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Sustainability Spotlight Statement

Bacterial cellulose is a biopolymer that exhibits high purity, crystallinity, biocompatibility,
biodegradability, and excellent mechanical strength. This manuscript reviews the potential of
agroforestry waste as a sustainable, cost-effective carbon source for BC production to reduce
both costs and environmental impact. BC is considered suitable for food packaging due to its
ultrafine network, high surface area, and strong mechanical properties. This manuscript describes
the untapped potential of agro-forest waste valorisation for advancing environmentally friendly
biopolymer alternatives for packaging solutions. This work aligns with UN SDG 12
(Responsible Consumption and Production) by considering sustainable material cycles, SDG 13
(Climate Action) by considering a reduction in fossil-based plastic use, and SDG 2 (Zero
Hunger) by considering food preservation practices.
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Abstract

Bacterial cellulose (BC) is a biopolymer with several unique properties, including high purity,
crystallinity, biocompatibility, biodegradability, and excellent mechanical strength. However,
high production costs, mainly due to expensive culture media, limit large-scale industrial use.
The European Union Packaging and Packaging Waste Regulation (PPWR) aims for all
packaging placed on the EU market to be recyclable in an economically viable manner by the
year 2030, which requires compostability for specific categories and limits certain single-use
plastic formats. As such, the packaging industry urgently requires truly circular barrier
materials. This review explores the potential of agro-forest waste as a sustainable and cost-
effective carbon source for BC production, aiming to reduce both cost and environmental
impact. Studies have highlighted successful BC production from agricultural and forest waste
materials such as tree bark, fruit leaves, waste brewed tea, and ground coffee. Despite promising
results, research on producing BC from agro-forest wastes specifically for food packaging
remains limited. BC is considered suitable for food packaging due to its ultrafine network, high
surface area, and strong mechanical properties. However, there is still a lack of comprehensive
studies, particularly those applying life cycle assessment (LCA), to evaluate the circular
economy and environmental impact of different BC production methods. By providing insights
into BC production from agro-forest waste and its application in food packaging, this review
considers the development of sustainable and economically viable production processes. It also
describes the untapped potential of agro-forest waste valorization in advancing environmentally
friendly biopolymer alternatives for packaging solutions.

Keywords: bacterial cellulose; agro-forest waste; life cycle assessment; food packaging
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42 1. Introduction

43 Cellulose, a highly abundant organic polymer, is an essential structural component in the
44  primary cell walls of green plants, many types of algae, and oomycetes. In addition to these
45  eukaryotic sources, cellulose is synthesized as an extracellular polysaccharide by specific
46  bacteria. This bacterial version, termed "bacterial cellulose" (BC), is a highly hydrated biofilm
47  that is devoid of lignin, hemicellulose, and pectin, which sets it apart from its plant-derived
48  counterpart. 2.

49  Various bacterial species belonging to the genera Komagataeibacter, Acetobacter,
50  Agrobacterium, Pseudomonas, Sarcina, and Rhizobium are known for their capacity to produce
51 BC23.

52  The intrinsic properties of BC, such as transparency, purity, high water holding capacity, cell
53  proliferation, cell adhesion, biocompatibility, high crystallinity, biodegradability,
54  hydrophilicity, high mechanical strength, high degree of polymerization, nano-porosity,
55  permeability to liquids and gases, flexibility, and moldability, make it an excellent material for
56  many applications. Due to its high crystallinity, mechanical strength, and biocompatibility, BC
57 has attracted significant attention across food, biomedical, and industrial applications*. These
58 attributes also make BC an ideal candidate for food packaging applications; for example, its
59  biocompatibility and mechanical strength can enhance the durability and safety of packaging
60  materials, while its thermal stability and chemical purity ensure the preservation and protection
61  of food products 2.

62 At the same time, the global food packaging sector is undergoing a significant transformation
63  that is driven by sustainability pressures. The packaging industry currently accounts for over
64 40% of global virgin plastic consumption, and the growing evidence of microplastic
65 accumulation in ecosystems and human tissues has intensified efforts to develop renewable and
66  biodegradable alternatives. In this context, BC has emerged as a promising bio-based material
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67  that is capable of addressing both environmental and functional packaging requirements.

(cc)

68  Despite its remarkable physicochemical properties, large-scale BC production remains
69  economically constrained due to the high cost of conventional Hestrin-Schramm (HS) medium
70  and relatively low volumetric productivity. To address these limitations, recent research efforts
71 have increasingly focused on two parallel strategies: strain optimization and low-cost substrate
72 valorization.

73 Recent investigations have significantly expanded the range of efficient BC-producing strains
74 by isolating them directly from biowaste-rich ecological niches. For example, biowaste-soil
75  consortia have been explored as reservoirs for high-yield cellulose-producing bacteria; this
76  approach shows enhanced adaptability to alternative carbon sources and low-cost substrates®.
77  Similarly, novel Komagataeibacter strains isolated from agro-residual environments exhibit
78  improved metabolic flexibility and cellulose productivity’. In addition to strain development,
79  cost-effective screening methodologies have been proposed to accelerate the identification of
80  high-performing producers. The use of alternative low-cost media (e.g., gram flour-table sugar
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82  synthetic laboratory media®. In parallel, agro-industrial waste streams such as papaya peel and
83  fruit pomace have been successfully valorized as fermentation substrates’-’. Integrating strain
84  improvement, economical screening, and waste substrate utilization facilitates the transition
85  from laboratory-scale optimization toward techno-economically viable BC production systems
86 that are aligned with circular bioeconomy principles.
87  Agro-forest wastes provide significant economic value on a global scale, offering a promising
88  renewable energy source due to their environmentally friendly nature. Utilizing agro-forest
89  waste is crucial for sustainable bacterial cellulose production. Key sources of agro-forest waste
90 for BC production include agricultural residues, peels, wood residues, and leaf litter. Several
91  agro-industrial wastes with potential utilization in BC production are highlighted in this
92  research, including oranges !° and citrus peels!!, sugarcane juice'?, durian shells'3, wheat straw
93  hydrolysate!4, coffee cherry husks!#, and pineapple residues'>, all of which have demonstrated
94  promising yields across different bacterial strains '6. Rather than representing isolated case
95  studies, these examples collectively demonstrate the versatility of agro-residual biomass as a
96 fermentable carbon source that is capable of significantly reducing medium costs while
97  maintaining comparable cellulose quality.
98 In addition, cacao mucilage exudates, a byproduct of cocoa fermentation, have been
99  successfully applied for BC production and subsequently valorized for polyhydroxyalkanoate
100 (PHA) synthesis, demonstrating their potential in integrated biopolymer production '7.
101 Similarly, spent Pleurotus mushroom substrate has been converted into cellulose nanofibers,
102  further illustrating the versatility of agro-wastes in generating high-value biomaterials!®.
103 The unit cost of BC produced in standard Hestrin—Schramm medium has been estimated at
104  approximately USD 4-6 kg™', a level that continues to constrain its large-scale
105  commercialization. By substituting refined sugars with agro-industrial residues such as fruit
106  peels, winery effluents, or soy whey, the medium contribution can be lowered, and overall
107  production costs can be reduced to around USD 2-3 kg™, while simultaneously adding value
108  to under-utilized biomass streams. Beyond terrestrial residues, marine biomass such as red
109 seaweeds has also been minimally processed into bio-based films for food packaging,
110  broadening the spectrum of renewable feedstocks available for sustainable material
111 development !°. Furthermore, facile synthesis methods have recently demonstrated the high
112 potential of specific marine biomass (e.g., Laminaria hyperborea) to be effectively converted
113  into high-quality cellulose films and fibers via inverted nozzle-pressurized gyration, eliminating
114  the need for cumbersome and toxic traditional dissolution methods?’. The global BC market
115  was valued at roughly USD 0.6 billion in 2023, and is anticipated to expand at a compound
116  annual growth rate of 12—13 % through 2030, driven primarily by rising demand for sustainable
117  packaging, biomedical devices, and high-value textiles?!.
118  In this review, the sustainable production of BC from agricultural residues is considered for
119  potential use in environmentally friendly food packaging. BC, synthesized using waste
120  materials such as fruit peels, wheat straw, and sugarcane molasses, not only addresses the issue
121  of waste management but also offers a renewable, biodegradable alternative to plastic
122 packaging. The inherent properties of BC, such as high tensile strength, good barrier qualities,

3
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123 and biocompatibility, make it particularly suitable for food packaging applications, Utilizirig:s o0
124  agricultural residues as a substrate improves the life cycle environmental performance of BC
125  production by reducing upstream agricultural inputs, minimizing waste disposal impacts, and
126  lowering cumulative energy demand??. Beyond material performance, the transition of BC-
127  based systems toward commercial food packaging requires alignment with regulatory
128  frameworks governing food contact materials, as well as systematic evaluation of
129  environmental impacts via the Life Cycle Assessment (LCA) approach. In this context, techno-
130 economic feasibility, migration compliance, and identification of LCA hotspots such as
131  fermentation energy demand and downstream processing steps become critical determinants of
132 industrial scalability. Future research should therefore focus not only on optimizing functional
133 performance, such as improving water resistance, flexibility, and mechanical durability to meet
134  industry standards, but also on integrating regulatory readiness and environmental performance
135  validation into process development. This dual focus on waste utilization and sustainable
136  packaging could significantly reduce plastic waste and promote the transition towards a circular

137  economy.
138 2. Methodology

139  This review was conducted using a structured narrative approach. Scientific databases,
140  including Web of Science, Scopus, and ScienceDirect, were consulted to identify relevant peer-
141  reviewed articles published primarily between 2015 and 2025. Keywords used in various
142 combinations included: “bacterial cellulose”, “agro-industrial waste”, “agro-forest waste”,
143 “food packaging”, and “life cycle assessment”. A structured literature search was conducted
144  using the Web of Science Core Collection database. The following thematic search strings were
145  applied within the Topic field (Title, Abstract, Keywords):

146 (1) ("bacterial cellulose" AND ("agro-industrial waste" OR "agricultural waste" OR "agro-forest
147  waste")),

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

148  (ii) ("bacterial cellulose" AND "food packaging"), and
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149  (iii) ("bacterial cellulose" AND "life cycle assessment").
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150  The search was limited to peer-reviewed articles and review papers that were published between
151 2015 and 2025. This approach yielded 127 records related to waste-derived BC production, 409
152  records addressing food packaging applications, and 54 records focusing on life cycle
153  assessment aspects. Relevant articles were further screened based on thematic alignment with
154  agro-waste valorization, industrial feasibility, and resource circularity assessment.

