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BIOTECHNOLOGICAL VALORIZATION OF PLANT BIOMASS
FOR ECO-FRIENDLY PACKAGING VIA BACTERIAL PROCESSES

The growing environmental impact of petroleum-based plastic packaging has intensified the need
for biodegradable and sustainable alternatives. Among these, bacterial cellulose stands out as a prom-
ising biomaterial due to its remarkable purity, mechanical strength, and nanofibrillar structure. Unlike
plant-derived cellulose, bacterial cellulose is naturally synthesized by specific bacteria in a form free
from lignin and hemicellulose, making it highly suitable for use in eco-friendly packaging and bio-
medical applications. This review highlights recent advances in the biotechnological valorization of
plant biomass, particularly agricultural residues such as straw, stalks, and husks, for bacterial cellulose
production. These lignocellulosic feedstocks are abundant, renewable, and offer significant potential as
substrates for microbial fermentation. The paper explores the chemical composition of various biomass
types and evaluates their suitability for bacterial cellulose synthesis based on their cellulose, hemicel-
lulose, and lignin content. In addition, the review outlines the enzymatic steps involved in bacterial
cellulose biosynthesis and the microbial strains primarily responsible for its production. Together, these
insights provide a scientific foundation for converting plant-based waste into biodegradable cellulose-
based materials, contributing to the development of sustainable packaging solutions and supporting the
transition toward a circular bioeconomy.

Key words: bacterial cellulose; lignocellulosic biomass; sustainable packaging; agricultural residues;
microbial fermentation.
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OciMaik 6uomMaccacbiH 6aKkTepusbiK NpouecTep apKbi/ibl
3KONOrUsA/IbIK Ta3a opaybill MaTepuangapra 6norexHonorusnbik 6aranay

MyHait HerisiHaeri nnacTvkanblk opay MaTepuanaapblHbiH KOpLlUaFaH opTaFa acepi apTKaH caWiblH,
buogerpafaumsnaHaTbiH XoHe TypakTbl 6anamanapablH KaxeTTiniri kyweiai. Ocbl 6anamanapabii
apacbiHaa 6aKkTepuasbIK LIENNi003a epeKLle TasasbiFbl, MEXaHVKasbIK OepiKTiri )KoHe HaHO-TaslWbIKTb
KYpbUIbIMbl @pKacbiHAa NepcnekTuBanbl buomaTtepman peTiHAe epekweneHeni. ©CiMAIKTEH anblHFaH
LenonosaaaH anblipMallblibiFbl, GaKTepUsbIK Leoio3a apHaibl 6aktepusnapMeH Taburn Typae
CUHTe3[eneAi XXaHe IMMHUH MeH reMuuUesnsIiono3asaH epkiH Typae 6onaabl, 6yn OHbl SKONOrMsNbIK Tasa
opay MaTtepvanzapbl MeH 6roMeaMUMHanbIK KonaaHbanap yuliH eTe Konainel eteni. byn wony eciMaik
6uomaccacolH, acipece cabaH, cabaHAblK ASHAEP XOHE Kaybl3 CUAKTbI ayblillapyallbiiblK KanablKTapblH
bakTepusanbIK LeN03a eHAipyre apHasFaH 6MOTEXHONOTUSNbIK KyHAbIbIFBIH apTTbipyAaFbl COHFbI
XKETICTIKTEepre Hasap ayaapaabl. byn nurHouennionosapl WuKisaTTap KeHiHEeH TapanFaH, >XaHapTblnaTbiH
XKOHEe MMKPOOpraHu3Mzep apKbi/ibl aWbITy YWiH MaHbI3abl aneyeTke me. byn xymbic apTypni 6uomacca
TYPAEPIHIH XMMUANbIK KypaMblH 3epTTeiai xaHe onapAblH Liensionosa, reMuUeniionosa XoHe IMrHUH
KypaMblHa HerizgenreH 6akTepusnblk LENIII03a CUHTE3IHE >XapaMAblbiFbiH - GarFananapl.
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Fanaviabl. CoHbIMEH KaTap, wosy 6akTepussbiK Lennono3a buocnHTesiHaeri hepMeHTTiK Kagamaap-
[bl XXKdHe OHbIH eHZIpiCiHe >xayanTbl MUKPOOPraHM3Maep WTaMaapbiH cunatTanasl. Ocbl ManiMeTTep
ecimaik KanablkTapblH 6uoaerpagaumsinaHaTbiH Lenstono3a HerisiHaeri matepvangapra anHanabipy
YLUiH FbITbIMKM Heri3ai KamMTaMachl3 eTiM, TypakTbl opay LieliMaepiH AaMbITyFa XaHe aliHanManbl 61os-
KOHOMMKaFa KeLllyre ynec kocaabl.

