bonding between amylum (starch) and cellulose results
in stable complexes with binding energies ranging from -5 to -15 kcal/mol. The formation of two to
three hydrogen bonds per molecular pair was found to enhance the composite’s flexibility and
resistance to moisture. Reduced Density Gradient (RDG) analysis further confirmed the presence of
strong and well-distributed hydrogen bonding interactions between these two polysaccharides
(Figure 2) [32].

’
Hydrogen bond
9 O ? “ - al i

I—’ Van der Walls
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©
Figure 2 — Reduced Density Gradient (RDG) isosurface (a) amylum, (b) cellulose, (c) cellulose-
amylum. Reproduced without modification from [32], licensed under CC BY-NC-ND 4.0

Recent developments in nanocomposite design have shown that incorporating laponite
nanoclay into polysaccharide matrices significantly improves structural performance through
noncovalent interactions. Yuan et al. reported that the inclusion of laponite in aqueous cellulose
dispersions leads to the formation of a physically cross-linked gel network, predominantly stabilized
by electrostatic interactions and hydrogen bonds. This internal architecture markedly enhanced the
tensile strength and morphological uniformity of the resulting films [33].

Similar findings were observed in starch-based systems. Da Silva et al. demonstrated that
adding laponite to cassava starch matrices yields nanocomposite films with lower water content,
increased opacity, and superior barrier efficiency. The presence of laponite was found to promote
tighter molecular packing and facilitate intermolecular interactions, resulting in films with improved
mechanical durability and reduced moisture permeability [34].

Together, these findings highlight the critical role of noncovalent cross-linking mechanisms
— particularly hydrogen bonding and electrostatic interactions — in reinforcing the structural
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architecture of polysaccharide-based bioplastics [35]. The incorporation of laponite, in this context,
emerges as a versatile strategy to tailor the mechanical and barrier properties of films for applications
such as sustainable food packaging .

In BC, the inherent nanofibrillar structure stabilized by extensive hydrogen bonding provides
exceptional mechanical strength and water retention capabilities. Functional enhancement of BC-
based films can be achieved by introducing additional hydrogen-bonding moieties through the
incorporation of polymers such as poly(vinyl alcohol), chitosan, or tannic acid, which strengthen
intermolecular cohesion and improve overall film performance [36]. Recent advances have also
explored the surface functionalization of BC to introduce antimicrobial activity while preserving its
biodegradability. For example, lauric acid-modified BC films have shown selective antibacterial
efficacy — particularly against Bacillus subtilis — without impairing their natural degradation behavior.
In biodegradability assays, untreated BC films degraded by over 50% within three days and nearly
completely within a week when placed in soil, underscoring their environmental compatibility. This
combination of selective bioactivity and rapid degradation positions lauric acid-treated BC as a
promising material for active and eco-conscious packaging applications [37]. Additional work by Gea
et al. demonstrated the development of bioplastic films from cassava starch and bacterial cellulose,
enhanced with Zanthoxylum acanthopodium extract. The resulting materials displayed improved
tensile strength (2.34 MPa) and measurable antibacterial activity against Bacillus cereus (inhibition
zone: 10.8 mm), confirming their potential for use in sustainable and functional food packaging
systems [38].

Polysaccharides containing ionizable functional groups — such as carboxyls in
carboxymethyl cellulose (CMC), amines in chitosan, and sulfate groups in carrageenan — can
engage in ionic crosslinking with oppositely charged polymers or multivalent ions, forming
polyelectrolyte complexes (PECs). These complexes often exhibit superior cohesion, mechanical
strength, and moisture resistance compared to unmodified polysaccharide matrices [39].

For instance, CMC has been shown to form stable electrostatic complexes with biopolymers
such as chitosan and alginate, or with metal ions like Ca?* and Zn?*. These interactions contribute
to enhanced dimensional stability and in some cases, impart antimicrobial functionality — features
particularly desirable in food packaging where material performance and bioactivity are essential
[40, 41].

