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

as a sustainable platform for next-generation biosensors. review provides

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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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.*®
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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,
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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

RSC Sustainability
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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) sample and
delivering results within 10 minutes) with high reproducibility
(RSD = 3.78%) and selectivity.?”

3.2.1.2. Wound dressings and infection monitoring. BC has
long been recognized for its exceptional wound-healing prop-
erties, attributed to its excellent moisture retention, gas
permeability, and non-toxicity. These characteristics not only
support the healing process but also provide an ideal substrate
for engineering advanced “smart” wound dressings. By
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integrating biosensing capabilities, BC is being transformed
from a passive covering into an active monitoring system that
can monitor the wound microenvironment, including pH,
specific proteases, and biomarkers such as cytokines, in real
time to facilitate precision wound management. Highly sensi-
tive electrochemical biosensors, in particular, show great
potential for real-time biomarker monitoring in wound exudate,
offering improved diagnostic and therapeutic outcomes.'**%
Nevertheless, conventional biosensors often face challenges
with biofouling in the complex environment of wound exudate.
To address this, Lv and colleagues designed a novel antifouling
electrochemical biosensor for detecting involucrin, a key wound
healing marker. Their approach utilized a wound dressing
comprised of a composite hydrogel formed by oxidized BC
(OxBC) and quaternized chitosan (QCS). Through careful opti-
mization of the OxBC/QCS ratio, the hydrogel achieved elec-
trical neutrality and enhanced hydrophilicity, imparting
exceptional antifouling and antimicrobial properties. This
biocompatible hydrogel served as a platform for immobilized
involucrin antibody SY5, resulting in a biosensor with linear
detection (range from 1.0 pg mL ' to 1.0 pg mL ") and low
detection limit (0.45 pg mL™'). Importantly, the biosensor
demonstrated high accuracy in detecting involucrin in real
wound exudate samples. The antifouling and antimicrobial
characteristics of the OxBC/QCS hydrogel not only prolonged
the biosensor's functional lifespan but also ensured reliable
and consistent sensing performance.*®

Further advancing BC's role in wound management, Yang
and Choy developed a pH sensor for chronic wounds utilizing
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a conductive 3D carbon nanofiber aerogel derived from pyro-
lyzed BC. This sensor, combined with a flexible and proton-
selective composite, exhibited remarkable pH sensitivity,
enabling continuous pH monitoring and early infection detec-
tion.'”” Similarly, Eskilson et al. demonstrated the integration of
pH sensing capabilities into BC-fabricated hydrogel-based
wound dressings. By encapsulating a pH-responsive dye
(bromothymol blue) within mesoporous silica nanoparticles
(MSNs) incorporated into BC (Fig. 5A and B), they developed
wound dressings capable of pH monitoring continuously with
precise spatiotemporal resolution (Fig. 5C and D). The dress-
ings exhibited distinct color changes at low pH levels, trans-
itioning to highly contrasting color upon the pH exceeded 6 (the
critical range for detecting wound infection) (Fig. 5E and F).
This innovation enabled real-time monitoring of wound
conditions, facilitating early diagnosis and treatment of infec-
tions, ultimately reducing complications and supporting
optimal wound healing."*®

Furthermore, BC holds immense potential for enhancing
wound healing through strategic modifications. Incorporating
bioactive agents, such as growth factors, antimicrobial
peptides, or anti-inflammatory drugs, into the BC structure can
promote specific aspects of wound healing, accelerating the
healing process. This targeted approach allows for the devel-
opment of sophisticated wound dressings that address various
challenges associated with wound management.'® Researchers
have also explored the integration of BC with advanced mate-
rials such as metal-organic frameworks (MOFs) to develop
biomimetic nanoreactors capable of addressing specific
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Fig. 5 BC-based biosensors for wound dressings and infection monitoring. (A) Schematic representation of the fabrication of pH-responsive
nanocomposite wound dressings by impregnating BC with MSNs loaded with a pH-sensitive dye (bromothymol blue, BTB) and functionalized
with polyethyleneimine (PEI). (B) Photograph of MSN-BTB-PEI. (C) Schematic illustration of pH@BC synthesis methods. (D) BTB concentration
effect on color intensity. (E) Color change of pH@BC at pH 5.5-8.5. (F) Image demonstrating spatial pH sensing using the dressing (scale bar: 2

m). Reproduced with permission from ref. 108. Copyright (2023), Elsevier Ltd. (G) Antibacterial efficacy against S. aureus. (H) Antibacterial
efficacy against E. coli. (I) Schematic and photographs of the mouse liver hemorrhage model. (J) Schematic and photographs of the mouse tail
amputation model. Reproduced with permission from ref. 110. Copyright (2022), Elsevier Ltd.
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healthcare needs. A notable example is the hybrid hydrogel
system composed of BC and guar gum (GG) encapsulating
a Cu@ZIF/glucose oxidase (GOx) nanoreactor. This system
demonstrated potent antibacterial activity by consuming
glucose and generating highly oxidative radicals, effectively
eliminating bacterial infections (Fig. 5G and H). Additionally,
its high water absorption capacity effectively controlled
hemorrhage through blood absorption and activation of coag-
ulation cascades (Fig. 5I and J)."'° The combination of BC with
metal NPs forms nanocomposites that exhibit exceptional
properties for various applications. While traditional methods
often limit control over NP concentration, shape, size, and
surface chemistry, a novel self-assembly strategy has been
developed to fabricate well-defined BC-NP composites with
colloidal silver and gold NPs. This method enables the creation
of nanocomposites with unique optical and biophysical prop-
erties, opening doors for advanced wound care and biosensing
applications. Furthermore, integrating plasmonic gold NPs
uniformly into BC enables the modulation of optical properties
through mechanical stimuli. This unique mechanoplasmonic
effect leads to tunable spectral variations and improved
broadband absorption, facilitating novel biosensing strate-
gies."™ Integrating these multifunctional nanocomposites into
wound dressings enables the real-time monitoring of healing
dynamics, facilitating more effective interventions and
improved patient outcomes.