155 3. Biochemical and Genetic Mechanisms of BC Biosynthesis

156  The biosynthesis of bacterial cellulose is a regulated multi-step process comprising intracellular
157  precursor synthesis and extracellular hierarchical assembly. Intracellularly, the synthesis of the
158  direct cellulose precursor from glucose involves four key enzymatic steps. First, glucokinase
159  catalyses the phosphorylation of glucose into glucose-6-phosphate, which is subsequently
160  isomerized to glucose-1-phosphate by phosphoglucomutase. Following this, UDP-glucose
161  pyrophosphorylase (UGPase) synthesizes uridine diphosphoglucose (UDPG), the vital
162  nucleotide sugar precursor for cellulose. Finally, the cellulose synthase enzyme complex

4
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polymerizes UDPG into f-1,4-glucan chains 2>, Genetically, this synthesis is govgrned bz higcs e

B
cellulose synthase (bcs) operon, typically comprising besA, besB, besC, and besD genes. For

example, the bcsA gene encodes the catalytic subunit responsible for UDP-glucose conversion,
while the pathway is stringently regulated by enzymes such as diguanylate cyclase and
phosphodiesterase 2*23. Once synthesized, the linear glucan chains are extruded through the
bacterial cell envelope as 1.5-nm-wide protofibrils. In the extracellular environment, these
protofibrils self-assemble via strong hydrogen bonding into microfibrils, eventually coalescing
into 20-100 nm wide crystalline ribbons to form a dense 3D matrix 2. Understanding this
biochemical and genetic machinery is an important consideration, as culture conditions and
alternative substrates directly affect these metabolic pathways, thereby determining the yield
and structural properties of the resulting BC.

4. Carbon sources derived from agricultural and agro-industrial waste
4.1 Agricultural Residues

Agricultural and agro-industrial residues provide a plentiful and economical supply of
carbohydrates, making them attractive substrates for BC production. These residues, often
including straw, husks, shells, and cobs, are rich in carbohydrates, making them a promising
carbon source for BC production. For example, corn stalk hydrolysate, which contains glucose,
xylose, mannose, and other compounds, has been used to produce 2.86 g/ of BC under
optimized conditions. The BC fibrils synthesized by Acetobacter xylinum exhibit a range from
20 to 70 nm in terms of diameter and several micrometers in terms of length 2°. Enzymatically
processed and glucose-enriched rice husk was used to produce 2.42 g/L. BC under optimized
conditions. The BC fibrils synthesized by Acefobacter xylinum had diameters ranging from 40
to 60 nm ?7.

Wheat straw is a widely available biomass that is often burned after the harvest of wheat grains,
contributing significantly to air pollution. By applying acid or enzymatic hydrolysis, this
biomass can be transformed into a viable nutrient source for the production of BC. In one study,
enriching lime-detoxified wheat straw hydrolysate with nitrogen-rich nutrients led to a BC yield
of 8.3 g/L ?8. Another investigation showed that treating wheat straw hydrolysates with calcium
hydroxide resulted in a BC yield of 15.4 g/L, which was 60% higher than yields obtained from
media containing glucose, sucrose, and mannitol 2°. Additionally, research indicated that
enzymatically hydrolyzed wheat straw, subjected to both chemical and thermal pretreatment
and with a total sugar concentration of 52.12 g/L, produced 10.6 g/L of BC. Furthermore, using
acid-hydrolyzed wheat straw with a total sugar concentration of 43 g/L as the fermentation
medium yielded 9.7 g/L of BC 3°,

Rice is one of the most widely consumed agricultural crops globally, and its processing
generates significant amounts of lignocellulosic waste, particularly rice straw (RS) and rice
husk. Rice straw, typically found in the fields after harvest, is considered a low-value material
and poses considerable environmental challenges. However, due to its lignocellulosic
composition, rice straw holds substantial potential as a resource for producing high-value
compounds, especially in the context of food packaging. Utilizing rice straw for such purposes
exemplifies the principles of a circular economy, in which agricultural waste is repurposed into

Page 6 of 42
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204 valuable products, thereby reducing environmental impact and promoting sustainabjlity. (Yiyense e
205  that rice is the second most produced crop globally, following wheat, with an annual waste
206  generation of approximately 972 teragrams, the potential for converting rice straw into bio-
207  based packaging materials represents a significant opportunity to address both environmental

208 and economic concerns3!.

209  Photphisutthiphong et al. 32 explored the production of BC using organic low-grade rice as a
210  substrate. The research highlights the use of several rice varieties, including Riceberry rice,
211  jasmine rice, red jasmine rice, brown jasmine rice, and Homnil rice, as potential substrates for
212 BC production. The process involves enzymatic hydrolysis of the rice to convert starch into
213 reducing sugars, which are then fermented by the bacterium Komagataeibacter nataicola
214  TISTR 975. The study found that brown jasmine rice yielded the highest amount of bacterial
215  cellulose, with a significant yield of 401.717 g/L (on a wet weight basis) after 15 days of
216  incubation. The produced bacterial cellulose was further evaluated for its sensory properties
217  when incorporated into food products, demonstrating high consumer acceptability. This
218  research indicates that low-grade rice, often considered a by-product of the rice industry, can
219  be effectively repurposed as a valuable resource for producing bacterial cellulose, thereby
220  contributing to waste reduction and providing a sustainable alternative for food packaging
221  materials.

222 Goelzer et al. 3 conducted a study on the production and characterization of BC using
223 Acetobacter xylinum ATCC 23769, and processed rice bark as a carbon source. They found that
224 rice bark, an agricultural residue, could be effectively used as a substrate for BC production
225  when combined with glucose. The study involved pre-treating the rice bark enzymatically and
226  then using it in both static fermentation processes and aerated fermentation processes. They
227  observed that the bacterial cellulose produced from rice bark exhibited a unique nanostructure,
228  forming microspheres and nanospheres that were interconnected by cellulose nanofibers. They
229  noted that components present in the rice bark, such as lignins and hemicelluloses, influenced
230  the morphology and crystallinity of the cellulose, which results in the formation of type II
231 cellulose under certain conditions. These findings suggest that the rice bark-derived BC has
232 potential applications in drug delivery and other advanced material fields, demonstrating that
233 agricultural waste can be converted into valuable nanostructured biopolymers.
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234  Sudying et al. 3* investigated the production and characterization of BC using rice washing
235  drainage (RWD) as a carbon source, with the bacterium Komagataeibacter nataicola Lil as the
236  microorganism. The study aimed to explore the feasibility of using RWD, an agro-industrial
237  waste, for BC production, potentially reducing production costs and environmental impact. The
238  research compared BC production in RWD to that in traditional yeast extract (YE) medium
239 under both static culture conditions and agitated culture conditions. The results showed that K.
240  nataicola Lil produced comparable amounts of BC in static cultures using either RWD or YE
241  medium, with both yielding about 0.20 g/L of dry BC. However, in agitated cultures, the YE
242 medium produced significantly more BC than RWD. The BC from RWD had a smaller average
243 particle size (32 nm) compared to that from YE medium (49 nm) but displayed similar structural
244  properties.
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4.2 Peels

Recent studies have explored the use of fruit and vegetable peels as a carbon source for BC
production, leveraging their high sugar content and bioactive compounds. For instance, peels
from citrus fruits, bananas, and other commonly discarded plant materials have been
successfully used to produce BC. This approach not only reduces waste but also adds value to
these by-products, aligning with circular economy principles. The inedible peels of fruits and
vegetables constitute 5-40% of their total weight and are rich in reducing sugars, vitamins,
proteins, and acids. Therefore, these waste materials have the potential to be utilized as
substrates for the production of value-added products such as bacterial cellulose (BC). Many
studies have highlighted the effective utilization of food waste and agricultural residues as cost-
efficient substrates for BC production [6]. Employing these alternative media not only aids in
waste removal from the environment, helping to reduce pollution, but also offers substantial
environmental and economic benefits. Additionally, BC produced from these waste materials
often displays distinct mechanical and physical characteristics when compared to BC generated
from traditional carbon and nitrogen sources. For instance, BC produced from mango peel
waste has been reported to possess higher crystallinity than BC produced from other media 3.
Additionally, BC synthesized in white grape pomace medium exhibited enhanced water
retention capacity and flexibility 3¢. Studies on banana peel extract have suggested that it can
partially replace traditional nitrogen and carbon sources for BC production®’. Moreover, the
enzymatic hydrolysis of citrus peels, such as orange peel, has been shown to increase the
amount of fermentable sugars available for bacterial use, thereby significantly enhancing BC
production 3. These findings indicate that various organic waste materials can serve as efficient
substrates for BC production, and integrating waste management with BC production can yield
both environmental and economic advantages 32237,

The production of BC from fruit and vegetable peels represents a promising strategy for
integrating waste valorization with biopolymer synthesis. Several studies have demonstrated
that fruit peels can serve as efficient alternative carbon sources for BC production. For instance,
pineapple peel waste utilized with Komagataeibacter saccharivorans APPK1 resulted in a 43%
increase in BC yield through response surface methodology (RSM) and artificial neural network
(ANN) optimization approaches #°. Additionally, research utilizing various fruit peels, such as
mango and dragon fruit, demonstrated the viability of agricultural wastes as alternative carbon
sources, with some isolates yielding high BC concentrations 4!. These findings demonstrate the
potential of converting agricultural waste into high-value bioproducts such as BC, contributing
to lower life cycle impact intensity.