TyiiiH ce3aep: HakTepusinbIK LENNN03a; IUrHoLenItono3asl buomacca; TypakTbl opay; ayblila-
pyaLbinblK KasAbIKTapbl; MUKPOOPraHN3MAEDP apKblibl alwbITy.
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buotexHonoruyeckas yruamsauus pacruTeanoii 6uomaccnbl
NS KOJIOTMYHOM YNaKOBKHU yepe3 6aKTepuanb|-|b|e npouecchbl

YBenuueHne BO3AENCTBUS MIACTMKOBBIX YNAaKOBOK Ha OCHOBE He(TW Ha OKpYXKaloLlylo cpeay ycu-
N0 NOTpebHOCTL B B1oAerpaaMpyeMbiX U yCTOMUMBBLIX afibTepHaTMBax. Cpeamn HyUx GakTepuanbHas
LIeNsIion03a BhIAENSETCs Kak NepcrnekTUBHLIA 6uoMaTepran bnarogapst CBoei 3aMevaTenbHON YNCTOTE,
MeXaHWYeCKOW NPOYHOCTU U HAHOBOJIOKHUCTOW CTPYKTYype. B oTnnMume oT Lennonosbl pacTUTenbHOro
npoucxoxaeHusi, bakTepuanbHas Lenniono3a cuHTesnpyetcs cneumdudeckumm baktepusammn B Gopme,
CcBOBOAHOMN OT SIUFTHUHA U FEMULENIIO03bl, YTO AENAET ee BbICOKO MPUroAHOW ANst UCMOMb30BaHUS
B 9KOJIOMMYHON YNaKkoBKe U BMOMEANLIMHCKMX MPUIOXEHMsIX. ITOT 0630p OCBeLLaeT NocneaHve Ao-
CTUXKEHWUS B OMOTEXHONOMMYECKON YTUIN3aLMK pacTUTeNbHOW B1MoMacchl, B YaCTHOCTU CeNbCKOX0351-
CTBEHHbIX OTXOZ10B, TakMX Kak CONIoMa, CTebnu 1 Lenyxa, Ans NPOM3BOACTBa O6aKTepUIMHON Lenonossl.
3TN NIMFHOLUEN/IIONO03HbIE CbipbeBble MaTepuanbl 06ubHbl, BO306HOBNSIEMbI 1 0611a8al0T 3HAYUTENBHBIM
MOTEHLMANOM B KayecTBe CybCTpaToB A MUKPOOPraHW3MHOM dhepMeHTauun. B cTtaTbe paccmaTpuBa-
IOTCS XMMUYECKUIA COCTaB pasfiMyHbIX TUMOB BMOMacChl U OLEHMBAETCS UX NPUroAHOCTL ANst CUHTE3a
6aKTepuIHON Lennioo3bl Ha OCHOBE COAEpPXXaHuUs LIetoN0o3bl, FeMULENII03bl U MUrHUHa. Kpome
TOro, 0630p OMUCHIBAET (DEpMEHTATUBHbIE 3Tarbl, BOBIEYEHHbIE B BUOCUHTE3 GaKTEPUMHON LIENIONO-
3bl, U MUKPOOPraHU3MHbIE LUTaMMbl, KOTOPblE B OCHOBHOM OTBETCTBEHHbI 3@ ee Npon3BoAcTBO. COBO-
KYMHOCTb 3TUX AaHHbIX NPeAOCTaBSEeT HAyYHYIO OCHOBY Anst Npeobpa3oBaHust pacTUTENbHbIX OTXOA0B B
6uoaerpaampyemMble MaTepuanbl Ha OCHOBE LIeN/0SI03bl, CNOCOBCTBYSI pa3paboTke yCTOMUMBBLIX pe-
LWEeHWI ANsl YNAKOBKM U MOALAEPXKKE Nepexosa K KpyroBon 6MO3KOHOMKKE.

KnroueBble cnoBa: HakTepvarnbHas Lensiiono3a; MrHoLenno3Has bruomacca; ycronuveas yna-
KOBKQ; CENIbCKOXO3AMCTBEHHbIE OTXOAbI; MUKPOGHasi (epMeHTauus.

Introduction

Plastic packaging waste has emerged as a
major global environmental concern  [1].
Conventional petroleum-based polymers such as
polyethylene (PE), polyethylene terephthalate
(PET), and polypropylene (PP) are extensively uti-
lized in food and consumer goods packaging due to
their excellent mechanical strength and barrier prop-
erties [2,3]. However, the long-term persistence of
these synthetic materials in the environment, along
with their resistance to biodegradation, leads to the
accumulation of plastic debris and the formation of
microplastics both of which pose significant risks to
ecosystems and human health [4]. In light of these
issues, there is a growing demand for sustainable
alternatives that are both biodegradable and envi-

ronmentally benign. Among the most promising
candidates is bacterial cellulose (BC) [5], a highly
pure biopolymer synthesized by certain prokaryotic
microorganisms [6]. Unlike plant-derived cellu-
lose, which is typically extracted from wood or cot-
ton and contains residual lignin and hemicellulose,
BC is naturally produced by bacteria in a pristine
form devoid of these impurities [7]. This results in
an ultrafine nanofibrillar cellulose network with ex-
ceptional purity and structural integrity [8]. Such
unique properties make BC an attractive material for
a wide range of advanced applications, from
biomedical engineering to the development of eco-
friendly packaging solutions [9,10].

