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Biosensors represent a transformative class of analytical devices that convert the recognition of target
analytes into quantifiable signals, offering enhanced accuracy, sustainability, and rapid response times
through the selective detection of specific biomarkers. In response to growing demands for
environmentally sustainable and high-performance technologies, the field is increasingly shifting toward
renewable materials. Among these alternatives, bacterial cellulose (BC) has garnered significant attention
next-generation This review provides

a comprehensive overview of BC, encompassing its biosynthesis pathways, intrinsic physicochemical

as a promising sustainable platform for biosensors.

features, and versatile functionalization strategies for tailored biosensing performance. By focusing on
the design and fabrication of BC-based biosensors, with an emphasis on coupling biorecognition

elements to various transduction platforms, this review highlights their burgeoning applications across

the domains of healthcare, environmental monitoring, and food safety. It then expands the discussion to
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Accepted 5th November 2025 eir roles in early disease diagnosis, real-time wound monitoring, wearable hea racking, and poin

of-care testing, as well as detection of pathogens, pesticides, and heavy metals. Further, the emerging

DOI: 10.1039/d55u00426h role of artificial intelligence (Al) in enhancing biosensor data analysis is explored, and finally concludes by
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discussing current challenges and future perspectives.

This review highlights the sustainable advancement of biosensor technology through the use of bacterial cellulose (BC), a renewable, biodegradable, and

biocompatible biopolymer. BC presents a viable alternative to conventional, non-renewable substrates such as plastics and glass, offering superior properties
including high mechanical strength, purity, and tunable porosity. Its suitability for surface modification enables the development of highly sensitive, selective,

and minimally invasive biosensors applicable in healthcare, environmental monitoring, and food safety. By emphasizing BC-based platforms, this review aligns
with the UN Sustainable Development Goals, specifically SDG 3 (Good Health and Well-being), SDG 9 (Industry, Innovation, and Infrastructure), SDG 12
(Responsible Consumption and Production), and SDG 13 (Climate Action), and underscores the potential of sustainable materials in advancing next-generation

sensing technologies.

1. Introduction

The term “biosensor” refers to a compact analytical device that
integrates a biological recognition element with a physico-
chemical transducer to produce a quantifiable signal upon
interaction with a target analyte." This enables rapid, real-time,
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accurate, and specific detection, rendering biosensors invalu-
able in various fields such as healthcare, agriculture, food
safety, bioprocessing, and environmental monitoring, where
they provide accessible and point-of-care diagnostic (POC)
solutions.>* For instance, glucose sensors used by diabetic
patients and environmental biosensors for detecting pollutants
illustrate the impact and utility of biosensors in everyday
applications.*® Despite their efficacy, traditional sensor plat-
forms, often reliant on rigid, non-biodegradable materials, face
limitations such as high production costs, suboptimal
biocompatibility, and challenges in miniaturization and inte-
gration into portable devices, particularly for in vivo applica-
tions, where sample scarcity and tissue integrity are
paramount.®” Since the performance and applicability of any
biosensor are profoundly influenced by the substrate material
upon which the biorecognition layer is immobilized, the ideal
substrate should combine mechanical flexibility with the ability
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to conform to diverse shapes and surfaces while ensuring
compatibility with biological environments.® Recent investiga-
tions have shown that substrate mismatch can significantly
impair signal transmission and reduce overall applicability in
dynamic environments.® Consequently, this has driven signifi-
cant attention toward nanostructured materials, which offer
tunable surface characteristics, high surface-to-volume ratios,
and superior signal transduction efficiencies.

Among these, graphene and its derivatives, paper-based
matrices, and natural and synthetic polymer films represent the
most widely investigated materials, each presenting distinct
advantages and trade-offs relevant to biosensing applications. For
example, Graphene-based substrates excel in electrical conduc-
tivity and sensitivity due to their unique two-dimensional (2D)
architecture, yet face challenges such as limited biocompatibility,
poor biodegradability, and reproducibility, which restrict their
application in biological environments." Paper-based substrates
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present an attractive, low-cost, disposable alternative, providing
ease of fabrication that makes them ideal for disposable POC
diagnostic devices. However, their poor mechanical stability,
inconsistent porosity, limited surface uniformity, and reduced
biomolecule loading capacity under humid conditions can
compromise sensitivity and signal reproducibility.">** Synthetic
polymer substrates, such as polyvinylidene fluoride (PVDF) and
polyaniline, offer excellent flexibility, conductivity, and process-
ability, along with scalability for industrial fabrication. Neverthe-
less, their typical lack of a hierarchical nanostructure and their
petrochemical origins often lead to poor biocompatibility,
biofouling, and inflammatory responses, necessitating extensive
surface modifications for biosensing applications.”*™**