4.3 Wood

Wood waste primarily consists of lignocellulosic biomass, including hemicellulose, cellulose,
and lignin. These components make wood waste a rich source of fermentable sugars after
appropriate pretreatment. The process of converting these complex carbohydrates into simpler
sugars is an important parameter for their use in bacterial cellulose production.
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285  Kiziltas et al. ** explored the synthesis of bacterial cellulose using sugars extracted from Wwdd; < oo
286  via hot water extraction. The study demonstrated that the extracted sugars could produce a BC
287  yield of 2.8 g/L, comparable to traditional glucose-based media. The research indicated that
288  utilizing lignocellulosic biomass from wood, a common by-product in the wood and paper
289  industries, could serve as an alternative carbon source for BC production, thereby reducing

290  waste and production costs.

291  Kadimaliev et al. #* examined the use of residual brewer’s yeast biomass combined with
292 bacterial cellulose as a bio-adhesive for producing pressed materials from waste wood. The
293  combination resulted in materials with a tensile strength of 18 MPa and a Young's modulus of
294 2.3 GPa, which are comparable to those of phenol-formaldehyde resins. This study highlighted
295  the potential of using BC as a sustainable adhesive in the wood industry, offering an eco-
296  friendly alternative to traditional toxic adhesives.

297  The bacterial cellulose yields obtained from various agricultural waste sources using different
298  carbon and culture sources are provided in Table 1.

299

300 Table 1. The bacterial cellulose yields produced from agricultural waste sources using different
301  carbon and culture sources.
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c.e ovacter Extracted Dilution & estrn
xylinum 0416 date svru (direct use) (dry Schramm 10 47
MARDI yrup weight) medium
1
Pineapple
waste PIWAM:
medium 1 g/L (dry
Acetobacter (PIWAM) Juice weight) Hestrin—
pasteurianus and extraction | PAWAM: Schramm 15 48
PWI1 Pawpaw (direct use) 39¢g/L medium
waste (dry
medium weight)
(PAWAM)
Oranee peel Enzymatic Acetate
Gluconoacetoba ﬂui(gl al:l d hydrolysis 3.40 g/L buffer,
cter xylinus oranee peel with (dry peptone, 5 38
BCRC 12334 gep cellulase & weight) and yeast
hydrolysate .
pectinase extract
Gluconacetobac Pi::fgrlﬁie Dilrlzzt(J;(ice 28 gL Glucose,
L P (dry fructose, 13 49
ter swingsii sugar cane pretreatme .
. weight) and sucrose
juice nt
Pincannle Direct peel Sucrose,
Komagataeibact angp extract (no 125 g/L ammonium
er hansenii watermelon pretreatme (wet sulfate, and 7 30
MCM B-967 nt) weight) cyclohexim
peels .
ide |
Appl Di
res?clfu?cs lrz‘;use 0.21 g/L Hestrin—
Kombucha (dry Schramm 7 31
(carbon pretreatme . .
weight) medium
source) nt)
Pea pod 1.14 g/L
K hansenii hydr(.)lysate Acid 1.09 g/L Hestrin— ‘
, mixed- . 1.08 g/L Schramm 14 2
DSM 5602 hydrolysis .
vegetable (dry medium
peel weight)
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hydrolysate DOI[ 10.1039/D5FB00923E
(sole
source),
celery root
peel
(supplemen
ted)
.. Tor.nato Direct use 8.33 g/L Hestrin—
K. hansenii residue (no
(dry Schramm 14 33
UCP1619 (sole pretreatme . .
weight) medium
source) nt)
Grape | 124eL .
pomace Hydrolysis Hestrin—
K.melomenusus hydrolysate of grape 098 g/l Schramm 4 4
AV436T yeroly grap (dry )
(sole pomace ] medium
weight)
source)
Orange Enzymatic
extract, hydr91ys1s 347 g/L Hestrin_
K. europaeus papaya with 348 g/L Schramm 7 1
BCRC 14,148 extract cellulase (dry .
. medium
(carbon and weight)
source) pectinase
Waste peel
hydrolysate 0.27 g/L
of apple, 0.0018 g/L
citrus, 0.32 g/L .
. Hestrin—
Achromobacter orange, Acid 0.006 g/L Scisr:rllrllm 7 3
S33 banana, hydrolysis 0.38 g/L .
medium
pomegranat 1.22 g/L
e (dry
pineapple, weight)
mango
Dilute acid 1.6 g/L
Komagataeibact Corncob Hute ac¥ 8 Hestrin—
hydrolysis 1.2 g/L
er sp. (supplemen of corncob dr Schramm 10 3
CCUGT3629 ted) Y medium
weight)
Dilute acid
Oil pal .
v pa m. hydrolysis 2.27 g/LL
) empty fruit . Yeast
K. xylinus of oil palm (dry 8 36
bunch . . extract-1%
hvdrolvsate empty fruit weight)
Yoy bunch

10
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Sucrose-

View Article Online

DOI| 10.1039/D5FB00923E
Pi 1 3.8¢g/L 0.759
Gluconacetobac Hneappie Juice & A)
. peel waste . (dry Ammonium 14 15
ter xylinus . extraction .
juice weight) sulfate
0.5%
Direct
fermentatio
10.94 g/L
K. rhaeticus and Pear peel n (no dr & Glucose- 7 57
K. intermedius | and pomace | chemical ] Y 3.5%
weight)
pretreatme
nt)
Apple 4.0 g/L
G . . 1.8 g/L
. r'ape Direct juice & .
Axylinum juices use (no 3.8¢g/L Hestrin—
xpli
9g/L h 14 38
NBRC 13,693 Japanese pretreatme 39¢ Sc rgrnm
pear nt) 4.1 g/L medium
Orange (dry
Pineapple weight)
Boili d| 0.89g/L Hestrin—
Komagataeibact Banana o mg. a 8 estin
) filtration (dry Schramm 9
er nataicola peel . .
(peel weight) medium
P 0 extract)
. Hheappie 30 g/L Hestrin—
Komagataeibact and
- (wet Schramm 7
er hansenii Watermelo . .
weight) medium
n Peels
Komagataeibact 5.20 g/L Hestrin— al
er Lemon peel (dry Schramm 13
sucrofermentans weight) medium
Komagataeibact 4.07 g/L Hestrin—
Dragon
er spp. (Isolate fruit peel (dry Schramm 14
BEO073) P weight) medium
Komagataeibact 1.08 g/L Hestrin—
er spp. (Isolate | Papaya peel (dry Schramm 14
BE052) weight) medium
E ti
e | 407 | (vH4psO
Komagataeibact Organic }\:vith 1 +5.383 4, alpha-
er nataicola low-grade amvlase & g/L amylase, 15 32
TISTR 975 rice Y (wet glucoamyla
glucoamyla .
e weight) se
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Acetobacter
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: 2.42 g/L. DOI| 10.1039/D5FB00923E
. Rice bark Gl ,
xylinum ATCC | Rice bark ;C‘:raj (dry Citr‘ilcccﬁ y 10 3
X
23769 weight)
Yeast
Direct use extract,
P roibact Rice ( 4 020g/L | KH2pPO4,
omagataeibac no
gatacibact | washing @ry | MgSO4-7H 13 4
er nataicola Lil . pretreatme ]
Drainage ot weight) 20,
(NH4)2S0O
4
Agroindustr | Hydrolysi
Komagataeibact gro.ln st yAroysis 2.57 g/lL
) ial of Hydrolysed
er rhaeticus Asparagus asparagus (dry Waste 25 v
K2 ight
QK23 Waste waste weight)
Cereal Fungal
Wast lid-stat 1.55 g/L
Novacetimonas . astes SOTES a.e g Fungal
i (Rice Bran, | fermentatio (dry SSF-troated 15 60
P Cereal n (SSF) weight)
Dust)
Fermentati
broth
) Restaurant on . o 2.05 .
Komagataeibact enriched Organic
and . g/L/day ) Not
er with Acids, ) o1
Supermarke . (dry specified
sucrofermentans organic . Ethanol
t Wastes . weight)
acids &
ethanol
Agro-
industrial Direct use
Glycerol-
Gluconacetobac | wastewater (no Not based )% o
tor h . .
er hansenii (g?ycerol, pretreatme specified substrate
vinasse, nt)
whey)
Microbial Rice bran 4.07 g/L Headspace
Consortium Rice Bran extract (dry Aif 15 63
BA2 (direct use) weight)
Direct use 7.947 +
Komagatfzeibact Cheese (no 0.618 g/LL Ethanol 611 o
er xylinus whey pretreatme (dry
nt) weight)
Komagataeibact Orange Direct use 6.4 g/L Ethanol +
.. . 61
er juice (food (no (dry organic 5
sucrofermentans waste) weight) acids

12



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00923e

Open Access Article. Published on 30 March 2026. Downloaded on 4/1/2026 12:34:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