In composite systems, ionic interactions often serve as physical cross-linking points that
stabilize the polymer network without requiring chemical crosslinkers or initiators, thus supporting
the development of environmentally benign materials aligned with green chemistry principles [42]. A
notable example is the work by Blilid et al., who fabricated chitosan-based bioplastics reinforced with
phosphorylated micro- and nanocellulose. The introduced phosphate groups facilitated strong
polyelectrolyte interactions with the chitosan matrix, leading to significant improvements in
mechanical properties, including a tensile modulus increase to 1.649 MPa. Moreover, the
composites demonstrated biological functionalities such as antibacterial activity and catalase-like
behavior. Scanning electron microscopy (SEM) images (Figure 3) revealed a homogeneous
dispersion of cellulose fillers and strong interfacial adhesion, attributed to both ionic and hydrogen
bonding interactions. These morphological features directly correlate with the enhanced mechanical
and functional performance of the resulting bioplastic films [43].

Transesterification as a Strategy for Hydrophobic and Thermal Modification

Transesterification has gained prominence as a flexible and sustainable chemical approach
for modifying polysaccharides to improve their functional performance in bioplastic applications. This
reaction involves the exchange of ester groups between a hydroxyl-rich polymer — such as cellulose
or its derivatives — and ester-containing compounds, typically in the presence of a catalyst or base
[44]. Compared to conventional acylation processes, transesterification offers a greener alternative,
particularly when performed in solvent-free media or using environmentally benign solvents [11].

In the context of polysaccharide chemistry, transesterification primarily targets the hydroxyl
groups along the sugar backbone. Reaction with ester donors such as vinyl esters, fatty acid methyl
esters (FAMES), or triglycerides leads to the formation of hydrophobic ester linkages. This structural
modification reduces polymer polarity, enhances resistance to water and increases thermal stability.
It also contributes to slower biodegradation under humid conditions — an advantage for materials
intended for controlled degradation in packaging contexts [45].
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Figure 3 — Schematic representation of the preparation of chitosan films reinforced with

phosphorylated cellulose:

(a) Chemical structures of chitosan and cellulose, highlighting structural differences between amorphous microcrystalline
cellulose (MCC) and crystalline cellulose nanocrystals (CNC). (b) Structure of phosphorylated cellulose containing ionic
phosphate groups. (c) Stepwise fabrication process of composite films and corresponding digital images of chitosan
matrices embedded with phosphorylated cellulose. Adapted from [43]

A representative example is the work by Yan et al., who successfully grafted cellulose with
poly(L-lactide) (PLLA) chains through ring-opening polymerization of L-lactide in the ionic liquid
AmimClI, using 4-dimethylaminopyridine (DMAP) as a catalyst. The resulting cellulose-g-PLLA
copolymers exhibited thermoplastic behavior due to the disruption of native hydrogen bonding and
the incorporation of flexible ester linkages. These modifications not only improved melt processability
and thermal flexibility but also enabled the formation of films and fibers suitable for biodegradable
packaging [46]. Another noteworthy example is the study by Onwukamike et al., who developed a
direct transesterification protocol using high oleic sunflower oil and cellulose in a DBU-CO,
switchable solvent system. This reaction proceeds under mild conditions without the need for prior
activation or the use of toxic reagents. The resulting cellulose fatty acid esters displayed reduced
hydrophilicity, enhanced thermal stability, and favorable mechanical characteristics. These attributes
collectively increase the material’s suitability for application in sustainable packaging solutions. The
reaction mechanism, presented in Figure 4, illustrates the formation of covalent ester linkages
between cellulose hydroxyl groups and fatty acid esters, which are central to the enhanced
performance of the modified polymer [47].

o
o’ DBUH
f\/\/o L
nv oDBU
0, —
HO- OR, DMSO-DBU

5 Fatty acid cellulose ester (FACE)
\n/”\,,' DBUH

Figure 4 — Proposed mechanism of cellulose transesterification with high oleic sunflower oil in the
presence of DBU-CO, switchable solvent. Adapted from [47]