In comparison with other substrate materials, bacterial
cellulose (BC) offers a distinctive balance between biocompati-
bility, sustainability, and functional tunability. As a natural
nanostructured polysaccharide biosynthesized primarily by
Gluconacetobacter xylinus, BC exhibits exceptional purity, ultra-
fine fiber network architecture, and remarkable mechanical
strength.’® While native BC lacks certain functional properties
such as electrical conductivity, antimicrobial activity, and
magnetic responsiveness, these limitations can be effectively
addressed through composite formation with conductive poly-
mers, carbon nanotubes (CNT), gold (Au) NPs, graphene oxide,
and other functional nanomaterials. Such modifications endow
BC with enhanced electrical, optical, and piezoelectric proper-
ties, broadening its applicability across diverse sensing
modalities.'”* Moreover, BC's three-dimensional (3D) porous
structure provides an ideal substrate for biosensing applica-
tions, offering a large surface area and abundant active sites for
the immobilization of enzymes, antibodies, nucleic acids, and
other biorecognition elements, thereby facilitating efficient
analyte capture and signal generation.”*** This unique struc-
ture, combined with superior water retention capacity and
mechanical flexibility, makes BC particularly suitable for
developing wearable and implantable sensors.'”?*** Further-
more, BC's innate biodegradability, non-toxic nature, and
production capability from renewable agricultural waste feed-
stocks position it as an environmentally responsible alternative
to conventional synthetic materials, addressing growing
concerns about electronic waste accumulation from disposable
diagnostic devices.* Table 1 provides a comparative overview of
BC against other common biosensor substrates.

Hybrid BC-based biosensors have unlocked significant
potential for advancing electrochemical, optical, and piezo-
electric detection technologies. For instance, electrochemical
biosensors leverage BC's high surface area and porosity, thereby
enhancing biomolecule immobilization and improving sensi-
tivity through the detection of electrical signal variations
generated by target-bioreceptor interactions.***® Optical
biosensors similarly benefit BC's versatility; its matrix can be
chemically modified, for example, through acetylation to ach-
ieve optical transparency or functionalization with fluorophores
and quantum dots to develop highly responsive systems for
monitoring fluorescence and chemiluminescence.””* Simi-
larly, in piezoelectric applications, the inherent mechanical
strength of BC provides a robust foundation, where its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative overview highlighting key parameters of BC, graphene, paper, and synthetic polymers in biosensor applications

Paper Synthetic polymers

Property Graphene®* (plant-derived cellulose)***®  (e.g., PDMS, PANI)'>?73° BC**"
Structure 2D sp? carbon sheets Fibrous cellulose sheets Amorphous/semi- 3D nanofibrillar network

crystalline (20-100 nm fibers)
Conductivity Very high Insulating Conductivity varies (e.g., Insulating

PDMS insulating, PANI:

semiconducting

(conductivity can be tuned

via doping and processing))
Biocompatibility/ Moderate (ROS risk)/non- High/biodegradable Varies depending on the Excellent/biodegradable
biodegradability biodegradable polymer; biocompatibility

concerns/typically non-

biodegradable
Mechanical strength ~ Very high Moderate Very low High
(tensile/Young's
modulus)
Surface area Very high Moderate Variable High
Ease of High High Low-moderate Very high
functionalization
Advantages in Ultra-high sensitivity and Low-cost, easy printing, Flexible fabrication, Low cost, high purity,
biosensors conductivity, large surface minimal instrumentation, tunable stability flexible 3D scaffold for

Disadvantages in
biosensors

area, excellent electron
transfer kinetics, facile
functionalization, and
miniaturizable

High cost, potential
cytotoxicity/inflammation,
agglomeration in
composites, non-
biodegradability,
scalability and
reproducibility issues

and portable and
disposable (ideal for POC
diagnostics)

Mechanical instability and
fragility under humid/wet
conditions, limited surface
uniformity, lower electrical
performance, variability
among batches, and limited
functionalization density

Hydrophobicity limits cell
adhesion, acidic
byproducts, and
environmental persistence

enzyme immobilization,
eco-friendly, high porosity
for analyte diffusion

Requires conductive
additives for electrical
sensing, variable batch,
and functionalization may
increase cost/complexity

composite structures incorporating NPs such as MnFe,O,
exhibit piezoelectric responses comparable to conventional
materials like PVDF, supporting the development of flexible,
high-performance mass-sensing platforms.”?*° This multifac-
eted compatibility with diverse transduction principles,
combined with its sustainability and biocompatibility, firmly
establishes BC as an excellent substrate for advanced, high-
performance biosensing technologies.*'~**