303
304

305
306
307
308
309
310

Sustainable Food Technology

Page 14 of 42

View Article Online
pretreatme DOI| 10.1039/D5FBO0923E
nt)
Direct use
30 g/L
Komagataeibact Banana (no (Wget None 21 6
er xylinus peel waste | pretreatme ] specified
weight)
nt)
Not
specified
Soxhlet (meml?ran Neem and
. . es with 66
Acetobacter Discarded extraction . Sage Not
. . high WHC )
xylinum fruit waste of Neem and extracts (20 | specified
dsS . t%
and >age antimicrob wt)
ial
activity)
Not
specified Hestrin—
Fruit Sequential | (improved | Schramm
Komagataeibact ) membrane WHC, medium Not 67
_ processing . . . + .
er xylinus fractionatio tensile specified
wastewater n strength wastewater
crystallinit | fractions
y
Microbial Dc?cayed Extraction | 21.719 g/L Glucose o
) fruit waste | of decayed (dry (0.75% 5
consortium .. o .
juice fruit juice weight) wW/V)
338« Hestrin—
K taeibact Extracti
omaga aetvac Waste xtraction 0.09 g/L Schramm Not 69
er xylinus DSM apple pul (glucose & (dr medium specified
2004 PPIEPUP 1 4 ctose) Y P
weight)
K, raeibact 2.07+ Hestrin—
omagataeibac . .
5 Stale bread Dilute acid 0.22 g/L Schramm Not 69
er xylinus DSM tale brea . . .
hydrolysis (dry medium specified
2004 .
weight)

5. Comparative Techno-Economic Feasibility and Industrial Scalability

Although numerous studies report promising BC yields from many types of agro-industrial
residues, a direct comparison reveals substantial variability in productivity, process complexity,
and industrial feasibility. Reported maximum dry weight yields frequently range between 1.0
g/L and 15.4 g/L; however, when normalized per fermentation time, productivity differences
become more evident. For instance, while wheat straw treated with calcium hydroxide achieved
a high yield of 15.4 g/L, it required complex alkaline and enzymatic pretreatments. In contrast,

13
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311  simpler substrates such as orange juice or pineapple waste can yield significant BC (3 864 “rine
312  g/L) with minimal processing, offering a more direct route for industrial scale-up.

313  Pretreatment intensity represents a critical techno-economic determinant. Lignocellulosic
314  residues such as wheat straw or rice husk require intensive acid/enzymatic hydrolysis and
315  detoxification, which introduce additional chemical inputs and energy consumption. From a
316  cost perspective, replacing refined sugars in Hestrin—Schramm medium with these residues can
317  reduce production costs from approximately USD 4—6 kg™ to USD 2-3 kg™. Specifically,
318  waste-based alternatives have been shown to reduce medium costs by 50% to 98% compared
319  to traditional HS medium.

320 Fermentation mode further dictates scalability and material quality. Static systems, while
321  simple and producing BC with high crystallinity and mechanical strength, are constrained by
322 oxygen transfer limitations and large surface-area requirements. Agitated fermentation
323  significantly enhances volumetric productivity and dissolved oxygen levels, but often results in
324 BC with lower crystallinity and altered nanofibril organization. Consequently, industrial
325  viability depends on balancing high-throughput production (agitated) with the specific
326  mechanical requirements of food packaging (static).

327  Downstream processing and purification remain the most energy-intensive stages. Life cycle
328 assessment (LCA) data identifies raw material production (e.g., sodium dihydrogen phosphate)
329  and energy-intensive drying as major environmental “hotspots.” To mitigate these impacts,
330 emerging low-energy manufacturing techniques, such as nozzle-pressurized spinning (NPS),
331  have been proposed to eliminate the need for high voltages and enable high-throughput,
332 continuous production.

333  Finally, supply chain stability is an important consideration. Seasonally available residues (e.g.,
334  rice straw) present logistical challenges related to availability, whereas continuously generated
335  by-products (e.g., cheese whey or brewery effluent) provide more reliable feedstock streams®?.
336  As indicated by the EU’s Packaging and Packaging Waste Regulation (PPWR), the transition
337  tothese types of circular models is not only an economic necessity but a regulatory requirement
338 to ensure that all packaging is recyclable in an economically viable manner by 2030;
339  compostability is mandated only for certain packaging categories.
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340 6. Fermentation Processes
341 6.1 Static Fermentation

342  Static culture is a straightforward and widely used method for bacterial cellulose production. In
343  this method, cellulose typically forms as a gelatinous film at the air-liquid interface. The
344  medium remains stationary, allowing BC to develop on the surface. However, static culture
345  generally requires long incubation times and large surface areas, which leads to relatively low
346  productivity. As the BC pellicles reach a certain thickness at the air-liquid interface, production
347  slows down due to nutrient depletion and oxygen deficiency at the lower part of the pellicle.”%7!

348  Despite its simplicity, static culture has some limitations, including low efficiency and the
349  formation of spontaneous mutants. For example, Komagataeibacter hansenii grown under static
350 conditions has been shown to develop cellulose-negative spontaneous mutants, reducing yield.
351  These issues can sometimes be mitigated by developing cost-effective environments or partially
352 modifying the medium to increase production rates, such as adding ethanol or other
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supplements to enhance oxygen availability. The production of BC in static culture begins/sithe e "

the formation of island-like particles at the air-liquid interface, which gradually cover the entire
surface. Once the pellicle completely covers the surface, growth slows because microorganisms
cannot simultaneously access both oxygen and nutrients. When BC production reaches its
maximum thickness, the production rate significantly decreases and eventually ceases. This
mechanism has been observed in studies using K. xylinus, where pellicle formation was rapid

initially but slowed markedly after several days due to the aforementioned oxygen limitation
70,71

Several conditions affect BC production in static culture. For instance, while long incubation
periods are required, extending this process contributes minimally to BC yield. An adequate
supply of both oxygen and nutrients is essential for sustained BC production; otherwise,
depletion of these resources leads to reduced output. Additionally, the pH of the medium can
drop rapidly within the first few days, which further limits BC production. These factors should
be carefully considered as they directly influence the efficiency and quality of BC production
in static culture. 707!

The static culture method presents several advantages and disadvantages for bacterial cellulose
production. Among its advantages, the simplicity of the method stands out, as it does not require
complex equipment; moreover, the method is straightforward to set up and manage. This
simplicity makes static culture an accessible and user-friendly option. Additionally, BC
produced under static culture conditions generally exhibits stable mechanical properties,
crystallinity, and polymerization degree, which enables the production of high-quality BC.
From a cost perspective, static culture can be cost-effective when processing conditions are
optimized, allowing production costs to be kept low under appropriate circumstances.
Furthermore, the static culture method allows for direct oxygen exposure at the air-liquid
interface, which facilitates effective oxygen contact with the BC. 70-72

Yilmaz and Goksungur [66] evaluated the static fermentation process of waste figs
using Komagataeibacter xylinus to obtain BC, which was optimized through RSM by varying
parameters such as the initial sugar concentration, initial pH, and temperature. The highest yield
of 8.45 g/ was obtained at pH 6.05, 62.75 g/L sugar, and 30 °C. 73

In another study, BC production from Komagataeibacter sucrofermentans was studied using
synthetic HS medium and agro-industrial side streams (industrial raisins finishing side stream
extract, orange juice, and green tea extract), both individually and in combination. The yield of
the non-fortified substrate, a combination of industrial raisin finishing side stream extract,
orange juice, and green tea, was 5.9 g/L, whereas a yield of 19.4 g/l was achieved with the
industrial raisin finishing side stream extract medium fortified with thiamine, ascorbic, citric,
and gallic acids. This increase demonstrates the importance of nutrient fortification and the
design of the fermentation matrix in enhancing production from agro-industrial side streams 74.
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390  However, there are also several disadvantages associated with the static culture method./Thes e “rine
391  static culture method typically requires long culture periods and large surface areas, which often
392 results in low productivity and can pose challenges for large-scale production. After the pellicle
393  covers the air-liquid interface completely, the production rate significantly decreases and
394  eventually ceases, impacting the overall yield of BC production. Issues such as low yield and
395 the formation of spontaneous mutants can increase production costs and require additional
396  optimization. While static culture is generally suitable for small-scale production, it can present
397 difficulties for large-scale production due to space and time requirements. Additionally, once

398 the pellicle fully covers the interface, oxygen limitations can occur, ultimately halting growth

Open Access Article. Published on 30 March 2026. Downloaded on 4/1/2026 12:34:37 PM.

@
g 399 77 The diagram (Fig. 1) illustrates the static fermentation stage, highlighting the key steps
% 400  associated with the bacterial cellulose production process.
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402 Figure 1: Static fermentation process.
& 403

404

405 6.2 Agitated Fermentation

406  Agitated culture is a method of bacterial cellulose production in which the fermentation medium
407  is constantly stirred or shaken. This process is different from static culture, in which the medium
408  remains undisturbed. The agitation provides several advantages in BC production, particularly
409  in improving yield and influencing the structural properties of the cellulose.

410  Agitation ensures that the bacteria (e.g., Acetobacter xylinum) receive a continuous supply of
411  oxygen. Since these bacteria are aerobic, oxygen is an important factor for their metabolism
412  and cellulose production. In agitated systems, the dissolved oxygen levels remain high, leading
413  to faster bacterial growth and increased cellulose yield.

414  The constant movement of the culture medium ensures that nutrients are evenly distributed,
415  preventing localized nutrient exhaustion. This phenomenon helps in maintaining consistent
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growth conditions for the bacteria throughout the fermentation process. A rgcent, Studyss ooss

B
investigated the production of BC through agitated fermentation 77; they optimized BC

production using A. xylinum and pineapple waste as a substrate, demonstrating that agitation at
120 rpm with the addition of microparticles increased the cellulose yield by 70.23% compared
to static culture. Cheng et al. ’® also explored the use of various additives in agitated conditions,
finding that carboxymethylcellulose (CMC) significantly enhanced BC production, providing
an output of 8.2 g/L compared to 1.3 g/L under static conditions. Lazarini et al. ° studied the
production of spherical BC (SBC) in agitated cultures, showing that SBC had a larger surface
area and improved suitability for drug delivery applications due to the benefits of agitation.