3.2.1.3. Wearable sensors for continuous health monitoring.
The advancement of wearable biosensors for continuous, non-
invasive monitoring relies on finding materials that combine
electronic functionality with patient comfort. BC's unique
combination of flexibility, transparency, and natural skin
adhesion allows for the fabrication of soft, skin-conformal
sensors that provide high comfort and durability. The
biocompatibility, breathability, and semi-permeability of BC
ensure long-term wear without irritation, while its porous
nanofibrillar structure supports the integration of conductive
fillers for sensitive and responsive signal detection. Moreover,
BC's renewable and hypoallergenic nature promotes sustain-
able, long-term applications, establishing it as a superior plat-
form for next-generation wearable biosensors designed for
continuous health monitoring and early disease detection.
Current clinical monitoring instruments often face limitations
associated with rigid packing, cumbersome wiring, and bulky
devices necessitating cumbersome straps or adhesives for skin
mounting.®>*** In this regard, Silva et al. developed a novel, non-
invasive method for monitoring body fluids, specifically sweat,
using microbial nanocellulose sheets as skin-like platforms.
These platforms, equipped with screen-printed carbon elec-
trodes (SPCEs), effectively detected toxic metals such as
cadmium (Cd*") and lead (Pb**) with high sensitivity. This
research highlighted the potential of BC-based wearable
sensors for real-time monitoring of environmental exposures
and early warning of potential health risks."*>

BC-based biosensors hold substantial promise for advancing
wearable technology and human-computer interaction (HCI).
Their capacity to precisely sense a spectrum of human motions,
from subtle physiological signals such as vocalizations,
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respiration, and pulse waves to more pronounced activities,
renders them exceptionally suitable for seamless integration
into textile substrates. This functionality underpins the creation
of sophisticated HCI systems, enabling intuitive and responsive
interfaces between users and machines.”” In a representative
study, Gao and colleagues engineered a biodegradable, flexible
strain sensor leveraging BC for advanced human-interactive
applications (Fig. 6). The fabrication process entailed in situ
modification of BC during microbial fermentation, incorpo-
rating polypyrrole (PPy) NPs directly into the evolving fibrillar
network of BC. Subsequent encapsulation with the biocompat-
ible elastomer Ecoflex (EF) yielded a robust BC/PPy@EF
composite, bolstering mechanical durability and extensibility
while preserving the intrinsic 3D reticular architecture of BC.
This structural design conferred exceptional sensitivity through
mechanisms involving fibril alignment and fracturing of
conductive networks under applied strain. The resulting sensor
exhibited outstanding performance metrics, including an
ultralow strain detection limit of 0.05%, a broad operational
range extending to 90% strain, and a high gauge factor span-
ning 3.21-4.86. It reliably captured nuanced movements (0.05-
1% strain, e.g., respiration and pulse) as well as vigorous actions
(up to 90% strain, e.g., squatting and walking). Moreover, the
device demonstrated robust long-term stability, with no
discernible degradation in sensitivity following 1000 cycles of
90% strain, a resilience attributed to the synergistic effects of EF
encapsulation and the inherent tensile strength of the BC
matrix. As depicted in Fig. 6, the sensor enabled real-time
monitoring of diverse body motions, including finger bending
(Fig. 6A), vital signs such as pulse and respiration (Fig. 6B), wrist
and elbow flexion using armband configurations (Fig. 6C and
D), and knee movement detection via a kneecap sensor (Fig. 6E).
Additionally, wearable textile integrations (Fig. 6F-H) facilitated
tracking of wrist pulse, breathing rate, and throat vibrations.
The practical application of the sensor was demonstrated
through its integration into a smart glove (Fig. 6I), where five
sensors at the knuckle joints enabled real-time gesture recog-
nition (Fig. 6]). The system successfully distinguished ten
different numerical gestures with 99.2% accuracy, allowing
a robotic counterpart to replicate the human gestures. This
achievement highlights the transformative potential of BC-
based biosensors in facilitating precise and reliable HCI appli-
cations."? The adaptability of BC in wearable formats positions
it as a key enabler for next-generation electronic skin (e-skin)
technologies, capable of continuously monitoring physiolog-
ical signals such as pulse, respiration, sweat composition, and
mechanical strain with high precision.*>**

3.2.1.4. POC testing and personalized medicine. POC biosen-
sors aim to deliver rapid, accurate, and user-friendly diagnostics
outside traditional laboratory environments. The unique prop-
erties of BC, including its biocompatibility, flexibility, and ease
of fabrication, make it particularly suitable for POC platforms
that demand flexibility, miniaturization, and cost-effectiveness.
These sensors process minimal samples with high reproduc-
ibility, enabling timely diagnosis and treatment interventions,
particularly in non-laboratory settings.’**”*** Their detecting
ability of specific biomarkers associated with individual