Where Ry: H or

Conclusion

Polysaccharide-based bioplastics offer a viable and environmentally sustainable alternative
to petroleum-derived polymers, especially for packaging applications where biodegradability,
biocompatibility and renewability are critical. Nonetheless, their broader adoption continues to be
limited by challenges such as high water sensitivity, insufficient mechanical strength and vulnerability
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to environmental conditions. A growing body of research has demonstrated that noncovalent
interactions — particularly hydrogen bonding and ionic crosslinking — can significantly improve the
structural integrity and functional properties of these materials. At the same time, covalent
modification via transesterification has emerged as a practical strategy for reducing hydrophilicity
and enhancing thermal resistance, without compromising the biodegradability of the polymer
backbone.

The integration of components such as bacterial cellulose, laponite, and bioactive fillers
illustrates the potential of combining physical and chemical approaches to develop materials with
tailored performance. This synergistic design philosophy enables the creation of bioplastics with
improved mechanical robustness, barrier properties, and functional versatility — key attributes for
next-generation sustainable packaging. To move these materials closer to real-world application,
future research should prioritize scalable and cost-effective synthesis methods, a deeper
understanding of structure — property relationships, and compliance with regulatory and industrial
standards. Equally important is the evaluation of end-of-life behavior, including biodegradation
kinetics, environmental impact, and suitability for composting or recycling systems. Addressing these
areas will be essential for translating laboratory innovations into durable, high-performance, and
ecologically sound packaging solutions.
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KopwaraH opmada nnacmuk KanOblKmapbiHbiH WEKMEH MbIC XUHasybl 3KO02USAbIK XafblHaH
Kayinciz xoHe biObipalimbIH opaybiul MamepuasidapbiH xacayra 0ez2eH xahaHObIK KbI3bifyWbifbIKMbl
apmmabipObl. buonoausinbiK biObipalmbiH nonumepnepdiH iwiHOe eciMOiKk mekmec Uesinio103a MeH OHbIH
MUKpObmbIK  aHanoebl — bakmepuandbl  yenmonosadaH (bBL]) anbiHambiH  6uonnacmukmep
JKaHapmblnamblHObIfbl, bIObIpalmbiHObIFbI XOHE Konalslbl MexaHuKasblK Kacuemmepi apkacbiHOa epekwe
Ha3sap aydapmbin ombip. Anatida, onapdblH npakmukarbiK KorndaHblnybl 2u8pogussdiniai MeH CbipmKbl opma
acepriepiHe cesiMmandbifbl CUSKMbI MacernenepmeH wekmenedi. byn kemwinikmepdi or yWiH COHFbI
3epmmeynepde rnonucaxapudmep KypbiibiMbIH KO8arleHMMi eMec spekemmecynep (Mbicarsbl, CymeKkmik
batinaHbicmap, UOHObIK alikac balinaHbicmap) XoHe KoeaneHmmi moducbukayusnap (Mbicasbl,
mpaHcamepugukayusi) — apKbiibl - mypneHoipy  xondapbl  Kapacmbipbiiyda. MyHdal  macindep
mamepuandapdbiH MexaHuKarnbik bepikmieiH, ukemoinieiH xoHe cyra mesimodinieiH edayip apmmbipa anaisi.
Ocbl wornyda nonucaxapud HeeidiHOeai 6uonnacmukmepdi xemindipyee 6arbimmariFaH COHfbl fbiflbIMU
xemicmikmep masidaHbin, busuKarnblK XoHe XUMUSITIbIK Modugbukauusinapdsl bipikmipy apKbiribl onapobiH
JKYMbIC cunammamarnapbiH Xakcapmy MyMKiHOIKmepi kapacmbipblnaldbl. ©cipece bakmepuarndbi Uessoo3sa,
nlanoHuUm, Xumo3aH JXeHe Mal KbIWKbIIbIHbIH — 3QupriepiHeH mypambiH eaubpudmi ylenepoiH
CUHepeemukKarbIK ocepiHe epekwe KeHin beniHedi. XKannbl anraHo0a, KoganeHmMmMi eMec XoHe KosasieHmmi
modudcbukauusinapdbl bipikmipy — Kerneuleai 30p mypakmbl opaybiw MamepuandapbiH xacay ywiH muimoi
cmpameausi pemiHOe Kapacmbipbinaobi.