BC demonstrates a range of key attributes that
make it highly suitable for use in packaging technol-
ogies [11]. Notably, its elevated degree of crystal-
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linity and polymer chain alignment endow BC films
with remarkable tensile strength reaching up to ap-
proximately 200 MPa in dry conditions while main-
taining a high degree of flexibility [12,13]. Further-
more, BC exhibits exceptional resistance to oxygen
and moisture permeation, often outperforming con-
ventional bioplastic materials in barrier functional-
ity [14]. The films produced from BC are typically
transparent, flavourless, and inherently non-toxic,
which renders them safe for direct contact with food
products. In addition to these functional benefits, BC
is fully biodegradable and compostable by nature; it
undergoes decomposition in natural environments
without generating harmful residues or microplastic
particles [15]. These combined features position BC
as a highly promising and environmentally respon-
sible substitute for petroleum-based plastic packag-
ing [16].

BC can be produced from renewable raw ma-
terials, particularly agricultural and industrial lig-
nocellulosic residues [17]. Utilizing plant-based
waste such as straw, stalks, and husks for BC syn-
thesis aligns with circular economy principles by
transforming low-value biomass into high-value
bioproducts [18]. This review highlights recent ad-
vances in the biotechnological conversion of plant
biomass into biodegradable packaging materials
through bacterial processes. It begins with an over-
view of the chemical composition of common plant
residues namely their cellulose, hemicellulose, and
lignin content and evaluates their potential as sub-
strates for microbial fermentation.

2 Plant biomass feedstocks: composition and
availability

2.1. Agricultural lignocellulosic residues: com-
position and suitability for microbial conversion

Agricultural lignocellulosic residues refer to
solid plant-based wastes generated as by-products of
crop production that are not directly utilized for food
or feed [19]. These biomass sources include the
straw of cereal and leguminous crops such as wheat,
barley, and rice; stalk and leaf residues of maize and
sunflower; sugarcane bagasse; and the woody stems
and hulls of cotton and other indus- trial crops
[20,21]. Such residues are produced in enormous
quantities annually, with global estimates reaching
several billion tons of agricultural plant waste per
year [22]. However, a significant portion of these
materials remains underutilized, often being burned
in open fields or left to decompose, leading not only
to the loss of valuable resources but also to increased
greenhouse gas emissions and air pollu-
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tion [23]. Despite this, plant-derived lignocellulosic
biomass holds substantial potential as an accessible
and low-cost feedstock for renewable energy gen-
eration and bioproduct manufacturing [24].

Agricultural crop residues are primarily com-
posed of lignocellulosic material, which is derived
from the rigid cell walls of plant tissues [25]. Lig-
nocellulosic biomass consists of three major struc-
tural components: cellulose, hemicellulose, and
lignin (Figure 1). Cellulose is a long-chain poly-
saccharide made up of glucose monomers, forming
the structural backbone of the plant cell wall and
accounting for approximately 40-50% of the dry
weight [26]. It assembles into microfibrils, provid-
ing high mechanical strength to plant fibers [27].
Hemicellulose, in contrast, is a branched hetero-
polymer composed of various pentose and hexose
sugars; it binds cellulose microfibrils and, together
with lignin, forms an amorphous matrix within the
cell wall. In agricultural residues, hemicellulose
typically makes up about 20-30% of the biomass
[28]. Lignin is a complex, aromatic polymer built
from phenylpropanoid units, conferring water re-
sistance and structural rigidity to plant tissues, and
is highly resistant to biological degradation [29].
The precise chemical composition of agricultural
residues can vary significantly depending on the
plant species, cultivar characteristics, and growing
conditions [30].

The relative proportions of cellulose and lignin
vary significantly among different types of agricul-
tural residues. For instance, wheat straw contains a
relatively low lignin content (~14%), whereas corn
stover and sugarcane bagasse have higher lignin lev-
els, around 20% [31, 32]. As reported by Fortunati
et al. [33], the lignocellulosic profile of barley straw
includes about 56.2% cellulose, 7% hemicellulose,
and 9.2% lignin. The cellulose content also differs
considerably: it exceeds 30-43% in rice straw [34],
while in cotton stalks it typically ranges between
35% and 40% [35-37]. Cotton stalks exhibit even
greater lignin content ranging from 20% to 31%
which may contribute to their resistance to micro-
bial degradation [38,39].