BC produced in an agitated culture typically exhibits a lower crystallinity and a higher water-
holding capacity compared to that produced in a static culture. This difference is a result of the
constant disruption of the growing cellulose fibers. The BC formed in an agitated culture also
tends to have a lower degree of polymerization and mechanical strength compared to the denser,
better-structured pellicles formed in static culture 8°.

Singhsa et al. 8" focused on studying how different bacterial strains of Komagataeibacter
xylinus and various carbon sources impact the physical properties of BC produced using static
and agitated fermentation conditions. This study concluded that bacterial strain, carbon source,
and fermentation method (i.e., static or agitated) significantly affect the yield and physical
characteristics of bacterial cellulose. Under static conditions, BC formed as membrane-like
sheets on the surface, while under agitated conditions, BC particles exhibited spherical or
asterisk-like shapes. BC produced under static conditions had a more ordered structure, higher
crystallinity, and larger crystallite sizes compared to BC produced under agitated conditions,
which showed lower crystallinity and smaller crystallite sizes due to the mechanical stress of
agitation. Agitated conditions lead to more porous and less crystalline BC, making it potentially
more useful for applications requiring materials with a high surface area (e.g., adsorbents or
biocompatible scaffolds).

Agitated culture is a powerful method for enhancing bacterial cellulose production by
improving oxygenation and nutrient distribution. It also creates cellulose with unique physical
properties that can be tailored for various industrial and biomedical applications. Although
agitated cultures generally produce higher yields, they also result in BC with different structural
characteristics compared to BC produced using static cultures.

7. Applications of Bacterial Cellulose as Food Packaging

In recent years, significant advancements have taken place in food packaging technology. Many
of these innovations are associated with the development of intelligent and active packaging
systems. Active packaging systems aim to extend the shelf life of products and improve quality
by facilitating interaction between packaging components and food products. On the other hand,
intelligent packaging utilizes technologies that can monitor, record, track, or transmit
information about the product, packaging, or environment. These systems offer a viable
alternative to synthetic polymers, both in terms of environmental compatibility and economic
benefits. Recent comprehensive reviews indicate that valorizing many types of waste streams
into nanocellulose not only resolves critical ecological threats but also yields robust, lightweight
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457  materials with tailored crystallinity, which significantly enhance barrier propertigs, moistutess 20
458  control, and biodegradability in advanced food packaging systems®?. BC has been the subject
459  of various studies aiming to enhance the mechanical performance of packaging and explore its
460 use in active packaging applications. For instance, BC nanocrystals have been employed as
461  reinforcing fillers in hybrid nanocomposites to develop environmentally friendly packaging
462  solutions. The unique structure of BC also facilitates the integration of functional compounds,
463  making it effective in preserving food quality. Recent studies have made significant
464  advancements in antimicrobial and biodegradable food packaging materials. For example,
465  Yordshahi et al. ® prepared an antimicrobial nanofabric for beef wrapping by incorporating
466  lyophilized postbiotics from Lactobacillus plantarum, which proved effective against Listeria
467  monocytogenes. Xie et al. 3 found that adding BC to potato peel-based films enhanced the
468  tensile strength of the films, lowered the water vapor permeability of the films, decreased the
469  oxygen permeability of the films, and reduced the moisture content of the films. These films
470  were further improved by incorporating curcumin, which imparted antioxidant properties and
471  functioned as a pH indicator and boric acid tracer, making the films beneficial for food safety
472  and food quality preservation. Similarly, Yang et al. 3° developed in situ hybrid films combining
473  BC and chitin nanofibers with curcumin nanoparticles, which offered antioxidant and
474  antimicrobial properties, as well as pH-responsive color changes and sensitivity to boric acid.
475  Zahan et al. 8¢ created biodegradable antimicrobial packaging by treating BC with lauric acid,
476  effectively inhibiting Bacillus subtilis and showing notable biodegradability. Furthermore,
477  Haghighi et al. ¥ formulated a gelatin-polyvinyl alcohol (GL/PVA) composite film containing
478  BC, leading to a 22% reduction in the water vapor transmission rate and a 14% decrease in
479  water vapor permeability. These innovations in food packaging improve product protection and
480 longevity while meeting the increasing demand for sustainable as well as eco-friendly
481  packaging solutions. Table 2 summarizes the selected organisms and modifications for food
482  packaging applications involving bacterial cellulose 228889,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

483  Table 2. Applications of bacterial cellulose for food packaging 8.
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Culture BC Form / Additives / Observed Performance | Food Product
E Source Composite Type Functional / Key Functional Tested Ref.
(Waste Agents Properties
Substrate)
G. sacchari Biobased Thermoplasti [ Good oxygen barrier Fresh-cut
ternary film ¢ starch properties apples
(TPS), gallic (permeability of
acid (GA) 0.91£0.12 cm*um m™
d' kPa™);
antibacterial activity 90
against S. aureus
(reduction of ~4.5
log10 CFU/mL);
delayed browning and
weight loss.
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Zinc oxide

View Article Onling]

K. xylinus In-situ Antimicrobial activity | Not specifiedo.1p3o/psr800923H
ATCC composite film (Zn0O) against Gram-negative
700178 nanoparticles and Gram-positive
bacteria; effective
against E. coli (3 log o1
reduction) and L.
monocytogenes (1-3
log reduction) after 24
h.
Kombucha Double-layered Poly(vinyl Smooth nanofibers Fresh products
(SCOBY) composite alcohol)- (average diameter (general)
chitosan 139.63 + 65.52 nm);
(PVA-CH) moderate
nanofibers, hydrophilicity; high 92
prodigiosin | porosity; antimicrobial
(bacterial activity against S.
pigment) aureus and P.
aeruginosa.
A. xylinum Antimicrobial Starch, Antimicrobial Not specified
edible film chitosan properties. (general food %
packaging
alternative)
G. hansenii Blend Poly(3- Antimicrobial activity. | Not specified
UCP membrane hydroxybutyr (active
UCP1619 ate) (PHB), packaging for o1
(Corn steep clove food)
liquor) essential oil
(CLO)
G. xylinus Composite Yeast High water solubility Oranges,
ATCC biofilm (Meyerozyma (42.86%); tomatoes
53582 guilliermondi | antimicrobial activity
i), against E£. coli (16 mm 05
carboxymeth inhibition zone), P.
yl cellulose aeruginosa (10 mm),
(CMO), and S. aureus (15
glycerol mm); non-toxic.
BNC films Anti-Listeria | Lactobacillus | Anti-Listeria activity; Buffalo meat
(unspecified film sakei reduced Listeria patty
source) postbiotics | counts on meat by 2.3- 9%
2.6 log CFU/g over 9
days.
BC Intelligent/activ TEMPO- UV-blocking ability; Shrimp 97
(Procured) e film oxidized BC, pH-sensitive color
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thymol change; extended shelf DOI: 10.1p39/D5FBO0923E
(THY), life.
anthocyanin-
rich purple
potato
extract
BC Composite Curcumin, Higher molecular Not specified
(Procured) biodegradable chitosan weight CS improved (general food
film (CS) contact angle, packaging)
mechanical properties, 0
and barrier
performance (lower
WVTR and OTR);
antioxidant properties.
A. xylinum Edible Carboxymeth | Optimal mechanical Meat sausage
LKN6 (Sago modified film yl cellulose properties with 1%
liquid waste) (CMO), CMC/1% glycerol:
glycerol Tensile Strength =
17.47 MPa, Elongation 9
at Break = 25.60%,
Young's Modulus =
6.54 GPa; maintained
sausage quality for 6
days.
K. xylinus Nanocrystal Sakacin-A Active conjugates (75 Fresh soft
DSM 2325 conjugates on (bacteriocin) | AU/mg); effective in cheese
(Cheese paper coating reducing Listeria ("stracchino") 100
whey population on cheese.
permeate)
K. Nanocrystal Pullulan, High oxygen barrier: Not specified
sucroferment composite enzymaticall OTR of ~0.7 (high oxygen
ans DSM coating y hydrolyzed | mL-m™-24h™! at 0% barrier 101
15973 BC RH (orders of coating)
nanocrystals | magnitude lower than
(BCNCs) PET).
K. xylinus Antimicrobial | Lactobacillus | Antimicrobial activity | Ground meat
nanopaper plantarum against L. 8
postbiotics monocytogenes.
K. hansenii Nanofiber HCI Delayed weight loss, Fresh-cut
CGMCC coating hydrolyzed improved firmness, apples
3917 BC reduced browning 102
nanofibers index.
(BCNs)
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Gluconobact Modified Guar gum, Improved elastic and Fresh berrieso 1p39/psr800923E
er xylinum hydrogel film polyvinyl load-bearing capacity;
CCM 3611 pyrrolidone— better barrier and
carboxymeth hydrophobic 103
yl cellulose properties; 80%
(PVP-CMC) biodegradable in 28
days.
K. xylinus Nanofibrillated | Pectin, fruit | The addition of puree | Not specified
ATCC edible purees reduced tensile (sachets, food
53,582 film/coating (mango, strength (>90%) but | wrapping/coati
guava) increased elongation ng)
(~13 times); replacing l04
pectin with NFBC
made films stronger,
stiffer, and improved
the water vapor
barrier.
G. hansenii Infused film Essential oils | Strong antimicrobial Not specified
ATCC (thyme, activity against (general active
23769 clove, etc.) Cronobacter spp.; packaging)
thyme oil showed the 105
strongest effect
(inhibition zone up to
44.37 mm).
K. xylinus Oil-infused Oil infusion Reduced gas Strawberries,
porous film permeability, tomatoes,
increased stretchability | pork, shrimp
and transparency; 0%
moldy rate on 106
strawberries after 5
days at 23°C (vs.
100% for PE);
degraded in soil in 9
days.
Mixed Composite Sugarcane Composite with 70% | Not specified
bacterial material Bagasse BC/30% SCB had high | (sustainable
culture (SCB) tensile strength (46.22 packaging)
MPa) and flexibility 12
(>100 folds); increased
hydrophobicity (WCA
=53.22°).
K. xylinus Gamma- Clove and Antioxidant and Fresh cheese
and yeast co- | irradiated film | rosehip seed antimicrobial curd, beef 107
culture oils properties.
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Unspecified Multi-purpose Waterborne High tensile strength | Banana shieesy.1pz9/05rB00923E
(likely G. composite film | polyurethane (82.8 MPa); high apple slices,
xylinus) (WPL), transparency apple juice
sodium (90.01%); low gas
alginate permeability; high 108
(SA), biodegradability
Zirconium | (85.23% weight loss in
ions (Zr4+) 49 days); heat
sealable.
Waste-derived BC- Gallic acid Improved mechanical Fresh-cut apple 109
bacterial thermoplastic (antioxidant) strength, enhanced
cellulose starch—gallic acid moisture/water
ternary film resistance, antioxidant
activity, UV protection,
biodegradability, and
extended shelf life.
Kombucha PLA-MLO film | BC from spent | Increased tensile strength — 110
SCOBY with 5wt % BC | coffee grounds (31.2 MPa), high
(spent coffee filler (antioxidant) modulus (1639 MPa),
grounds- 37 % DPPH radical
derived) inhibition, and
compostability.
Kombucha BC composite BACS50, +112 % modulus, +120 —
production film modified glycine, CaCl, | % tensile strength, =29 %
residues with BAC50, (crosslinker), elongation, strong
(SCOBY glycine, CaCl,, | cinnamaldehy | antimicrobial, -37.6 % 1
waste) cinnamaldehyde de WVT, -22.4 % OTR,
+25 % thermal stability,
biodegradable.
Kombucha BC-ZnO ZnO Nearly 100 % Apples
BC coated nanocomposite nanolayer bactericidal against E.
with ZnO film (~45 nm) coli and C. albicans,
nanolayer inhibited mould on 21
apples 6 days, reduced
pore size (491 — 122
nm)
Fruit BC film Wastewater Enhanced tensile —
processing produced using nutrients (no strength and Young’s
wastewater F#6 (permeate | post-additives) modulus, improved 112
fractions <0.5 kDa) thermal stability, and
supplement water holding capacity.