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 BC-based strain sensors (BC/PPy@EF) for full-range body motion detection and human—computer interaction. (A) Sensor output during
finger motion. (B) Sensor placement for vital sign monitoring. (C and D) Armband for wrist and elbow bending detection. (E) Kneecap sensor for
knee flexion detection. (F-H) Wearable textiles for monitoring wrist pulse, breathing rate, and throat vibration. () Schematic illustration of the
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resistance signals for gesture recognition. Reproduced with permission from ref. 113. Copyright (2023), Elsevier B.V.
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patients’ conditions, such as urine, saliva, and blood, alongside
real-time patient data, paves the way for home-based chronic
disease management and personalized treatment plans. This
approach, known as precision medicine, has great potential to
enhance patient outcomes and optimize healthcare delivery.®
For example, BC biosensors demonstrate superior accuracy,
sensitivity, and long-term stability compared to conventional
methods for glucose monitoring in diabetes management.
Studies have shown that BC-based colorimetric pH sensors
exhibit rapid response and a wide linear range, while BC/
carboxymethyl cellulose (CMC)-based colorimetric glucose
sensors offer low detection limits and high accuracy, making
them suitable for non-invasive on-skin health monitoring.* In
another study, wet-spinning of CdTe quantum dot (QD)-loaded
BCnanofibers yielded color-tunable luminescent macrofibers,
enabling the creation of fiber-based structures with tunable
green, yellow, and orange fluorescence through size control of
the QDs. These fibers exhibited sigmoidal pH sensitivity and
high glucose sensitivity."*® These examples highlight BC-based
biosensors' potential to revolutionize healthcare by enabling
personalized treatment plans and optimized disease manage-
ment strategies.

3.2.2. BC-based biosensors in environmental monitoring.
In environmental monitoring, biosensors have achieved
significant success in detecting and monitoring heavy metals
and other harmful substances in water and soil. These devices
offer a sensitive and eco-friendly approach, providing valuable
data for environmental protection and management. Specifi-
cally, BC-based biosensors can detect various pollutants,
including organic contaminants, metals, bacteria, and phar-
maceuticals. This capability allows for real-time insights,
enabling timely intervention measures.>"'” BC-based biosensors
can immobilize metal-binding proteins or aptamers that
specifically bind to heavy metals. This interaction can be
detected electrochemically, resulting in the development of
highly sensitive and selective biosensors for monitoring heavy
metal pollution in water and soil.>** Unlike traditional sensors,
these biosensors require no electronic components, sophisti-
cated equipment, or trained personnel, making them more
accessible and practical for widespread use."**

Recent advancements in this field have focused on
enhancing their effectiveness in detecting and monitoring
heavy metals. For instance, Parizadeh et al. developed a plat-
form that efficiently detects Cu(u) ions quickly, easily, and
affordably through an effective and green metallochromic
sensor by embedding anthocyanin derived from the peels of
black eggplant in BC nanofibers. This sensor detected Cu(n)
ions quantitatively in solid and solution states, exhibiting
detection limits of 20-300 ppm and 10-400 ppm, respectively.
In aqueous matrices, the sensor operated within a pH range of
3.0 to 11.0, demonstrating the visual colorimetric response to
Cu(u) concentration, changing from brown to light blue and
dark blue."*® In another study, BC was utilized as the structural
framework for BC/GO/polyvinyl alcohol/attapulgite (BC/GO/
PVA/APT) composites to adsorb Cu®>" and Pb*" ions from solu-
tions. The results demonstrated that this hydrogel possesses
superior hydrophilicity, enhanced thermal stability, and a large

RSC Sustainability

View Article Online

Tutorial Review

specific surface area compared to conventional materials. The
Freundlich kinetic effectively modeled the adsorption of Cu**
(150.79 mg ¢~ ') and Pb** (217.8 mg g~ ') ions.*®

Effective heavy metal ion removal from industrial wastewater
remains a significant challenge in water treatment. Estimating
bioavailable heavy metals is crucial for assessing ecological
risks.”””** Thus, a cost-effective and mini-equipment bi-
osensing process to detect heavy metals in water, providing
insights into their bioavailability and cytotoxicity.*** BC-based
biosensors show great promise for monitoring water quality.
For example, Deshpande et al. developed an innovative
electrochemical sensor based on a composite of ascorbic acid-
functionalized silver NPs (AsAgNPs) embedded within a nano-
crystalline BC (NBC) matrix for the ultrasensitive detection of
Hg”" ions in water (Fig. 7A). The AsAgNP-NBC matrix enhanced
mercury sensing by forming water-insoluble complexes capable
of binding and reducing Hg?, thereby enabling highly sensitive
electrochemical detection through cyclic voltammetry (CV) and
differential pulse voltammetry (DPV). As indicated in Fig. 7B,
under light irradiation (455 nm), the screen-printed electrode
(SPE) demonstrated a 1.9-fold photocurrent enhancement,
achieving an ultralow detection limit of 3.95 pM (CV) and 2.717
pM (DPV) within a linear range of 25 pM-50 nM (Fig. 7C and D).
Selectivity tests confirmed strong specificity for Hg>* over other
metal ions (Fig. 7E), highlighting the potential of this light-
activated nanocomposite for achieving ultra-trace level detec-
tion of environmental contaminants.'”® On the other hand, BC-
based biosensors facilitate the development of miniaturized,
portable systems for on-site effluent monitoring. A recent study
demonstrated the successful in situ synthesis of freestanding
nanopapers from Zr-MOF grown on BC, forming BC@Zr-MOF
(Fig. 7F). This composite exhibits selective recognition and
enrichment of dichromate ions (Cr,0,°) in water, with
a notable adsorption capacity (90 mg g~ ). The sensing mech-
anism, schematized in Fig. 7G, relied on the fluorescence
quenching of the BC@Zr-MOF in the presence of the target
analyte. This allowed for rapid and sensitive detection, as
shown in Fig. 7H, where the emission intensity decreased
progressively with increasing Cr,0,>~ concentration, achieving
a low LOD of 6.9 nM. Furthermore, the practical utility of the
sensor was confirmed by its stable fluorescence response across
a wide range of pH values (Fig. 7I), underscoring its robustness
for environmental monitoring applications.***