Environmental growing conditions also play a
significant role; under stress conditions such as
drought, plants tend to enhance lignin biosynthesis
to reinforce their cell walls [40]. Daniel et al. [41]
showed that water deficiency led to an approximate-
ly 18.4% increase in lignin content in Douglas-fir
wood under drought-induced abiotic stress. Certain
residues also contain distinct inorganic components
for instance, rice straw can have up to ~18% ash
content in the form of silicon dioxide, which further
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complicates microbial breakdown [42]. Overall, the
high cellulose and hemicellulose content in agri-
cultural residues highlights their potential as feed-
stocks for microbial conversion into fermentable

sugars and various bioproducts. However, a high
lignin content can act as a limiting factor, reducing
the overall efficiency of bioconversion processes
(Table 1) [43,44].

Lignocellulosic
Cell Wall Structure

Agricultural
Plant Biomass

|
NS VAN

> oF
of - 0 | H
~OH 0L, 7 M»;
o [ e 4 — oH|

< Lignin

Hemicellulose Cellulose

Figure 1 — Lignocellulosic structure of agricultural plant biomass. Cellulose microfibrils (green)
are bound by hemicellulose chains (blue) and embedded in a lignin matrix (orange),
forming a strong and integrated plant cell wall network.

Note — Created with BioRender, License No. AG28A5FCPE

Table 1 — Composition of lignocellulosic components in various agricultural residues

Type of Residue Cellulose, % Hemicellulose, % Lignin, % References

Wheat straw 37 26.5 14 [31, 32]
Barley straw 56.2 7 9.2 [33]
Corn stover (stalks) 35.2 251 23.7 [31, 32]
Rice straw 30-43 27.9 17.2 [34]
Sugarcane bagasse 41.6 25.1 20.3 [31, 32]
Cotton stalks 35-40 20-25 20-31 [35-37], [38,39]
Hardwood stem 40-50 24-40 18-25 [45]
Softwood stem 45-50 25-35 25-35 [45]
Nut shells 25-30 25-30 3040 [45]
Grasses 25-40 35-50 10-30 [45]
Leaves 15-20 80-85 0 [45]
Sorted refuse 60 20 20 [45]
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Continuation of the table

Type of Residue Cellulose, % Hemicellulose, % Lignin, % References
Coastal Bermuda grass 25 35.7 6.4 [45]
Switch grass 30-50 10-40 5-20 [45]
Solid cattle manure 1.6-4.7 14-33 2.7-5.7 [45]
Swine waste 6 28 - [45]
Primary wastewater solids 8-15 - 24-29 [45]
Paper 85-99 0 0-15 [45]
Newspaper 40-55 25-40 18-30 [45]
Waste papers from chemical pulps 60-70 10-20 5-10 [45]

To enable the efficient microbial conversion of
lignocellulosic residues, it is first necessary to dis-
rupt their complex structure, as cellulose microfi-
brils are tightly embedded within a matrix of lignin
and hemicellulose in their natural state [46]. This
arrangement acts as a physical barrier, significant-
ly limiting enzyme access and hindering microbial
degradation [47]. In a study by Mosier et al. [48]
it was shown that lignin not only blocks enzymatic
access but also adsorbs enzyme molecules onto its
surface, thereby reducing their activity and decreas-
ing bioconversion efficiency. Furthermore, phenolic
compounds such as vanillin, ferulic acid, and furfur-
algenerated during thermochemical pretreatment are
known to exert toxic effects on microorganisms and
inhibit fermentation [49]. Therefore, recent studies
recommend pretreatment strategies to alter the lig-
nocellulosic structure and improve substrate acces-
sibility. For instance, Kumar et al. [50] demonstrated
that acid, alkaline, and steam-based pretreatments
enhance enzymatic access to cellulose. Following
pretreatment, enzymatic hydrolysis is performed,
breaking down polysaccharides into glucose and xy-
lose monomers. According to Chandel et al. [51] the
yeast Saccharomyces cerevisiae is the most widely
used strain in fermentation processes. In addition,
filamentous fungi such as Aspergillus, Trichoderma,
and Rhizopus, as well as bacteria like Clostridium
and Lactobacillus, are effectively employed to pro-
duce various biochemicals. In summary, the main
challenge in converting agricultural lignocellulosic
waste into bio-based products via microbial pro-
cesses lies in their inherent resistance to biological
degradation. However, modern biotechnological so-
lutions such as optimized pretreatment methods, en-
zyme cocktails, and selected microbial strains offer
promising strategies to overcome these limitations.
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3. Microbiological synthesis of BC

3.1. Key bacterial strains responsible for cellu-
lose biosynthesis

BC is an exopolysaccharide nanomaterial syn-
thesized by specific microbial species. Unlike plant-
derived cellulose, BC is characterized by its
exceptional purity, high water-holding capacity, and
robust three-dimensional fibrous architecture
[52,53]. The most efficient BC-producing microor-
ganisms are Gram-negative rods belonging to the
acetic acid bacteria group. Among them, Komaga-
taeibacter xylinus (K. xylinus) is widely recognized
for its high cellulose productivity [54]. Other closely
related strains such as K. Hansenii [55], K. Rhaeti-
cus [56], K. Sucrofermentans [57], and K. Medellin-
ensis [58] also exhibit strong cellulose-synthesizing
capabilities and are extensively used in both funda-
mental research and industrial-scale BC production.