In light of the growing demand for sustainable and high-
performance biosensing technologies, this review presents the
multifaceted potential of BC as a renewable, nanostructured
substrate for next-generation analytical devices. It begins by
outlining the biosynthetic pathways and distinctive physico-
chemical properties that distinguish BC from conventional
substrates, emphasizing its suitability for diverse biosensing
applications. The discussion then centers on the design of BC-
based biosensors, focusing on the integration of biorecognition
elements with diverse transduction modalities, including
electrochemical, optical, and piezoelectric platforms. Particular
attention is given to the expanding applications of BC-based
biosensors in healthcare, such as early disease diagnosis, real-
time wound monitoring, wearable health tracking, and POC
diagnostics, as well as in environmental monitoring and food
safety. The discussion concludes by evaluating the convergence
of BC-sensors with artificial intelligence and outlining the

© 2025 The Author(s). Published by the Royal Society of Chemistry

persistent challenges and future research avenues that will
solidify BC's role in advanced, eco-friendly analytical devices.

2. BC

Cellulose stands as the most prevalent, sustainable, and wide-
spread renewable natural polymer on Earth. It forms the
structural basis of plant cell walls and is additionally synthe-
sized by certain fungi, algae, and bacteria. Cellulose could be
generated through chemical or enzymatic synthesis. Cellulose
is a linear polymer consisting of B-1-4-linked p-glucopyranose
repeating units.*” The cellulose chains form elementary sub-
fibers through hydrogen bonding, eventually forming microfi-
brils. The van der Waals forces and hydrogen bonds that hold
these saccharide chains together confer high strength, stiffness,
durability, and crystallinity to cellulose.** Although both plant
cellulose and BC are chemically identical, unlike plant cellu-
lose, BC is not associated with hemicellulose, lignin, pectin, and
other biogenic products; so it can retain a greater degree of
polymerization.** Consequently, BC is considered a source of
pure cellulose that requires minimal chemical and mechanical
treatment and can be easily purified using NaOH solution with
low energy consumption.*® Historically, BC was discovered as
a solid mass on fermentation medium surface by Adrian Brown
in 1886, when he cultured Acetobacter under static conditions.*®

RSC Sustainability
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While Acetobacter was the initial strain used to synthesize BC,
other bacteria such as Rhizobium, Agrobacterium, Azotobacter,
Pseudomonas, Escherichia, Salmonella, Klebsiella, Sarcina ven-
triculi, and Lactobacillus hilgardii have also been found capable
of producing BC.**** Among them, the Gram-negative bacte-
rium Komagataeibacter xylinus, formerly known as Acetobacter
xylinum and Gluconacetobacter xylinus stands out as the major
strain with high capacity for cellulose synthesis.*” During BC
synthesis, glucose chains generated within the bacterial cell
pass through microscopic pores and aggregate to form micro-
fibrils, leading to the formation of cellulose strips. These strips
were arranged into a 3D network structure with a highly porous
matrix, resulting in a never-dried membrane that retains up to
99% water by weight, making it less prone to microbial attack.*®
The fibers of BC, with nanoscale dimensions ranging from 100
to 1000 nm in length and 10-50 nm in diameter, exhibit
remarkable mechanical and physical characteristics.”

2.1. BC biosynthesis

Cellulose biosynthesis in bacteria serves various purposes,
ranging from chemical, mechanical, and physiological stability,

Ethanol

Phosphoenolpyruvate

!

2-P-Glycerate €—>

{

3-P-Glycerate

$

Glyceraldehyde 3-P  Dihydroxyacetone-P

N/

Fructose 1,6 BiP <€— Fructose 6-P

A

Fructose

NAD~

Fructose

Jdee

—___ uwe
2

( UGPase ) UTP

NADH+ H* FADH,

Pyruvate 3 A cety Co-.»\.)