Tylin ce30ep: 6akmepuandbi Uennao3a; cymekmik balnaHbic; UOHObIK alikac 6alnaHbic;
mpaHcamepuguKkayus; narnoHum.
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BUOMNACTUKN HA OCHOBE NOJIMCAXAPUAOB AN YCTOWYNBOMN YNAKOBKM:
POJ1Ib HEKOBAJNEHTHbIX BBAMMOAENCTBUU U TPAHCOTEPUPUKALIMA

YcuneHue npobriembl  3a2ps3HeHUs  OKpyxarouwiel  cpelbl  rnacmukosbiMu  omxodamu
CMUMynupo8asio 80 8CEM MUPE aKmMUBHbIU MOUCK 3KOIo2u4ecKu 6e3onacHbIX U ycmoldusbiX yrnaKko80oYHbIX
mamepuarnos. Cpedu buopasnazaembix rosiuMepo8 0cobbili UHMepec 8bi3bigaom buoniacmuku Ha OCHO8E
nonucaxapudos — 0CO6EeHHO U3 pacmumesibHOU Uensnosbl U e€ MUKpobHo20 aHasoza, bakmepuarbHOoU
uenmnonossl (bL)) — briazodapsi ux 80306Ho8nsseMocmu, crrocobHocmu k 6uodeepadayuu u brrazonpusimHbIM
MexaHu4yeckum ceolicmeaMm. TemM He MeHee, UX MPakmu4yeckoe MpUMEeHeHUe 4Yacmo ozpaHudusaemcs
makumu ¢hakmopamu, Kak 2udpoghuribHOCMb U ys136UMOCMb K 8HEWHUM 8030elicmeusm. s npeodoneHust
amux ozpaHuyYeHul 8 nocriedHue 200bl aKmuUBHO U3y4aromcsi CmpyKmypHble MoOughukauyuu, 8KHarouue
KaK HekoeasieHmHble 83aumodelicmeusi (Harnpumep, 6000pOOHbIE CB53U, UOHHas ClwueKa), mak u
KosasieHmMHbIe Nno0xo0bl, makue Kak mpaHcamepugukayust. 3mu memoObl O0Ka3asiu c80H 3¢hheKMuUEHOCMb
8 Mos8bIWEeHUU MexaHu4Yeckol npo4YyHocmu, aubkocmu u eodocmolikocmu mamepuasnos. B daHHom ob63ope
paccmampusaromcsi cospeMeHHble OocmuxkeHUsi 8 obriacmu paspabomku buornnacmuko8 Ha OCcHoge
nonucaxapudos C¢ 0cobbiM akUeHmMoM Ha codYemaHue bUu3UYECKUX U XUMUYeckux moodudbukauyuli Ons
yIyqWweHUs 3KCrlyamauyuoHHbIX xapakmepucmuk. Ocoboe sHuMaHue ydernsemcsi 2ubpudHbIM cucmemam ¢
yyacmuem b6akmepuanbHOU  Uesiiono3sbl, farnoHuma, xumo3aHa U 3¢hupo8 KUPHBLIX — Kuc/iom,
OeMoHCMpPUPYOWUM  NMEepCriekmueHble  cuHepeemuyeckue aggekmbl. B uyenom, uHmeezpayus
HeKoasleHMHbIX U KosalleHMHbIX Modughukayul npedcmassnisiem cobol nepcrnekmueHyro cmpameauto Ors
€030aHus yrnako8oYHbIX Mamepuasog H08020 MOKOJIEHUS, OPUEHMUPOBaHHbIX Ha ycmou4ugoe pa3gumue.

Knroyeenie crioea: OakmepuasnbHasi Uesnsoso3a; B000pP00Hble C853U; UOHHas Culueka;
mpaHcamepuguKkayus; narnoHuUm.
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