K. xylinus has been extensively studied as a
model organism in this group due to its high cel-
lulose-producing capacity and well-characterized
biosynthetic pathways [59]. These bacteria are
known to form thick surface layers often referred to
as the “mother of vinegar” and are commonly found
in sugar-rich substrates such as fermented tea
(kombucha), fruit juices, and palm sap [60,61]. The
cellulose forms a floating biofilm that enables the
cells to remain at the air-liquid interface, thereby
facilitating efficient oxygen uptake [62]. As a result,
BC is typically synthesized at the interface between
the liquid medium and the air, making oxygen avail-
ability a critical factor for optimal production. Spe-
cies of Komagataeibacter are obligate aerobes that
derive energy through partial oxidation of carbon
sources [63,64]. For instance, glucose is converted
to gluconic acid and ethanol to acetic acid, and these
metabolic by-products lead to acidification of the
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culture medium. This metabolic behavior not only
supports cellulose biosynthesis but also influences
the physicochemical conditions of the surrounding
environment [65,66].

The metabolic profile of Komagataeibacter
strains is closely linked to their cellulose-producing
ability [67]. Cellulose producers exhibit ~100-fold
higher UDP-glucose pyrophosphorylase activity
compared to non-producers, facilitating efficient
synthesis of UDP-glucose a key precursor for cellu-
lose biosynthesis [68]. Essential genes (bcsA, bcsB,
bcsC, besD) are organized into operons. In K. xyli-
nus, two operon types have been identified: type |
includes the core bcs genes and regulatory elements
(cmcAx, ccpAx, bglAx), while type Il contains an ad-
ditional acyltransferase gene, potentially involved in
acylated cellulose production. These genetic fea-
tures influence the quantity and quality of BC [69].

3.2 Biochemical pathway and regulation of BC
biosynthesis

The biosynthesis of BC involves several sequen-
tial enzymatic steps [70]. When glucose is used as the
carbon source, it is first phosphorylated to glucose-
6-phosphate by the enzyme glucokinase upon enter-

ing the cell [71]. In the second step, glucose-6-phos-
phate (GIc6P) is isomerized to glucose-1-phosphate
(Glc1P) through the catalytic action of phosphoglu-
comutase [72]. In the third step, GIc1P is converted
into uridine diphosphate glucose (UDP-glucose) via
the enzyme UDP-glucose pyrophosphorylase (UG-
Pase) [73]. This reaction involves the condensation
of Glc1P with UTP, releasing pyrophosphate and
forming high-energy UDP-glucose [74]. UDP-glu-
cose is an activated compound that serves as the di-
rect precursor for cellulose biosynthesis [75]. While
it is a common intermediate in the synthesis of vari-
ous polysaccharides in many microorganisms, only
certain specialized bacteria possess the ability to
polymerize UDP-glucose into cellulose (Figure 2)
[76]. In cellulose-producing bacteria, the exception-
ally high activity of UGPase and the enhanced flux
through associated pathways promote the accumu-
lation and efficient utilization of UDP-glucose for
polymerization [77]. The fourth and principal step is
the polymerization of UDP-glucose. This process is
catalyzed by a membrane-bound multienzyme com-
plex known as cellulose synthase, which sequen-
tially adds glucosyl residues from UDP-glucose to
elongate the B-1,4-glucan chain [78,79].
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The cellulose synthase complex is anchored in
the inner cytoplasmic membrane and is composed of
protein products encoded by the bcs operon. At the
core of the complex are the BcsA and BcsB proteins
[80]. BcsA is an integral membrane protein with
multiple transmembrane domains; its cytosolic re-
gion contains a glycosyltransferase catalytic site and
a PilZ domain that binds the second messenger cy-
clic di-GMP (c-di-GMP) [81]. BcsB is a periplasmic
protein that non-covalently associates with BcsA
and contains carbohydrate-binding domains, which
assist in guiding the nascent glucan chain through
the cell envelope. The activity of this enzyme com-
plex is directly regulated by c-di-GMP, which allo-
sterically binds to the PilZ domain of BcsA, thereby
activating its glycosyltransferase function [82,83].
Studies in Gluconacetobacter xylinus (now K. xy-
linus) and other cellulose-producing bacteria have
shown that elevated intracellular levels of c-di-GMP
significantly enhance cellulose biosynthesis [84,85].
The concentration of c-di-GMP is dynamically con-
trolled by the opposing activities of two types of en-
zymes: diguanylate cyclases (DGCs) and phospho-
diesterases (PDESs), which respond to environmental
cues and thus indirectly regulate the rate of cellulose
synthesis [86,87].