In recent years, significant progress has been completed in food packaging technologies, with
a focus on environmentally friendly alternatives. With the European Union's strategy to ban
single-use plastics by 2030, the need for alternative materials has grown due to the
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environmental problems associated with conventional plastic packaging, particulartyss om0

B
microplastic pollution.

In this context, BC, which is a biodegradable and non-toxic material, stands out as a promising
alternative. Thanks to its crystalline structure and dense fiber network, BC offers a strong
barrier against external factors such as water vapor and oxygen. For example, reductions in
oxygen permeability up to 95% and water vapor permeability up to 46% have been observed in
starch-based composite films with BC nanowhisker additives !'3. In addition, when BC coatings
are applied to plastic surfaces such as PET, oxygen barrier performance can be improved by
hundreds of times ''#. Thanks to these properties, BC stands out as both a sustainable and
functional packaging material.

In addition, BC films, which are enriched with functional compounds such as antimicrobial
substances and antioxidants, can also be used in active packaging systems. For example,
Yordshahi er a/®3. demonstrated antimicrobial activity against Listeria monocytogenes by
integrating Lactobacillus plantarum postbiotics into BC films #. Similarly, Lin et al '>.
enriched BC with chitosan and achieved approximately a 2-log colony-forming unit (CFU)/mL
inhibition against pathogens such as E. coli and S. aureus ''>. Xie et al.®?, on the other hand,
modified BC films with curcumin; these films showed antioxidant activity and pH sensitivity
116 Sulistyo et al.’’’ extended the shelf life of strawberries up to 14 days with BC bioplastics
containing fermented soy milk extracts ''8. In addition, Yanti et a/*’. enriched BC-based edible
films with ginger, garlic, and turmeric extracts, providing the films with antimicrobial and
antioxidant properties ''°. Recent studies exemplify this shift, moving beyond simple substrate
substitution to demonstrate fully integrated 'waste-to-package' pipelines that valorize multiple
waste streams. For instance, El-Gendi et al’?’. utilized enzymatically hydrolyzed prickly pear
peels as the sole production medium for BC, which achieved an optimized yield of 6.01 g/L.
The resulting BC membrane was then functionalized by impregnation with another byproduct,
pomegranate peel extract. This active film demonstrated significant efficacy in strawberry
preservation, extending shelf-life by approximately five days, reducing fruit weight loss by
15%, and lowering the final bacterial count from approximately 7.6 log CFU/g in the control
group to 2.45 log CFU/g '?°.  Adopting a comprehensive zero-waste biorefinery model, Yang
et al’?!. used distillers' grains as a singular feedstock for multiple components. The hydrolyzed
supernatant was fermented to produce BC, while the enzymatic residue was simultaneously
converted into a photothermal material (FeDL). The final composite film, incorporating both
waste-derived components, exhibited enhanced functionality; it increased antioxidant activity
by 175.08% and decreased water vapor permeability by 26.81% compared to the base film. In
application, it extended the shelf-life of strawberries by approximately 1.75 times under near-
infrared irradiation'?!. In a complementary approach, Deng et al.'*? focused on valorizing waste
as a functional additive. An aqueous phase rich in bioactive compounds was extracted from
purple passion fruit peel using hydrothermal carbonization. This extract exhibited potent
antimicrobial activity, with inhibition zones of 22.50 mm and 23.28 mm against E. coli and S.
aureus, respectively. When incorporated into a chitosan/BC nanofiber film, it dramatically
enhanced the antioxidant capacity of the film (e.g., increasing DPPH scavenging activity from
7.04% to 96.84%) and effectively delayed the spoilage of blueberries, with packaged fruit
showing signs of shrinkage on day 6 (compared to day 4 for the base film). These examples
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531  indicate applications in which agro-industrial residues are not merely low-cost inpyts, butafes - “ine
532  integral to creating high-value, active packaging systems, which are directly aligned with the

533  principles of a circular bioeconomy!?2,

534  However, the high cost of BC production, its low yield, and long fermentation times are the
535 main problems that limit the widespread use of BC on a commercial scale. The fact that the
536 media used in traditional production methods are expensive and the production time of BC
537  usually takes long periods of time, such as 7-10 days, reduces its cost-effectiveness. In order to
538 overcome these problems, the use of low-cost and sustainable carbon sources such as
539 agricultural waste is being investigated. For example, substrates such as fruit juice pulp and
540 waste sugarcane obtained from the food industry offer economical alternatives in BC
541  production. This approach is supported by a growing body of research demonstrating the
542  feasibility of using many types of agro-industrial residues!?3. A recent bibliometric analysis by
543  Infante-Neta et al’!. compiled numerous successful examples, highlighting the versatility of
544  this strategy. For instance, exceptional productivity rates have been achieved using soybean
545  hydrolysate with a Kombucha SCOBY culture, yielding up to 13.83 g/L per day. Other
546  significant yields have been reported from banana peel waste (8.83 g/L), spruce hydrolysate
547 (8.2 g/L), and cheese whey (6.9 g/L), utilizing various microorganisms such as
548  Stenotrophomonas sp. and Komagataeibacter species. The successful use of these varied
549  feedstocks, including general kitchen waste, indicates the potential to significantly lower
550  production costs by valorizing otherwise discarded materials 2!.

551  These approaches align with the principles of the circular economy, which aims to enhance
552  ecological sustainability and cost-effectiveness by converting waste into valuable resources.
553  Circular economy strategies in BC production offer considerable advantages, particularly by
554  re-evaluating agro-industrial by-products as alternative sources of carbon and nitrogen. The
555  approach involves optimizing production processes in closed loops while converting organic
556  waste into valuable inputs. In this regard, agricultural wastes such as fruit pulp, corn syrup
557 residues, and vegetable peels have been used as carbon sources, leading not only to significant
558  cost reductions but also to improved waste management and environmental benefits 124 It has
559  been frequently reported in the literature that bacteria with high cellulose-producing capacities,
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560 such as Gluconacetobacter xylinus, can efficiently produce BC using such low-cost or zero-
561  cost substrates '2°. While the cost of conventional HS medium ranges between 1 and 10 USD
562  per liter, studies have shown that this cost can be reduced by 50% to 98% when using waste-
563  based alternatives. For instance, a production medium developed from a symbiotic bacteria-
564  yeast consortium obtained from kombucha culture reduced the cost of HS medium from
565  approximately 1.36 USD/L to 0.10 USD/L, achieving a 92.7% reduction. Similarly, Avcioglu
566 et al’?. showed that comparable cost savings were achieved using alternative media '%’.
567  Furthermore, studies involving industrial by-products such as molasses (a sugar industry by-
568  product), alcoholic beverage waste, and whey demonstrated that medium costs can be reduced
569 by 98%, 94%, or higher amounts compared to the HS medium '?8. Additionally, when post-
570 fermentation residues of agricultural waste are utilized, production costs have been reported to
571  drop by up to 90%.
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573  high-yielding Komagataeibacter strains or acceleration of production by enzymatic means)
574 aims to increase production efficiency. In addition, the integration of nanotechnology can
575  significantly improve both the mechanical strength and gas barrier properties via the addition
576  of additives (e.g., nano-clay, silver nanoparticles, or cellulose nanocrystals) to BC 12°.