View Article Online

Tutorial Review

to improving interactions and nutrient diffusion. BC biosyn-
thesis originates in the cytoplasm of bacteria and is carried out
in cell membrane, where cellulose synthase polymerizes
chemically activated glucose.”* As shown in Fig. 1, the biosyn-
thesis involves three main steps: (i) uridine diphosphate
glucose (UDP-glucose) synthesis: within the bacterial cyto-
plasm, glucose from the growth medium undergoes a series of
enzymatic reactions to transform into UDP-glucose. This
conversion is crucial for BC synthesis, as UDP-glucose serves as
a key precursor. The tricarboxylic acid (TCA) and pentose
phosphate (HMP) cycles provide energy and intermediate
metabolites for bacterial growth and cellulose synthesis.** (ii)
Cellulose chain formation: in the cellular membrane, UDP-
glucose is catalyzed by cellulose synthase forming f-1,4
glucan chains. This enzyme complex includes subunits BcsA,
BesB, BesC, and BesD, which regulate cellulose synthase activity
and yield. The BcsAB subunit catalyzes B-1,4-glucan chains
synthesis, while the BesD subunit aids in crystallization and
secretion through BesC subunits. Moreover, other cofactors like
ATP, c-di-GMP, and Mg>" affect regulating cellulose
synthesis.”*** (iii) Crystallization and polymerization: after
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Fig.1 Schematic representation of cellulose synthesis mechanism. Reproduced with permission from ref. 57 Copyright (2022), Frontiers Media

SA.
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synthesis, cellulose is secreted from cell membrane. The initial
B-1,4-glucan chains form subfibrils through van der Waals
forces, regulated by the BesD subunit. These chains are then
discharged through BcesC subunits, functioning like an
extruder. The rate of cellulose synthesis is approximately 2
um min~', and further bonding occurs outside the cell, elon-
gating the chains.* This process ensures the production of
bacterial cellulose, which is essential for the bacterium's
structural integrity and interaction with its environment. While
naturally synthesized bacterial cellulose primarily consists of
type I cellulose, the absence of BesC and BesD subunits results
in the production of shorter, amorphous type II cellulose in
vitro, though glucan chains are still crystallized and polymer-
ized.>® During bacterial cell division, both microorganisms
continue synthesizing BC, forming branches. Thus, very high
degrees of polymerization can be achieved. Moreover, trans-
location of multiple glucose units typically leads to strand
termination, followed by either reinitiation of the released
strand or the synthesis of a new strand.*®

2.2. BC properties

BC, a natural, three-dimensional (3D) nanostructure, with eco-
friendly properties, derived from bacteria, is considered
a cost-effective material employed as a matrix in biosensor
design. Its remarkable characteristics, including high purity,
biocompatibility, and excellent mechanical strength, make it
alternative  to

a compelling traditional —materials.?**°

Chemical modification

High degree of Flexibility & Elasticity

polymerization
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These properties that make it suitable for various analytical and
diagnostic purposes are briefly addressed below (Fig. 2).

2.2.1. High purity and biocompatibility. BC is produced in
a highly pure form, devoid of lignin and hemicellulose, which
are typically found in plant-derived cellulose. This exceptional
purity significantly enhances both its biocompatibility and
hemocompatibility, facilitating seamless integration with bio-
logical samples and minimizing the risk of immune
responses.**® Such characteristics make BC particularly suit-
able for medical biosensor applications, where interaction with
biological tissues is essential. For example, BC can serve as
a skin substitute, routinely used in wound dressings. Its
potential as bases for wearable sensors is also noteworthy, as it
can address adhesion issues, facilitating skin integration in
wearable devices.**> BC's chemical composition and nano-
fibrillar structure closely resemble components of the extracel-
lular matrix (ECM), especially collagen, further contributing to
its biocompatibility. Additionally, while concerns regarding
endotoxins—lipopolysaccharides found in the Gram-negative
bacteria outer membrane—are valid, polysaccharide nature of
BC helps mitigate potential immunogenic responses associated
with these endotoxins.®

2.2.2. Morphological and structural properties. In
biosensor development, a nanostructured polymer refers to
a macromolecular material engineered at the nanoscale to
exhibit distinctive physicochemical properties arising from its
hierarchical organization, such as enhanced surface area,

Hemocompatibility Biodegradability

High stability

High water retention

Fig. 2 Schematic representation of BC properties.
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porosity, and mechanical integrity. BC exemplifies this class of
materials through its unique 3D network of interwoven nano-
fibers, typically 20-100 nm in diameter, composed of ribbon-
like fibrils approximately 2-4 nm wide. This ultrafine reticular
architecture imparts BC with exceptional specific surface area,
interconnected porosity, and tunable mechanical strength,
enabling efficient molecular diffusion and biomolecule immo-
bilization attributes that are critical for biosensing applica-
tions.® Importantly, BC exhibits tunable porosity, which
permits modulation of pore characteristics, including size,
spatial distribution, and connectivity, through synthesis vari-
ables (e.g., nutrient composition, incubation time) or post-
processing methods (e.g., mechanical compression, lyophiliza-
tion). This tunability allows optimization of analyte transport
and interaction with immobilized biorecognition elements,
thereby improving sensor sensitivity and response time.**