BC biosynthesis begins with the synthesis of -
1,4-glucan chains on the inner membrane, which are
transported through the periplasm and extruded via
the BcsC pore in the outer membrane [88]. These
chains self-assemble into protofibrils (~2—4 nm),
microfibrils (~80 nm), and eventually ribbon-like
nanofibers [89-91]. Core proteins (BcsA-C) drive
synthesis, while BesD aids in fibril crystallization its
deletion in K. xylinus reduces yield by up to 90%.
Auxiliary genes like ccpAx, cmcAx, and bglAx assist
in cellulose modification. Biosynthesis is sensitive
to environmental factors [68]. Optimal pH (~6.0) is
essential, while byproducts like gluconic acid lower
pH and inhibit production; buffering agents (e.g.,
sodium acetate) help stabilize conditions. Genetic
modifications (e.g., gdh knockouts or chemically in-
duced mutants) improve yield by minimizing acid
production and optimizing NADH usage [68,92].
Oxygen availability is also critical: static cultures
may suffer from limited diffusion, whereas aeration
systems enhance productivity though excessive agi-
tation can reduce yield [93]. Overall, BC synthesis
is a highly regulated process influenced by genetics,
metabolism, and culture conditions, with modern
biotechnological advances enabling more efficient
industrial-scale production.
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4. BC derived from agricultural residues and
its properties for packaging applications

BC is a highly pure polymer produced by cer-
tain bacteria, with nanofibers thinner and more or-
dered than those of plant cellulose [94]. As a natural
biomaterial, BC offers an eco-friendly alternative to
petroleum-based plastics. However, its industrial
production traditionally relies on expensive carbon
sources like glucose and yields remain relatively low
[95]. To address this, recent studies have focused on
using agricultural residues and by-products as cost-
effective substrates to reduce production costs and
enhance sustainability. These waste materials such
as fruit peels, straw, bagasse, rice husks, corn cobs,
and glycerol by-products contain abundant carbo-
hydrates, nitrogen compounds, and micronutrients,
making them viable substitutes for conventional
media [96,97]. This section reviews recent advances
in BC production from agro-waste, examines its
packaging-related properties, and compares BC-
based films to traditional plastics.

4.1 Research on BC production from agricul-
tural waste

Recent studies have demonstrated that various
agricultural and food industry wastes can serve as
low-cost substrates for BC production. For example,
Andritsou et al. [98] evaluated the potential of citrus
waste, using unsold orange and grapefruit juices and
their aqueous peel extracts as media for Komaga-
taeibacter sucrofermentans. After 6-7 days of cul-
tivation, BC yields reached 6.7 g/L and 6.1 g/L, re-
spectively. Lower yields were observed when using
lemon, grapefruit, and orange peel extracts—5.2,
5.0, and 2.9 g/L, respectively. BC produced from or-
ange peel hydrolysate exhibited significantly higher
water-holding capacity, degree of polymerization,
and crystallinity compared to samples derived from
purified plant cellulose [98,99]. Starchy vegetable
waste can also serve as an effective substrate. Ab-
delraof et al. [100] reported that acid-pretreated po-
tato peel hydrolysate supported the production of
4.7 g/L of BC by Gluconacetobacter xylinus after 6
days under optimal conditions (35 °C, pH 9, and 8%
inoculum in the initial medium). Sugar industry and
fruit processing residues have also been inves-
tigated as substrates. Abol-Fotouh et al. utilized a
newly isolated strain, Komagataeibacter sacchariv-
orans MD1, to produce BC from date juice waste,
fig processing residues, and sugarcane molasses.
After 168 hours of incubation, the highest yield was
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achieved using molasses-based medium (~3.9 g/L),
compared to only ~1.1 g/L in conventional HS me-
dium [101,102]. Researchers reported that BC pro-
duced in agro-waste-based media showed no sig-
nificant differences in fiber diameter or branching
structure compared to samples grown in glucose-
based media, indicating that nutrient extraction from
waste substrates does not adversely affect cellulose
quality [102]. Cereal straw and other biomass-based
substrates have also proven effective. In a study by
Ishola et al., two natural Komagataeibacter strains
isolated from rotten banana and kombucha were
used for fermentation with enzymatic hydrolysates
of corncob and sugarcane bagasse as substrates
[103]. This study compared static, intermittent, and
continuous agitation modes. Continuous stirring
significantly improved BC yield: Komagataeibacter
sp. (CCUGT73629) produced 1.6 g/L in corncob hy-
drolysate under agitation, versus 0.9 g/L in static HS
medium. Similarly, strain CCUG73630 yielded 1.2
g/L from sugarcane bagasse under agitation, com-
pared to just 0.3 g/L under static conditions. An-
other promising direction is the use of food indus-
try by-products, such as apple pomace from juice
production and stale bread hydrolysate. Esmail et al.
[104] demonstrated that sugar mixtures derived from
these wastes significantly enhanced BC production
by K. xylinus DSM 2004. Cultivation in apple pom-
ace alone yielded ~1.5 g/L of BC, which increased
to 3.38 g/L when supplemented with nitrogen sourc-
es. Similarly, BC yield from bread hydrolysate rose
to 2.07 g/L with nutrient supplementation. The BC
produced in this medium also exhibited distinctive
structural and functional properties: films derived
from apple pomace were thicker, showed slightly
higher crystallinity (59-69% vs. 55%), greater ten-
sile modulus and strength, and lower moisture ab-
sorption and oxygen/CO, permeability compared to
those from bread hydrolysate.