577  As aresult, recent studies have demonstrated not only that circular economy principles can be
578 effectively integrated into BC production through the use of waste-based substrates, leading to
579  asignificant cost reduction, but also that BC represents a sustainable and functional alternative
580 to conventional packaging materials, with the potential to meet both the environmental and
581  performance requirements in the food packaging industry.

582 8. Regulatory Compliance and Industrial Readiness of BC Packaging

583  From a regulatory standpoint, the commercialization of BC-based food packaging must align
584  with established food contact material (FCM) legislation. In the European Union, materials
585 intended for food contact are governed by Regulation (EC) No 1935/2004, which requires that
586  packaging materials do not transfer substances to food in amounts that could endanger human
587  health or compromise food quality. For polymeric materials and composite systems, Regulation
588 (EU) No 10/2011 provides an overall migration limit (OML) of 10 mg/dm? and establishes
589  specific migration limits (SMLs) for authorized additives. Furthermore, when BC is used in
590 active or intelligent packaging applications, additional compliance with Regulation (EC) No
591  450/2009 becomes necessary, particularly if functional components are designed to interact
592  with the food environment. Although cellulose as a chemical entity is well established in food-
593 related applications, microbial-derived BC must demonstrate adequate purity, controlled
594  processing, and full migration compliance prior to large-scale industrial use.

595 In the United States, BC-based materials are regulated under the FDA Food Contact Substance
596  (FCS) notification framework. While cellulose is generally recognized as safe (GRAS) for
597  certain applications, microbial cellulose must be evaluated according to its specific conditions
598 of use, including temperature, food type (aqueous, acidic, or fatty), and contact duration.
599  Particular attention is required to ensure the effective removal of residual alkali from
600  purification steps, as well as the absence of fermentation-derived impurities or endotoxins.
601  Compliance with Good Manufacturing Practices (GMP) is also essential. Consequently,
602  successful industrial translation of BC packaging depends not only on material performance but
603  also on standardized migration testing, toxicological evaluation, and comprehensive regulatory
604  documentation.

605  From a market perspective, commercially available biodegradable polymers (e.g., polylactic
606 acid (PLA) and polyhydroxyalkanoates (PHA)) have already reached industrial-scale
607  production and are widely used in thermoformed trays, films, and molded packaging
608  components. PLA, produced from lactic acid fermentation, is extensively employed in
609 industrially compostable packaging systems and represents a commercially mature technology.
610 PHA materials, also fermentation-derived, offer enhanced biodegradability and, in certain
611  formulations, compatibility with home composting conditions, although they often remain cost-
612  intensive. Compared to these materials, BC exhibits excellent oxygen barrier performance
613  under dry conditions due to its highly crystalline nanofibrillar network. However, its inherent
614  hydrophilicity limits resistance to water vapor unless structural modification or multilayer
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615  composite design is applied. In addition, BC production is typically batch-based and reli¢s dng e "
616  surface-mediated or bioreactor fermentation, which presents scale-up and continuous

617  processing challenges not encountered in conventional thermoplastic conversion systems.

618  Despite promising laboratory results and growing interest in active packaging applications,
619  most BC-based food packaging systems remain at intermediate Technology Readiness Levels
620 (TRL 4-6)'3° corresponding to laboratory validation and limited pilot-scale demonstration
621  under the European Commission TRL framework. Several technical barriers continue to hinder
622  advancement toward higher industrial readiness levels, including low volumetric productivity
623  in static cultures, oxygen transfer limitations during scale-up, energy-intensive purification and
624  drying steps, the lack of continuous roll-to-roll film production technologies, and insufficient
625 regulatory validation datasets. In contrast, PLA and PHA packaging systems are widely
626 regarded as fully commercialized technologies (TRL 8-9)!31:132 reflecting established
627  industrial manufacturing and operational deployment.

628 It is important to note that regulatory compliance and industrial readiness are closely
629 interconnected. Progression from laboratory prototypes to commercially viable BC packaging
630  solutions requires not only improved fermentation efficiency and reduced energy consumption
631  but also the generation of robust migration data, toxicological validation, and food-contact
632  compliance documentation. Future research should therefore adopt an integrated approach that
633  simultaneously addresses material optimization, regulatory pathway planning, and process
634  intensification to accelerate the responsible commercialization of BC-based food packaging
635  systems.

636 9. Challenges and Limitations

637  The production of bacterial cellulose from agro-forest residues offers significant potential as a
638  sustainable approach, yet it faces various challenges and limitations. One primary issue is the
639  chemical composition of these residues, which can vary greatly depending on their source,
640  seasonal changes, and processing methods. This chemical variability can lead to inconsistencies
641  in the quality and yield of BC, making the production process less stable 133134, Furthermore,
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642  environmental parameters such as humidity, pH, and temperature have a direct influence on the
643  size and quality of BC pellicles, which lowers the production efficiency !3°. Another limiting
644  factor is the high moisture content typically found in agro-forest residues, which complicates
645  transportation and increases the costs associated with drying and storage. The pretreatment
646  processes required to convert these residues into viable carbon sources for BC production are
647  often complex and costly, involving mechanical, chemical, or biochemical methods.
648  Optimizing these processes is a key consideration for improving efficiency for use in large-

(cc)

649  scale production. Moreover, maintaining the precise conditions needed for the bacterial cultures
650 to thrive adds to the overall production costs, posing a barrier to commercialization. Finally,
651  improper management of agro-forest residues can have environmental repercussions, since
652  practices such as open burning or inadequate disposal may release harmful pollutants into the
653  atmosphere. These challenges collectively limit the sustainable and economically viable
654  production of BC from agro-forest residues '33-133,

655 10. Future Directions and LCA for BC production and application
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657  intersection of resource efficiency, bioeconomy, and industrial innovation. This approach not
658  only addresses environmental challenges posed by waste accumulation but also promises to
659  reduce production costs, enhance scalability, and open up new applications for BC in sectors
660 such as biomedical engineering, packaging, and environmental management. To fully
661  appreciate the future potential of this field, it is important to consider the economic, technical,
662 and environmental dimensions of waste-based BC production, including identifying the
663  challenges and pathways for optimization. The production of BC from agro-forest and industrial
664  waste has offered the food-packaging sector several opportunities. Sustainable and
665  biodegradable packaging solutions are in high demand as concerns about plastic pollution
666  worldwide grow. Due to its special qualities, BC has presented a strong substitute for traditional
667  plastics. The production of BC from waste may transform food packaging, which can support
668  the objectives of resource efficiency and recyclability targets'36.

669  To fully realize the potential of BC produced from agro-forest and industrial waste for food
670  packaging, several strategies, including technological and industrial strategies, need to be
671  pursued. These strategies should focus on improving production efficiency, enhancing material
672  properties, optimizing waste utilization, and scaling up the technology to meet the growing
673  demand for sustainable packaging.

674  Life Cycle Assessment (LCA) has become an important methodology for assessing the
675  environmental impacts of product systems from a cradle-to-grave perspective. This approach
676  encompasses all stages of the product lifecycle, including raw material extraction,
677  manufacturing steps, distribution steps, usage, and disposal. By quantifying impacts that
678 include energy consumption, greenhouse gas emissions, and resource depletion, the LCA
679  provides critical insights that guide sustainable development. Particularly, the integration of
680 LCA into early-stage research and development has proven to be a key consideration for
681  guiding innovations towards environmentally conscious solutions. For example, LCA is widely
682 used in evaluating the environmental sustainability of biopolymers such as BC, offering a
683  detailed framework to compare production routes and identify resource-efficient processes
684 130137

685  The production of bacterial cellulose is a compelling case study of the utility of LCA in
686  advancing sustainable materials. BC, a nanostructured biopolymer produced via microbial
687  fermentation, has several applications ranging from biomedicine to food packaging. Studies
688  employing LCA have demonstrated the environmental benefits of utilizing alternative low-cost
689  substrates such as hydrolyzed soybean molasses, diluted molasses, and agricultural residues.
690  Compared to conventional synthetic media, these substrates significantly reduce impacts related
691 to climate change, freshwater eutrophication, and acidification '37-13%, For instance, substituting
692  synthetic media for BC production with agro-industrial residues not only lowers environmental
693  burdens but also addresses waste valorization, a key element of the circular economy. These
694  findings indicate the capability of the LCA to integrate environmental considerations into
695  decision-making at the laboratory scale, enabling the selection of optimal production routes for
696  scaling 130-139,
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697  LCA also plays an important role in optimizing production processes by identifying eriticils: e
698  hotspots that contribute disproportionately to environmental impacts. For BC production,
699  purification steps and energy-intensive drying processes have been identified as important
700  phases requiring optimization 30137, By modifying inputs, such as replacing chemical reagents
701  or integrating energy-efficient drying techniques, significant reductions in water scarcity
702  impacts and fossil fuel use have been achieved. Beyond the process level, LCA facilitates
703  ecodesign strategies that align product development toward measurable environmental
704  performance indicators. For instance, incorporating LCA during the Technology Readiness
705  Level (TRL) stages allows researchers to anticipate potential environmental impacts as a
706  technology moves from laboratory to industrial scales. This approach ensures that

707  environmental performance remains a priority throughout the innovation cycle 137139140,

708  Energy consumption during manufacturing processes is a critical factor determining the overall
709  environmental sustainability of waste-derived biopolymers and cellulose-based packaging.
710  Traditional fiber and film manufacturing methods often rely on high-voltage electric fields and
711 harsh chemicals, leading to high energy demands and a consequent increase in the carbon
712 footprint. To mitigate this cumulative environmental impact, innovative low-energy and high-
713 efficiency manufacturing techniques have emerged, such as nozzle-pressurized spinning (NPS).
714 By combining centrifugal force with gas pressure, NPS completely eliminates the need for high-
715  voltage electricity, significantly reducing energy consumption while enabling the high-
716  throughput continuous manufacturing of cellulose fibers and films from unconventional
717  agricultural wastes, such as cow manure'4!. Transitioning to such straightforward, mechanically
718  driven processes aligns the manufacturing stage with circular economy requirements, ensuring
719  that the ecological benefits of using waste feedstocks are not offset by energy-intensive
720  processing.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

721  To further reduce energy demand and improve process efficiency, recent studies have
722  demonstrated the feasibility of off-grid, battery-powered manufacturing systems for cellulose-
723  based materials. Decoupling the production process from a continuous reliance on the power
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724  grid allows manufacturers to implement emissions-responsive charging strategies, such as
725  storing energy from renewable sources during off-peak hours when grid carbon intensity is
726 lowest. Furthermore, optimizing the power load in these battery-powered systems ensures that
727  motors operate within their peak efficiency ranges (e.g., 50-100% of rated load), effectively
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728  minimizing the energy dissipated as waste heat that is typically observed in mains-powered
729  systems!#?. Integrating such highly efficient, decentralized, and low-energy manufacturing
730  methodologies with waste-derived bacterial cellulose will be an important consideration in
731  dramatically reducing the overall Life Cycle Assessment (LCA) impact and production costs
732 of sustainable food packaging.