3.2.3. BC-based biosensors in food safety. Ensuring the
quality and integrity of the food supply is paramount in food
safety, particularly given the ever-present threat of foodborne
pathogens, chemical residues, and spoilage, which can cause
illness and even death. Traditional analytical techniques, while
accurate, are often time-consuming, labor-intensive, and
require centralized laboratories, limiting their utility for rapid,
on-site decision-making. In contrast, a new generation of
biosensors based on BC is emerging as a robust solution for
enhancing food safety. The high purity, biocompatibility, and
excellent mechanical strength of BC provide a stable and reli-
able platform for immobilizing biorecognition elements, such
as enzymes or antibodies, which are essential for the detection
of specific foodborne pathogens.>**
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Fig. 7 BC-based biosensors for environmental monitoring. (A) Schematic of the 3-electrode system and electrode modification. (B) Schematic
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without 455 nm irradiation (linear range: 25 pM—-50 nM). (E) CV measurements for interfering ions (interfering metal ion concentration: 100 nM;
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3.2.3.1. Detection of foodborne pathogens. Foodborne path-
ogens such as Staphylococcus aureus, Escherichia coli, and
Salmonella spp. pose severe public health risks, necessitating
rapid, on-site detection tools. Prompt identification of these
pathogens is critical to preventing outbreaks and minimizing
economic losses within the food industry. BC's 3D nanofibrillar
network, characterized by its high porosity and interconnected
pores, forms an open, hydrogel-like architecture. This unique
structure significantly reduces the diffusion path length for
analytes such as bacterial cells, proteins, or other biomolecules,
allowing them to rapidly permeate the matrix and access
immobilized biorecognition elements, including antibodies,
bacteriophages, and aptamers. This facilitated transport
kinetics, along with BC's functionalizable surface, results in
biosensors with exceptional sensitivity, selectivity, and rapid
response, ideal for pathogen detection.®*?%'>¢**” In this regard,
Hussain et al. successfully developed an ultrasensitive electro-
chemical biosensor for detecting Salmonella typhimurium by
integrating a BC substrate modified with PPy and reduced gra-
phene oxide (RGO), further functionalized with S. typhimurium-
specific bacteriophages (Fig. 8A). This hybrid configuration
produced a flexible, highly conductive platform that exploited
the selective binding affinity of bacteriophages toward their
bacterial hosts. The biosensor exhibited exceptional analytical
performance, demonstrating high specificity, producing
a distinct signal exclusively for S. typhimurium (Fig. 8B), and the
ability to differentiate viable from non-viable cells, ensuring
detection of only live pathogens (Fig. 8C). This system achieved
ultra-sensitive detection in real food matrices, maintaining
excellent sensitivity with detection limits of 3 CFU mL™" in
chicken samples (Fig. 8D) and 5 CFU mL " in milk (Fig. 8E).*

In another study, Ghasemi et al. developed a cost-effective
conductometric nanobiosensor based on a BC/PPy/titanium
dioxide-silver (BC/PPy/TiO,-Ag) nanocomposite film for the
rapid detection of pathogenic bacteria in food samples. This
biosensor operates on the principle of conductometry, where
the binding of a target analyte induces a measurable change in
the electrical conductivity (or resistance) of the nanocomposite
film. BC provided a high-surface-area, porous scaffold that
ensured efficient analyte transport, while PPy imparted excel-
lent electrical conductivity and signal transduction capability.
Meanwhile, TiO,-Ag NPs enhanced interfacial interactions,
charge transfer, and bacterial capture efficiency. The sensors
demonstrated preferential sensitivity toward Gram-negative
over Gram-positive bacteria. The positively charged PPy and
TiO,-Ag components interacted electrostatically with negatively
charged bacterial cell walls, inducing measurable resistance
variations that enabled real-time bacterial detection. The
sensor's preferential sensitivity toward Gram-negative bacteria
was governed by favorable electrostatic interactions with the
positively charged nanocomposite, which induced measurable
resistance changes for real-time monitoring."*® Similarly, Far-
ooq and colleagues designed an electrochemical biosensor by
embedding bacteriophages within a surface-modified BC
matrix. The incorporation of carboxylated multiwalled carbon
nanotubes (c-MWCNTSs) increased the available surface area for
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phage immobilization, while polyethyleneimine (PEI) func-
tionalization introduced positive surface charges, promoting
oriented phage binding. This electrochemical biosensor, based
on BC/phage, demonstrated effective discrimination of live
Staphylococcus aureus cells within live/dead, exhibiting
concomitant anti-staphylococcal activity. This ultra-sensitive
biosensor achieved detection limits of 5 CFU mL ™' and 3 CFU
mL ™" in milk and phosphate-buffered saline (PBS), respectively,
within 30 minutes."®