4.2 Functional properties of BC for packaging
applications

The structural features of BC provide it with
several unique material properties. Most notably,
BC forms a three-dimensional network of nanofi-
bers with diameters in the nanometer range. It ex-
hibits a very high degree of crystallinity typically
between 70-90% or even higher contributing to its
excellent mechanical strength and stability [102,
105]. High crystallinity and strong intermolecular
hydrogen bonding provide BC with excellent me-
chanical strength. In dry conditions, pure BC films
often surpass many polymers in tensile strength. For
instance, compressed BC films can reach tensile

strengths of 150-200 MPa, exceeding those of some
conventional plastics such as PET. Additionally, BC
exhibits a high elastic modulus, which can exceed
10 GPa [103,106]. BC is also favourable in terms of
flexibility: thin cellulose films remain pliable and
retain a certain degree of elasticity and stretchabil-
ity without becoming brittle [107]. This property is
also moisture-dependent: in a hydrated state, BC is
very soft and elastic which is why it is widely used
in wound dressings whereas in a fully dry state, it
becomes stiffer. However, its flexibility can be ad-
justed by adding plasticizers or maintaining a humid
environment.

In addition to mechanical strength, an essen- tial
property for packaging materials is their barrier
performance specifically, the ability to prevent the
transmission of water vapor and gases [108]. BC
demonstrates excellent oxygen barrier properties
due to its dense nanofibrous structure, which effec-
tively blocks oxygen molecules. In fact, its gas per-
meability is significantly lower than that of common
plastics such as PE and PP [109]. For example, BC
films derived from apple pomace have been experi-
mentally shown to exhibit reduced permeability to
both oxygen and carbon dioxide compared to stan-
dard samples [104]. BC-based films can also act as
a barrier to microbes—its dense nanostructure is
impermeable to bacteria. Moreover, incorporating
natural antimicrobial agents into the cellulose ma-
trix enables the development of active packaging ca-
pable of protecting food from spoilage microorgan-
isms. Regarding moisture permeability, pure BCisa
hydrophilic polymer, which limits its effectiveness
as a water vapor barrier. It readily absorbs moisture,
and under high ambient humidity, its gas barrier per-
formance may decrease accordingly [110]. Howev-
er, this limitation is being addressed through various
scientific approaches. One strategy involves coating
BC films with hydrophobic layers such as waxes or
plant oil-based nanoparticles to create water-resis-
tant composite materials [111]. Another approach is
to blend the cellulose matrix with natural poly- mers
like pectin or carboxymethyl cellulose, which
reduces moisture sensitivity and enhances water
vapor barrier properties [112,113]. For instance, re-
searchers in China developed a composite BC film
by incorporating soy protein and applying a thin oil-
based surface layer. The resulting material was fully
transparent, mechanically robust, and showed
improved water resistance [114,115].

Another key advantage of BC is its biodegrad-
ability. As a pure form of cellulose, BC can be read-
ily broken down by environmental microorganisms
such as fungi and bacteria that produce cellulase
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enzymes into water, carbon dioxide, and biomass.
Studies have shown that BC films undergo complete
degradation in soil within a few weeks; in some
cases, total breakdown has been observed within 40
days [107, 116]. Importantly, BC does not require
specialized industrial composting conditions it de-
composes naturally under ambient environmental
conditions. In contrast, one of the most widely used
commercial bioplastics, polylactic acid (PLA), de-
grades only under industrial composting settings and
takes several months to break down; in soil or at
room temperature, its degradation is extremely

slow and may take years. On the other hand, poly-
hydroxyalkanoates (PHAS) can undergo complete
mineralization in various natural environments,
including marine settings, within a few months to
a year [117-119]. BC, being structurally like plant
cellulose, follows a comparable environmental deg-
radation pathway like that of natural cellulose fibers
found in paper or wood making its breakdown both
rapid and non-toxic. This property enables BC-
based packaging to be composted directly after use,
allowing it to re-enter the biological cycle in a sus-
tainable and circular manner (Figure 3).
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Figure 3 —The cycle of utilizing agricultural waste for the production and application of BC-based packaging materials
Note — Created with BioRender, License No. FL28AG2LJX

4.3 Comparison with conventional plastics and
other materials

BC-based packaging materials can be compared
to conventional petrochemical plastics (e.g., PE,
PET) and modern bioplastics (PLA and PHA) across
several aspects. In terms of mechanical strength, BC
matches or even surpasses many plastics. For in-
stance, the tensile strength of high-density PE is ap-
22

proximately 20-30 MPa, and PET films range from
about 50-70 MPa. In contrast, properly dried pure
BC films typically reach 50-100 MPa and can be
enhanced up to 150-200 MPa through specific pro-
cessing techniques [107,120,121]. Thus, BC-based
packaging can serve as a viable alternative to plas-
tics in applications that require mechanical durabil-
ity such as impact resistance or load bearing during
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transportation.