Additionally, owing to its hydrophilic nature, BC can retain
up to 90% of its weight in water, providing an ideal microen-
vironment for maintaining the bioactivity of immobilized
molecules. These characteristics facilitate efficient immobili-
zation of biorecognition elements, including enzymes, anti-
bodies, nucleic acids, or aptamers, via physical entrapment,
covalent bonding, or adsorption, thereby enhancing sensor
sensitivity, response time, and overall analytical perfor-
mance.** Moreover, BC's structural mimicry of the native
ECM, specifically in fiber diameter and porosity, promotes
preferential biomolecule adhesion to the cellulose matrix,
effectively shielding electronic components from non-specific
binding.”” BC's water retention capabilities further enhance
its suitability for biosensing applications, with its capacity to
hold water varying from 60 to 700 times its dry weight,
depending on synthesis conditions. This property is beneficial
for maintaining the activity of immobilized biomolecules and
ensuring a stable sensing environment. Moreover, BC's ability
to swell in the presence of moisture can improve the diffusion of
analytes, thereby increasing the sensitivity of biosensors.?>*!
Other advantageous characteristics of BC include dimensional
stability, which is important for piezoelectric sensors,*® and
transparency, a desirable feature for certain types of sensors
and electronic devices.*

2.2.3. Mechanical properties. As expected, BC's mechanical
properties are intrinsically linked to its unique structural
characteristics. The fibrillar network, lightweight composition,
macromolecular properties, and high purity contribute to BC's
exceptional mechanical performance. For example, Young's
modulus of BC monofilament can reach approximately 114 GPa,
with tensile strength values ranging from 200 to 300 MPa. This
stress—strain behavior closely resembles that of soft tissues,
making BC an excellent reinforcement material for applications
requiring high mechanical performance, particularly in the
development of both wearable and non-wearable flexible
sensors.'”* Additionally, its water retention and swelling
properties give this biopolymer superior permeability, flexi-
bility, elasticity, and resistance in humid conditions, allowing
for the development of robust biosensors capable of with-
standing various environmental conditions while maintaining
functionality.”
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Alongside the unique mechanical characteristics of BC, it is
important to note that while BC membranes are great at
resisting stretching in directions that are parallel to the
membrane, they only slightly resist compressive deformation in
directions perpendicular to it. BC also possesses high degree of
polymerization, reaching up to 10 000, and impressive crystal-
linity (up to 90%). Crystallinity influences chemical, mechan-
ical, and physical properties; BC comprising both crystalline
and amorphous domains. Higher crystallinity in polymers
results in stronger polymer chains, increased thermal stability,
reduced flexibility, and makes it harder for the chains to break
apart. This, in turn, leads to lower moisture absorption and
slows down the degradation process. Conversely, a decrease in
the crystallinity index can lead to accelerated degradation owing
to transforming crystalline regions into amorphous regions.”

2.2.4. Biodegradability. As a natural polymer, BC is biode-
gradable, making it an environmentally friendly choice for bi-
osensing applications and aligning with the increasing demand
for sustainable materials in technology. While BC can be
degraded through enzymatic hydrolysis by cellulase, the human
body lacks cellulolytic enzymes, which, combined with BC's
high thermal, chemical, and mechanical stability, renders it
resistant to biodegradation. This characteristic, however, makes
BC suitable for applications requiring long-term support. The
degradation rate of BC can be influenced by various factors,
such as material parameters (composition and additives pres-
ence), morphology, hydrophilicity, pH, crystallinity, molecular
weight, and water uptake capacity. To improve its decomposi-
tion and biodegradation within biological systems, several
strategies have been employed, such as the oxidation of cellu-
lose and the creation of BC composites with cellulose.*'**

2.2.5. Physical modification. In situ synthesis of bacterial
nanocellulose (BNC) composites can be challenging due to the
influence of additive concentration on cellulose production. Ex
situ physical methods overcome these limitations by enabling
liquids, small solids, or NPs to penetrate or deposit within the
porous BNC matrix. Physical methods are classified into coating
techniques (e.g., sputtering, thermal evaporation), which allow
the deposition of metals and oxides for electronic applications,
and impregnation methods (e.g, agitation, vacuum filtration),
which facilitate the penetration of functional materials into the
nanofibers, forming eco-friendly composites. Although physical
methods primarily generate weak interactions (hydrogen
bonds, van der Waals, electrostatic, and hydrophobic forces),
they effectively promote the immobilization of biomolecules
while preserving the BNC's three-dimensional network.”