3.2.3.2. Detection of pesticide residues. BC's characteristics
make it suitable for fabricating flexible substrates that can
directly collect contaminants through physical swabbing on
curved food surfaces.’***** Ensuring food safety requires mini-
mizing exposure to persistent agrochemicals such as organo-
phosphates, carbamates, and dithiocarbamates, which remain
on fruits, vegetables, and juices and are associated with endo-
crine disruption, neurotoxicity, and carcinogenicity. BC-based
substrates demonstrate excellent analytical performance for
detecting pesticide residues on food surfaces by leveraging their
flexibility for direct swabbing of curved areas, ensuring efficient
residue collection and superior analytical performance. While
traditional methods such as gas chromatography-mass spec-
trometry (GC-MS) and high-performance liquid chromatog-
raphy (HPLC) provide high accuracy, they are costly, time-
consuming, and non-portable, which limits their suitability
for on-site screening. BC-based biosensors effectively circum-
vent these limitations by integrating biological or physical
transduction = mechanisms into  disposable, flexible
platforms.*>13¢131

A prominent application of BC is in SERS, where its nano-
fibrillar structure provides a high surface area for the efficient
dispersion of plasmonic nanoparticles (e.g., AuNPs, AgNPs),
creating dense electromagnetic “hotspots” that significantly
enhance Raman signals. For instance, a flexible BC/AuNPs
nanocomposite SERS substrate was developed to detect
thiram, a widely used dithiocarbamate fungicide. When tested
on apple surfaces using “paste-and-peel” and “wiping” methods
with a portable Raman spectrometer, the substrate achieved
a detection limit of 0.98 ppm for thiram. The findings under-
scored the BC-based biosensor's analytical performance in
terms of sensitivity, reproducibility, and stability, proving its
suitability for rapid detection (within 8 minutes) and quanti-
tative analysis of pesticides on food surfaces.’*' Similarly,
Lospinoso et al. synthesized AuNPs@BC composites by in situ
chemical reduction of Au®* ions, yielding a high-surface-area
substrate with localized surface plasmon resonance (LSPR)
hotspots and a bulk sensitivity of 72 nm RIU'. This system
achieved a detection limit of 0.24 ppm for thiram, meeting
regulatory thresholds.”

In another study, a biodegradable and flexible SERS
substrate was fabricated by compositing bacterial nanocellulose
paper (BNCP) with AgNPs via a simple vacuum-filtration
method (Fig. 9A). This process resulted in AgNPs being
directly adhered to the 3D nanofibrous network of the BNCP
(Fig. 9B), which provided excellent SERS activity and signal
uniformity. The composite maintained favorable optical trans-
parency (Fig. 9C), a property that was strategically leveraged to
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(A) Schematic illustrating the fabrication of SERS-active AQNP-BNCPs. (B) SEM images of AgBNCP-30. (C) A comparison of the optical

transmittance of filter paper, BNCP, and AgBNCP-30. (D) Schematic of the “paste-and-read” method for detecting methomyl by AgNP-BNCPs. (E
and F) Raman and SERS spectra of methomyl on orange (E) and apple (F) peels, comparing “paste-and-read” (blue), “extract-and-read” (pink), and
measurements without AQNP-BNCP (red); black lines represent the Raman spectra of the fruit peels without methomyl. Reproduced with

permission from ref. 130. Copyright (2020), Elsevier Ltd.

develop a rapid, user-friendly “paste-and-read” SERS method
(Fig. 9D). As shown in Fig. 9E and F, this method allowed direct
detection of the carbamate pesticide methomyl on orange and
apple peels without requiring complex extraction steps,
achieving clear spectral differentiation from untreated
samples.’®®

3.2.3.3. Detection of heavy metal contamination. Heavy
metals such as copper (Cu**), cadmium (Cd*>*), lead (Pb**), and
mercury (Hg>*) can enter the food chain through agricultural
runoff, industrial pollution, and food packaging, resulting in
bioaccumulation and severe health risks, including oxidative
stress, renal impairment, and developmental disorders. Moni-
toring these contaminants in foodstuffs and processing envi-
ronments is critical for public health. To address this, BC-based
biosensors offer a simple, cost-effective, and portable solution
for screening heavy metal contamination in foodstuffs.''®*** A
notable example is a colorimetric sensor developed by Sheikh-
zadeh et al., where curcumin was embedded in BC nanofibers
for Pb>" detection in rice. The sensor exhibited a distinct color
change from orange to red upon Pb*>" binding, achieving
detection limits of 9 uM (naked-eye observation) and 0.9 uM
(image processing), highlighting its potential for low-cost, on-
site metal ion monitoring.'**

More recently, Zhang et al. fabricated a portable fluorescent
BC film (Y-CDs@BCM) by anchoring yellow-emitting carbon

RSC Sustainability

dots (Y-CDs) onto the BC matrix for Cu®>" detection. The BC
substrate prevented aggregation-induced quenching of the Y-
CDs while providing mechanical stability and portability.
Detection was based on the inner filter effect (IFE), where Cu®*
selectively quenched fluorescence with a detection limit of
7.76 nM, enabling rapid analysis in complex samples such as
pig liver, human serum, and environmental water. Integration
with smartphone-based colorimetric readout further enhanced
its field applicability. The excellent biocompatibility of the Y-
CDs, confirmed through cell viability assays and in vivo
imaging in freshwater shrimp, highlights their suitability for
biological applications,” further expanding the applications of
BC-based biosensors in food safety.