In terms of barrier properties, BC outperforms
many polymers particularly in blocking oxygen and
aroma compounds [122]. Polyolefins such as PE and
PP allow relatively high permeability to oxygen and
carbon dioxide due to their non-polar molecu- lar
structure. In contrast, cellulose films are rich in polar
hydroxyl groups, which can adsorb gas mol- ecules
within their structure and significantly hin- der their
diffusion  [123,124].  Therefore, BC-based
packaging demonstrates excellent protective capa-
bilities in vacuum-sealed applications or for foods
sensitive to oxidation. While polyesters like PET
also provide moderate oxygen barrier properties,
their effectiveness increases mainly with thickness
[125,16]. In contrast, due to its nanostructured ar-
chitecture, BC can offer high barrier performance
even in very thin layers. As previously mentioned,
hydrophobic plastics such as PE and PP have a clear
advantage in water vapor resistance, they are virtu-
ally impermeable to moisture [127,128]. For this
reason, moisture-sensitive products like dry foods,
pharmaceuticals, and electronics are often packaged
in such materials. In its pure form, BC is less ef-
fective in this aspect. However, water resistance is
being successfully enhanced through the develop-
ment of composite structures, such as BC combined
with biodegradable polymers or coated with thin

hydrophobic layers [129,130]. In terms of environ-
mental and health safety, the advantages of BC and
other biopolymers are clear (Figure 4) [131]. Petro-
leum-derived plastics such as PE, PET, and others
persist in the natural environment for hundreds of
years, contributing significantly to plastic pollu-
tion. Moreover, their production processes gener-
ate substantial amounts of greenhouse gas emis-
sions [132,133]. There are also notable differences
in production processes and practical applications.
Conventional thermoplastics are processed through
high-temperature techniques such as melt molding,
blow molding, or extrusion [134]. In contrast, BC is
produced through low-temperature fermentation,
during which it grows directly into its final form
typically as a surface membrane. This means that
BC production consumes significantly less energy
but proceeds more slowly, often requiring several
days per batch [135,136]. Plastics, on the other hand,
can be extruded and molded within minutes,
allowing for rapid mass production. To address this
limitation, current research focuses on intensifying
BC fermentation through strategies such as agitated
cultures and continuous feeding [137]. Addition-
ally, emerging approaches include shaping BC into
filaments via 3D printing or extrusion, which can
then be woven into textile-like materials for various
structural applications [138,139].
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BC derived from agricultural waste is emerging
as a highly promising material for packaging appli-
cations due to its outstanding mechanical strength,
excellent gas barrier properties, complete biode-
gradability, and the ability to be processed into thin,
transparent films. By utilizing BC-based packaging,
we can reduce plastic waste and contribute to en-
vironmental improvement, while also transforming
agricultural and food industry residues into high-
value, functional materials. However, for large-
scale industrial implementation, several challenges
remain such as enhancing fermentation productiv-
ity, accelerating production processes, improving
moisture resistance, and increasing overall econom-
ic feasibility.

Conclusion

In conclusion, this review highlights the high
potential of converting lignocellulosic plant bio-
mass into environmentally friendly packaging ma-
terials through bacterial biotechnology. Monosac-
charides derived from the hydrolysis of primary
biomass components such as cellulose and hemicel-
lulose can serve as carbon sources for bacteria dur-
ing fermentation. Certain acetic acid bacteria can
polymerize these sugars to produce extracellular
BC. Utilizing agro-industrial residues as accessible
carbon sources not only reduces the production cost
of BC but also promotes process sustainability. Due
to its high purity, strength, and biodegradability, BC
represents a valuable and sustainable alternative for
packaging. Compared to conventional plastics and
some bioplastics, BC stands out for its complete

biodegradability and origin from renewable waste
materials. However, scaling BC production to an
industrial level still faces several challenges, includ-
ing high production costs and difficulties in upscal-
ing and standardizing the process. Furthermore, the
brittleness and moisture sensitivity of pure BC films
complicate their direct substitution for plastic ma-
terials. To overcome these limitations, it is neces-
sary to optimize bioreactor processes, improve high-
yield bacterial strains through genetic engineering,
and develop new BC-based composite materials. In
addition, future directions should focus on industri-
al-scale implementation, comprehensive life cycle
assessment to confirm environmental benefits, and
integration of BC packaging into the circular bio-
economy. These efforts will significantly contribute
to the development of zero-waste production and
sustainable consumption systems.
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