2.2.6. Chemical modification. Purifying the initial material
is crucial to ensure that cellulose’'s functional groups are readily
accessible for surface interactions with other substances. The
high density of hydroxyl groups on surface of BC facilitates its
chemical modification. Methods such as phosphorylation,
oxidation, and succinylation can alter the molecular structure of
BC, creating a favorable environment for chemical modifica-
tions that enhance reactive bonding and adjust its physical and
mechanical properties. Furthermore, appropriate chemical
modifications can enable the covalent immobilization of
biomolecules, preventing leaching during sensing analyses and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thereby improving the sensitivity and reproducibility of
biosensors. BC can be easily chemically modified to introduce
functional groups or NPs, further augmenting its biosensing
capabilities.*>”?

2.2.7. Tunable properties. The BC properties could be
precisely tailored through manipulating fermentation process
and incorporating various functional materials, allowing for
customization of the biosensor to meet specific requirements.”
One inherent advantage of BC is in situ moldability, enabling
the creation of biosensors in various shapes and sizes, and
thicknesses depending on the fermentation conditions used,
thereby rendering it well-suited for diverse applications. This
adaptability makes BC suitable for a wide range of applica-
tions.” Recent advancements have demonstrated that BC can
be tailored to enhance its electrical conductivity, making it
suitable for electrochemical biosensing applications. Conduc-
tive composites of BC combined with substances like graphene
or carbon nanotubes have been developed to improve signal
transduction. By integrating BC with biomolecules and elec-
tronic components, a range of flexible, biodegradable, and
biocompatible platforms with enhanced electron transfer
capabilities have been developed.®**

3 BC-based biosensors

A biosensor is an analytical instrument that can convert
biochemical reactions into quantifiable signals. The working
principle of this system is connected to three primary compo-
nents: a bioreceptor for biological recognition, a physical-
chemical transducer, and an electronic system for signal pro-
cessing and display (Fig. 3). Biosensors could be classified
based on properties of bio-receptors, including antibodies,
microbial whole cells, DNA, enzymes, and proteins or frag-
ments. Transducers could also be categorized based on their
physico-chemical properties, including thermal, calorimetric,
electrochemical, optical, or piezoelectric properties.” In the
development of biosensors, it is crucial to achieve high bi-
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compatibility, and cost-effectiveness. BC emerges as a highly
advantageous substance for developing biosensors due to its 3D
nanostructure, eco-friendly nature, and exceptional properties
such as mechanical strength, strong crystallinity, extensive
surface area, high absorption capacity, and facile modification
and functionalization with NPs, conductive materials, metal
oxides, carbon nanotubes, along with biomolecules.**”

3.1. Design and fabrication of BC-based biosensors

The design and fabrication of BC-based biosensors comprise
a synergistic integration of biomaterials engineering and
analytical sciences, harnessing BC's distinctive nanofibrillar
architecture to yield sustainable, biocompatible sensing plat-
forms. This multi-step process commences with the production
of high-quality BC, where optimization of growth media and
fermentation conditions, such as nutrient composition, pH,
temperature, and static/dynamic culturing, tailors the native 3D
nanofibrillar network, dictating key properties such as porosity,
mechanical strength, and thickness (Fig. 4A).”® Adjustments
during synthesis, including the incorporation of secondary
phases or post-formation blending, further refine these prop-
erties and transform the nascent BC into a functional scaffold to
suit biosensor demands. Once synthesized, BC undergoes
purification and processing through methods such as freeze-
drying,”” electrospinning,”® or 3D printing.” These methods
enable customization of its morphology, enhancement of
surface area, and optimization of porosity, which collectively
facilitate improved analyte diffusion and biomolecule immo-
bilization efficiency (Fig. 4B).*

The inherent nanostructured organization of BC promotes
efficient mass transport and accommodates dense immobili-
zation of diverse biorecognition elements, including enzymes,
antibodies, nucleic acids, aptamers, or bacteriophages. These
biomolecular receptors enable stereospecific and high-affinity
binding to target analytes, initiating quantifiable biochemical
cascades or electrochemical responses essential for biosensor
operation. Effective immobilization of biorecognition elements

ocatalytic activity, selectivity, sensitivity, environmental is therefore central to biosensor efficacy, ensuring stable,
Biorecognition
element
4
Signal processing &
s PN display
Yy X Transducer