3.2.3.4. Intelligent packaging and spoilage monitoring. Intel-
ligent biosensor packaging is an efficient technology that can
directly and accurately indicate food quality without complex
operations, aiming to minimize food loss across the supply
chain.”**** These systems translate complex biochemical
changes associated with spoilage into simple, understandable
signals, enabling real-time monitoring without complex oper-
ations. BC's excellent biocompatibility ensures safe interaction
with food without compromising integrity or introducing
contaminants, while simultaneously acting as both a structural
support and an efficient diffusion medium, facilitating the
rapid transport of volatile spoilage compounds to embedded

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00426h

Open Access Article. Published on 19 2025. Downloaded on 22.11.2025 18:24:24.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Tutorial Review

sensing elements. These films could detect both gamma radi-
ation exposure and bacterial contamination."*® BC-based
biosensors enable real-time, non-destructive monitoring of
food spoilage by capitalizing on pH fluctuations induced by
microbial metabolites, specifically volatile amines. These fluc-
tuations are quantitatively transduced into visible colorimetric
or fluorescent signals using embedded indicators. Incorpo-
rating natural pigments, such as anthocyanins from red
cabbage extract (RCE), preferred for their broad, visible color
spectrum across pH ranges (red in acid to green/yellow in base)
and their Generally Recognized as Safe (GRAS) status, offering
a sustainable, eco-friendly alternative to synthetic dyes.*”*?
RCE-infused BC films, typically prepared via ethanol-water
maceration and cross-linked with agents such as glutaraldehyde
for improved stability, yield edible films suitable for direct food
contact. This technology has been successfully demonstrated in
detecting spoilage in cucumbers, with the film's color change
correlating to bacterial growth and pH increase."®” pH sensors
can be used to monitor the pH of various beverages. Immobi-
lizing red cabbage anthocyanins (RSD) on a BC membrane
yielded a novel edible pH sensor. This sensor exhibited a clear
colorimetric response (red to purple, blue-gray, and yellow)
across a pH range of 1-14, with linear response behavior
between pH 1-6 and 8-12, and a rapid response time of 4
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minutes with <1% variation, confirming its potential for intel-
ligent food packaging systems. This pH sensor successfully
distinguished spoiled milk from fresh milk, making it ideal for
intelligent packaging systems."**

Starch-based pH-sensing films developed by Poljacek et al.
exhibit a visible color change (red/pink to purple, blue, and
green) across a pH range of 2.0 to 10.5. These films, incorpo-
rating BNC and red cabbage anthocyanins (RCA), demonstrate
the potential for visual pH monitoring in smart packaging
applications, with their colorimetric properties influenced by
structural and intermolecular interactions. Additionally, the
films' adhesion to commercially available packaging materials
for raw meat was evaluated, indicating their feasibility for
practical applications.*’ Furthering this research, another
study developed an intelligent, pH-responsive film based on BC/
gelatin/fluorescein isothiocyanate/PCA (BC/GA/FITC/PCA) for
the visual monitoring of shrimp freshness (Fig. 10A). Upon
exposure to ammonia, the film exhibited both colorimetric and
fluorometric responses: under daylight, the film transitioned
from purple to green with increasing ammonia concentration,
while under UV illumination (254 nm and 365 nm), blue-green
fluorescence increased, with a detection limit of 170 ppb
(Fig. 10B). Control experiments with BC/GA films confirmed the
contribution of FITC and PCA to the color and fluorescence

(A) Schematic representation of the fabrication process, structural components, and key interactions within the BC/GA/FITC/PCA film.

(B) The colorimetric and fluorometric response of the BC/GA/FITC/PCA film to various ammonia concentrations (0—300 ppm) after a 5-minute
reaction time: (i) images under daylight and UV illumination (254 nm and 365 nm); (ii) fluorescence intensity curves, and linear fits. (C) Colori-
metric response of BC/GA films (before and after a 3-minute reaction with 3000 ppm ammonia) under daylight and 365 nm UV light. (D)
Colorimetric response of BC/GA/FITC/PCA films containing varying concentrations of FITC. (E) Colorimetric response of BC/GA/FITC/PCA films
at various reaction times. (F) Real-time monitoring of fresh shrimp freshness under various storage conditions. Reproduced with permission from

ref. 141. Copyright (2024), Elsevier B.V.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Overview of Al- and ML-assisted biosensor developments: key applications, findings, and associated challenges

Category

Key applications/findings

Challenges/limitations

AI and machine
learning integration

Al techniques (e.g., support vector machines,
decision trees, convolutional neural networks,
recurrent neural networks) enhance signal
discrimination, noise reduction, and multi-
dimensional data analysis, improving sensitivity
and specificity.'9>'°%'%1%* Data augmentation