733 Emerging advances in LCA methodologies (e.g., attributional and consequential LCA models)
734  further extend the scope of environmental assessments. These models enable scenario-based
735 analyses that examine the implications of alternative inputs, production methods, and end-of-
736  life treatments '3813° For example, comparative studies have explored the feasibility of
737  integrating carbon-neutral energy sources or developing circular pathways for by-products in
738  bacterial cellulose production. Additionally, probabilistic LCA frameworks can account for
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uncertainties in data collection, providing more robust and reliable impact assessments. THese:s 270

B
approaches support the relevance and actionability of the LCA outputs, particularly in sectors

such as biopolymer development and renewable energy technologies 139139,

Despite the benefits of LCA, the application of LCA at early research stages faces challenges
related to data availability, scalability, and methodological standardization. Many laboratory-
scale processes lack comprehensive data on energy use, material flows, and emissions, which
complicates the accuracy of an LCA assessment '3%137 Efforts to integrate advanced data
collection tools (e.g., process simulation software and real-time monitoring systems) can
support more reliable assessments. Future research should also focus on harmonizing LCA
methodologies to ensure consistency across studies, particularly for emerging technologies
involving biotechnology and nanomaterials 133140,

The LCA of BC production, conducted via a cradle-to-gate approach, reveals several important
insights. The production process consumes significant resources, predominantly water (36.1
tons per kg of BC), yet 98% is recoverable post-treatment. Environmental hotspots include raw
material production, particularly sodium dihydrogen phosphate, contributing to human toxicity
and terrestrial ecotoxicity impacts. Despite the relatively low direct environmental burden
associated with BC production, advancements in fermentation efficiency and resource use
optimization are important considerations '3°. Future efforts can consider eco-efficient culture
media and energy reduction strategies, supporting the viability of BC as a green alternative to
established processes for nanocellulose production from traditional cellulose sources.

Optimization of the substrate pretreatment and engineering studies in this field is necessary to
enhance the ability of BC-producing bacteria to efficiently utilize complex sugars from waste.
Process optimization, including fermentation and bioreactor scaling, must be refined to
maximize BC yield and reduce costs. Functionalizing BC with antimicrobial agents and
reinforcing BC via nanomaterials can improve the performance of the material in food
packaging. The standardization of waste feedstocks and quality control systems is important for
consistent production, while LCAs will ensure sustainability.

Although significant efforts have been made to develop the industrial production of BC, a deep
understanding of the environmental impacts related to these relevant processes is still required.
Very few studies were dedicated to LCAs for nanocellulose production in general and BC
production in particular. In this regard, two papers have described the implementation of an
ecodesign for bacterial cellulose production at a laboratory scale '37. The authors, by means of
this approach based on LCA and process modeling, evaluated alternative routes for BC
production. Forte et al’?’. conducted an investigation on a production process design of BC
under static culture conditions, such as wastewater treatment, via a cradle-to-grave approach
130 Their conclusion was that the BC production process was associated with a small
contribution related to resource consumption as well as environmental impact on the global life
cycle.

LCA is a useful tool for advancing sustainable innovations across industries. By providing a
detailed understanding of environmental impacts, LCA informs process optimization, resource
efficiency, and product design. In the context of bacterial cellulose production, LCA has
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780  demonstrated its potential to reduce environmental burdens while supporting the fransition tos e “ive
781  bio-based and low-impact materials. As LCA methodologies continue to evolve, their
782  integration into research and development processes will be critical for quantifying
783  environmental impact profiles and guiding evidence-based material optimization '30:137.139,
784  Furthermore, public awareness, policy incentives, and collaboration between academia and
785  industry are important for driving innovation and adoption. These steps will allow waste-
786  derived BC to play an important role in sustainable packaging, offering a cost-effective,

787  biodegradable alternative to plastics while promoting circular economy practices.
788 4. Conclusions

789  The production of BC through fermentation processes, including static and agitated methods,
790 represents a promising pathway for sustainable material development, particularly in food
791  packaging applications. Static cultures, while simple and capable of producing BC with
792 desirable mechanical properties, face challenges such as low yield and prolonged incubation
793  times, which hinder large-scale production. In contrast, agitated fermentation enhances
794  productivity and yields BC with distinct physical characteristics, although it often results in BC
795  with lower crystallinity and mechanical strength. Advances in optimizing fermentation
796  conditions, including substrate selection and agitation techniques, have significantly improved
797  BC yield and functionality.

798  The use of agro-forest wastes such as agricultural residues, peels, wood residues, and leaf litter
799  as carbon sources for BC production not only reduces environmental impact by repurposing
800  waste but also mitigates the high production costs associated with traditional media. BC derived
801 from these sources demonstrates high crystallinity, mechanical strength, and biocompatibility,
802 making it suitable for a range of applications, including food packaging. Additionally, the
803  enhanced water retention capacity and antimicrobial properties observed in BC produced from
804  fruit and vegetable peels highlight its promise for advanced packaging applications. Moreover,
805 while many types of agro-forest wastes provide valuable fermentable carbon substrates to
806 produce BC, recent advances also indicate the extraction of plant-derived microcrystalline
807  cellulose (MCC) from residues such as durian rind. It is critical to distinguish that this extracted
808 MCC is a final cellulose product rather than a fermentation feedstock; however, it can be
809 effectively utilized as a reinforcing phase in BC-based biocomposites, significantly enhancing
810  the mechanical properties and biodegradability of the final material'.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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811  The potential of BC as a biodegradable alternative to synthetic polymers in food packaging is
812  particularly noteworthy. Its natural structure, combined with its ability to incorporate functional
813  additives such as antimicrobial agents, addresses the increasing demand for eco-friendly
814  packaging solutions. However, consistent BC production from agro-forest residues presents
815 challenges such as substrate variability and process costs. Despite these obstacles, ongoing
816  research into substrate optimization, nanotechnology integration, and bioreactor scaling is an
817  important consideration for overcoming these limitations and fully realizing the potential of BC
818  in industrial applications.

819  Areas of future research include optimizing production processes, scaling up production, and
820  exploring novel applications, particularly in the food packaging sector. Additional efforts can
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821  further optimize fermentation processes, including substrate selection, pretreatment strategiesice onre
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822 and agitation methods, to enhance yield and functionality. Integrating these technical
823  improvements with comprehensive LCA will be essential to evaluate environmental
824  performance, compare different BC production routes, and identify the most sustainable and
825  cost-efficient pathways. In addition, studies on the enzymatic degradation and pilot-scale
826  composting of cellulose-based films highlight the importance of integrating end-of-life
827  scenarios into LCA assessments, ensuring that material sustainability is evaluated across the
828 entire lifecycle'*. Addressing regulatory aspects and assessing long-term stability will further
829  support the successful integration of BC-based materials into commercial applications.

830  Building on these observations, techno-economic studies now estimate that replacing refined
831  sugars in the Hestrin—Schramm medium with the agro-industrial residues mentioned above can
832  reduce factory-gate costs from roughly USD 4-6 kg™ to USD 2-3 kg™, an important milestone
833  for commercial feasibility. These cost reductions coincide with, and are incentivized by, the
834  Packaging and Packaging Waste Regulation (PPWR) of the European Union, which aims for
835  all packaging in the EU market to be recyclable in an economically viable manner by 2030,
836  while mandating compostability only for certain specific categories (e.g., tea bags, coffee
837  capsules); furthermore, this regulation progressively restricts specific single-use plastic formats
838  rather than imposing a wholesale ban. BC films derived from waste streams therefore align not
839  only with circular-economy principles but also with evolving legislative drivers that favor
840  biobased and compostable materials.

841 To capitalize on this alignment, future work should couple process optimization with
842  comprehensive LCA and migration testing under EU food contact regulations. Demonstrating
843  apositive economic and environmental balance sheet alongside robust barrier performance will
844  be an important consideration for industry uptake. Successful efforts involving these activities
845  would position waste-derived BC as a cornerstone material in post-2030 sustainable packaging,
846  biomedical, and high-value textile markets, fulfilling both market demand and regulatory
847  ambitions for a low-carbon, circular economy. Moreover, these trends are reinforced by broader
848  consumer-driven and policy-driven pressures toward sustainable polymers, which are
849  accelerating the transition from fossil-based plastics to biobased alternatives!'43.

850  The scarcity of studies on the application of the LCA approach represents an important trend to
851  explore in order to evaluate the circular economy and environmental cost of BC production
852  routes. LCA will be of great importance to investigate:

853 e A comparative study between the different processes for BC production.

854 e The experimental parameters and their effect on LCA

855 e The carbon source effect
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