Analyte

OHE gEmg °@° 0
#°%60° @ o

Fig. 3 Schematic representation of a biosensor converting biochemical reactions into quantifiable signals.
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Fig.4 Design and fabrication of BC-based biosensors. (A) Optimization of the growth medium and fermentation conditions. (B) Modification and
functionalization of BC. (C) Immobilization of biorecognition elements. (D) Evaluation and validation.

selective, and reproducible target detection (Fig. 4C).>>%%*
Immobilization strategies commonly employed in BC-based
biosensors include physical adsorption, covalent bonding,
affinity interactions, and encapsulation.®* The choice of tech-
nique depends on the type of biorecognition element, desired
sensing mechanism, and operational environment.> For
instance, enzymes such as glucose oxidase (GOx), horseradish
peroxidase (HRP), and laccase (Lac) have been successfully
immobilized on BC matrices to develop electrochemical
biosensors for detecting analytes, including glucose, dopamine,
hydroquinone, and hydrogen peroxide.*” The intrinsic hydro-
philicity and nanofibrillar topography of BC create an optimal
microenvironment that preserves enzyme conformation and
activity, thereby promoting sensor stability and reproducibility
over extended periods.** Enzyme exemplars include GOx for
glucose oxidation to gluconolactone and H,0,, HRP for
peroxide mediation, and Lac for phenolic substrates like
hydroquinone or dopamine; bienzymatic GOx-HRP systems on
BC-AuNP scaffolds exemplify cascade amplification. Antibody
or phage probes target pathogens, while aptamers, conjugated
via click chemistry, afford thermal resilience for small-molecule
assays. Method selection aligns with biorecognition element
stability and transduction needs, ensuring specific analyte
capture in complex matrices.®***

The next step involves integrating the BC biosensor with
a suitable signal transduction system, which translates analyte-
biorecognition element interactions into measurable signals.

RSC Sustainability

Signal transduction mechanisms in BC-based biosensors
primarily operate through electrochemical, optical, or piezo-
electric principles. Electrochemical transduction remains the
most prevalent approach due to its high sensitivity, cost-
effectiveness, and compatibility with miniaturized and
portable devices. It converts biochemical interactions into
measurable electrical signals such as current (amperometry),
potential (potentiometry), or impedance (impedimetry),
offering rapid, quantitative detection.*® For example, a BC-
based electrochemical sensor integrated with a flexible screen-
printed electrode achieved SARS-CoV-2 detection with an
ultralow limit of detection (LOD) of 4.26 x 10~ ¢ mL™" and
a response time of approximately 10 minutes.*” In addition,
integration of conductive nanomaterials within the BC matrix
significantly enhances electron transfer kinetics and reduces
detection limits. BC-AuNP, for instance, composites have
demonstrated LODs as low as 5.7 nM for hydroquinone, while
BC/c-MWCNT/phage systems achieved Staphylococcus aureus
detection down to 3 CFU mL ™" within 30 minutes.®®

Optical transduction mechanisms exploit BC's intrinsic
transparency (up to 90% light transmittance) and tunable
refractive properties to monitor analyte interactions via fluo-
rescence, colorimetry, or surface-enhanced Raman scattering
(SERS). In such systems, BC serves as a versatile optical
substrate and immobilization matrix for fluorophores,
enzymes, or plasmonic NPs.*** Upon analyte binding, alter-
ations in fluorescence intensity or spectral shifts are recorded as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analytical signals, enabling real-time, label-free detection. For
example, BC/AuNP-based SERS platforms have been developed
for pesticide detection with a LOD of 0.24 ppm (~1 puM),
demonstrating the high optical sensitivity achievable through
nanoplasmonic enhancement within the BC framework.”
Piezoelectric transduction relies on the generation of electrical
charges from mechanical stress or mass-induced frequency
shifts in piezoelectric materials such as quartz crystal micro-
balance (QCM), ideal for label-free, real-time monitoring of
adsorption events. When integrated with BC composites,
particularly conductive hybrids incorporating graphene oxide or
metallic NPs, these systems convert minute mass changes into
electrical signals with exceptional sensitivity, achieving
femtomolar-level detection limits.*"*

To achieve high signal fidelity, BC is often functionalized
with nanomaterials or conductive polymers that facilitate elec-
tron transfer and enhance the sensitivity of signal transduction.
Incorporating metallic NPs, metal oxides or conductive poly-
mers not only surmounts BC's native insulation but also
enhances its catalytic activity and surface reactivity. This
synergistic combination within BC nanocomposites signifi-
cantly improves the signal-to-noise ratio and amplifies the
biosensor response.”®** Finally, the BC-based biosensor
undergoes rigorous testing and validation to ensure its perfor-
mance and reliability (Fig. 4D). Assessing performance metrics,
including sensitivity, selectivity, response time, detection limit,
and stability under various conditions, guarantees the biosen-
sor's accuracy and reliability in real-world applications.