Limited interpretability and explainability
hinder clinical and regulatory acceptance.'®*'%8
Reliance on high-quality annotated datasets
restricts generalizability. Computational
demands limit real-time applications.'®®*%°
Integration is nascent, with few studies on end-

and synthetic data generation improve model
robustness and predictive accuracy.
Al-driven biosensors achieve lower limits of
detection and improved selectivity for

Sensitivity and specificity
enhancement

161,163

to-end validation in complex biological
matrices."”°

Multi-analyte detection remains challenging
due to signal overlap and batch effects."*%*%”

pathogens, biomarkers, and toxins with high

accuracy.102‘16°’162’171

Data handling and
augmentation

models combining imaging and

electrochemical data enhance calibration and

172

reliability.
Practical deployment and
real-time applications

(POC) and wearable use.'”*

changes (Fig. 10C and D), and reaction time studies demon-
strated rapid response kinetics (Fig. 10E). Importantly, real-time
monitoring of shrimp freshness under different storage condi-
tions revealed that the film's color changes correlated with the
total volatile basic nitrogen (TVBN) value, validating its effec-
tiveness as a simple and reliable tool for in situ freshness
detection (Fig. 10F).***

3.3. Application of artificial intelligence (AI) in biosensor
development

The integration of Al methodologies such as machine learning
(ML) and deep learning into biosensor design and analysis has
become a transformative approach in recent years. In partic-
ular, these technologies have enhanced detection accuracy,
analytical efficiency, and data interpretability, marking a para-
digm shift from conventional signal processing to intelligent
biosensing systems.®>*%*'¢° Despite these advancements, chal-
lenges remain in translating Al-integrated biosensors from
laboratory prototypes to commercial systems. Major barriers
include the need for validated datasets, the limited interpret-
ability of complex algorithms, and the computational cost.****%*
Table 3 summarizes an overview of current progress in Al-
enhanced biosensor development, highlighting key strengths,
limitations, and emerging research directions.

4. Challenges and future perspective

The advancement of BC-based biosensors reflects a balance
between the material's intrinsic advantages, such as biocom-
patibility, high porosity, and biodegradability, and the practical

RSC Sustainability

Techniques such as geometric transformations
and variational autoencoders expand datasets
and improve generalization.'®*'”> Hybrid Al

Al-enhanced biosensors enable portable, low-
cost, real-time monitoring for point-of-care

Synthetic data may introduce biases if not
validated."®* Lack of standardized
preprocessing and augmentation protocols
hinders reproducibility and cross-study
comparison.'®®'73

Regulatory compliance, data privacy, and ethics
underexplored.'®”'”* Transition to commercial
products hindered by limited large-scale
validation.'®*

AI model complexity and data processing can
increase costs and lengthen the development
period.'®®

challenges that hinder large-scale commercialization. As
a microbial-derived nanofibrillar polymer, BC features a unique
3D reticular architecture that enables rapid analyte diffusion
and efficient biomolecule immobilization, outperforming many
synthetic and plant-based counterparts.””® Furthermore, precise
control over BC's structural and morphological properties
allows the design of biosensors tailored for specific applica-
tions.**"® Despite the significant progress in BC-based
biosensor development, challenges remain to its widespread
adoption. The primary challenges lie in the scalability, cost, and
complexity of BC production. Current fermentation processes
are relatively slow, resource-intensive, and prone to batch-to-
batch variability, which can compromise sensor reproduc-
ibility. Addressing these limitations requires optimizing
production efficiency and scalability through metabolic and
genetic engineering of cellulose-producing strains to enhance
yield and control fibril architecture. Utilizing low-cost carbon
sources, such as agro-industrial by-products or food waste, can
further reduce production costs while promoting environ-
mental sustainability.””” In parallel, innovations in bioreactor
design and continuous fermentation systems could enable
more consistent and large-scale BC production suitable for
commercial biosensing applications.®® Co-culture strategies
involving yeast or fungi, such as Komagataeibacter-Saccharo-
myces hybrids, have shown promise in improving yield through
symbiotic metabolite exchange; however, challenges related to
microbial stability and downstream separation remain to be
addressed.”®'”®

Functionalization represents another critical challenge in
advancing BC-based biosensors. Although the inherent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrophilicity of pristine BC supports the physical adsorption
of biomolecules, it hinders the formation of stable covalent
bonds with conductive or enzymatic components. Moreover, as
an inherently non-conductive biopolymer, pristine BC exhibits
restricted utility in electrochemical sensing platforms, neces-
sitating its modification to achieve efficient electron transfer
and signal amplification.” Incorporating conductive nano-
materials such as graphene,* MXenes,'®" metal NPs (e.g., Au,
Ag),°***> and conducting polymers like PPy** could be an effec-
tive strategy to enhance BC's electrical performance. These
nanostructures improve charge mobility and interfacial elec-
tron exchange, thereby significantly boosting sensor sensitivity
and transduction efficiency. However, ex situ impregnation
often results in weak interfacial bonding (e.g., hydrogen or van
der Waals interactions), leading to NP aggregation, leaching in
physiological environments, and inconsistencies in analytical
performance.” In contrast, in situ biosynthesis offers a more
sustainable and integrated approach, enabling the direct
incorporation of nanomaterials during microbial fermenta-
tion."™ Nonetheless, the addition of metal precursors or
conductive agents can trigger cytotoxicity, impair cellulose
synthase functionality, and form incomplete conductive
networks.'®* Enzymatic modifications, such as laccase/TEMPO-
mediated oxidation for carboxyl group introduction, offer
enhanced specificity but are constrained by low reaction
kinetics and restricted penetration into BC's crystalline struc-
ture.'® For example, immobilized enzymes like glucose oxidase
typically exhibit activity losses after multiple cycles due to
diffusion constraints and conformational changes."® These
limitations exacerbate performance inconsistencies, particu-
larly in complex biological matrices where biofouling amplifies
signal noise.'®”