3.2. Application of BC-based biosensors

Biosensors have attracted considerable interest in recent years
owing to their strong capability to detect various analytes. They
are categorized into healthcare biosensors, environmental
monitoring biosensors, and food safety biosensors. Table 2
presents an overview of recent developments in BC-based
biosensors, highlighting their composites, surface modifica-
tions, detection mechanisms, target analytes, key properties,
and applications.

3.2.1. BC-based biosensors in healthcare. In response to
increasing demand for rapid, accurate, decentralized, and effi-
cient healthcare monitoring, biosensors have garnered signifi-
cant interest in medical research. The highly porous structure of
BC can promote rapid analyte diffusion, thereby directly
impacting key biosensor performance. This is quantifiably
demonstrated through enhanced LOD and faster response
times, which underpin the platform's high sensitivity and
suitability for real-time monitoring.***® This section explores
the diverse applications of BC-based biosensors in healthcare,
focusing on their roles in early disease diagnosis, wound heal-
ing and infection monitoring, wearable and POC devices.

3.2.1.1. Early disease diagnosis and biomarker detection.
Early disease diagnosis critically depends on the rapid and
precise detection of biomarkers. BC-based biosensors provide
a highly sensitive and stable platform owing to their porous
nanofibrillar architecture, which facilitates efficient analyte
diffusion and effective immobilization of biorecognition
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elements. Leveraging their high surface area and exceptional
biocompatibility, BC-based biosensors have significantly
advanced early disease detection through enhanced biomarker
sensitivity.”” The incorporation of enzymes, antibodies, or
nucleic acids within BC matrices enables the detection of trace-
level disease biomarkers, surpassing conventional rigid sensor
substrates in both selectivity and response time. The opera-
tional principle of these biosensors is based on converting
biological interactions into quantifiable signals, achieved
through the integration of biological recognition elements with
a transducer. Upon specific binding of the target analyte, the
transducer output changes, allowing precise measurement.
These devices typically employ electrochemical, optical, or
impedance techniques to transduce specific analyte binding
into measurable signals, enabling detection at picogram levels
in complex biological matrices such as serum or saliva.”®*
Moreover, these systems can modulate and monitor biological
signals in real time within living organisms, allowing for
controlled release or detection of proteins and antibodies in
response to physiological conditions such as tissue injury,
inflammation, infection, cardiac infarction, or muscular
dystrophy.’®'® These sensors provide several advantages
compared to traditional diagnostic methods, such as faster
turnaround times, higher sensitivity, and lower sample
volumes.**

For instance, Wu et al. designed the two-dimensional (2D)
bacterial cellulose nanogold substrate for sensitively detecting
tumor necrosis factor-o. (TNF-a). This sensor achieved the
notable detection limit of 0.35 pg mL ', demonstrating its high
sensitivity and potential for early cancer screening.’* Similarly,
an interdigital BC immunosensor targeted the p53 antigen in
MCF-7 breast cancer cell lysates, yielding an LOD of 0.16 U cell
per mL via impedance spectroscopy, which was directly corre-
lated with tumor progression for noninvasive screening.'®
Optical enhancements further boost sensitivity; for example,
a silver nanoparticle-decorated BC membrane (Ag NPs-BCM),
fabricated via silver mirror reaction and shrinkage, generates
uniform Surface-Enhanced Raman Spectroscopy (SERS) hot-
spots. This platform detected the cancer-associated redox
biomarker glutathione (GSH) at concentrations as low as 0.1 uM
in serum, enabling high-sensitivity cancer profiling from
minimal sample volumes.'® Moreover, BC-based biosensors
provide an effective solution for rapid and accurate detection of
infectious diseases, particularly in the context of preventing and
controlling outbreaks. Their suitability for frequent POC testing
is highlighted by Lima et al's development of a simple and
portable electrochemical biosensor for SARS-CoV-2 detection.
This sensor achieved ultrasensitive results (requiring only
10 mL of nasopharyngeal/oropharyngeal (NP/OP) samp