The functionalization challenges are compounded by BC's
sensitivity to environmental fluctuations in pH, temperature,
and humidity, which can compromise structural integrity and
biomolecule stability,®*** thereby affecting sensing accuracy.
Such vulnerabilities restrict its detection range to specific ana-
lytes and often require chemical tailoring or hybridization with
complementary materials to enable the detection of small
molecules or ionic species.**** To address these, future research
avenues should focus on advanced hybridization strategies,
integrating BC with nanostructured materials to improve elec-
tron transfer, enhance sensitivity, and expand its operational
range. Surface engineering techniques, including plasma-
assisted activation, covalent grafting, and bioorthogonal
chemistry, offer promising avenues for achieving uniform,
stable, and bioactive interfaces that maintain the functionality
of immobilized biomolecules.’®®**** Additionally, hybrid
composites incorporating photoactive or plasmonic nano-
structures can expand BC's functionality beyond electro-
chemical detection, enabling the development of multimodal
sensing platforms capable of optical, electrochemical, and
piezoresistive transduction.*’

Moving beyond simple surface modification, the field must
now focus on developing reproducible, one-pot in situ strategies
to engineer BC at the nanoscale, creating “smart” hybrids with
built-in conductivity or recognition sites that eliminate complex

© 2025 The Author(s). Published by the Royal Society of Chemistry
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post-processing.®® Advanced fabrication techniques such as 3D
printing, electrospinning, and microfluidics offer new oppor-
tunities to design sophisticated, multifunctional biosensing
architectures, paving the way for innovative biosensing solu-
tions that leverage BC's inherent advantages.'*'®> These
methods can facilitate miniaturization, high throughput, and
rapid response capabilities for multiplexed diagnostics and
wearable biosensors for non-invasive, continuous health
monitoring.>* The use of 3D printing technology offers an
advanced and versatile approach to biosensor fabrication
compared to conventional manufacturing methods.’”® In
particular, the growing demand for wearable and POC biosen-
sors, which provide non-invasive and user-friendly health
monitoring, has highlighted the potential of 3D-printed
biosensors. This technology allows for the creation of custom-
izable biosensor architectures with controlled porosity,
mechanical properties, and spatial arrangements of sensing
elements, enabling the design of devices tailored to specific
applications.”* " Despite these advantages, several challenges
limit the full exploitation of BC in 3D-printed biosensors.
Maintaining bacterial viability during the fabrication of living
BC-based materials with complex geometries remains a major
obstacle, especially for constructs designed to regenerate their
cellulose networks after damage.**® Furthermore, variations in
printing parameters, the lack of well-defined material stan-
dards, and the absence of standardized protocols to ensure both
safety and functional effectiveness in 3D printing underscore
a critical knowledge gap for 3D-printed biosensors.'?**”

Integration of BC into flexible, wearable, and implantable
biosensing devices represents another promising frontier. The
natural conformability, breathability, and biocompatibility of
BC make it an excellent candidate for skin-mounted or tissue-
interfacing sensors capable of continuous, real-time physio-
logical monitoring. However, achieving stable signal trans-
mission under mechanical deformation remains challenging.
Reinforcing BC with elastomeric polymers or encapsulating it
within soft matrices such as Ecoflex can significantly improve
stretchability and mechanical resilience while preserving
biocompatibility." These next-generation BC composites could
revolutionize personalized healthcare by enabling non-invasive
tracking of vital biomarkers such as glucose, lactate, and
inflammatory cytokines. Beyond healthcare, BC-based biosen-
sors hold significant promise for smart and intelligent food
packaging as well as environmental monitoring. When
combined with natural colorimetric agents, enzymatic probes,
or fluorescent dyes, BC can be used to fabricate intelligent films
that visually signal spoilage, microbial contamination, or
chemical hazards. Such developments not only enhance food
safety but also align with global sustainability goals by mini-
mizing waste and improving resource management. Coupling
these responsive films with smartphone-based imaging or
wireless readout interfaces will enable real-time, user-friendly
monitoring throughout the food supply chain. Such innova-
tions not only enhance food safety but also contribute to global
sustainability by reducing waste and optimizing resource
management.
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As biosensing systems evolve, the integration of BC-based
devices with digital technologies such as Al, the Internet of
Things (IoT), and big data analytics will be transformative.***°
Embedding BC biosensors within connected platforms can
enable automated data acquisition and real-time analysis. AI-
driven algorithms could interpret complex biosensor data
patterns to provide personalized health insights or early warn-
ings of environmental hazards. By bridging fundamental
materials research with practical engineering applications, BC
can evolve from a promising biopolymer into a multifunctional
platform for next-generation. Such systems can be poised to
transition from simple detection tools to intelligent, self-
learning diagnostic technologies that support the future of
precision health and environmental monitoring. To achieve
this transformation, however, key regulatory and commerciali-
zation challenges must be addressed. Establishing standard-
ized production protocols, ensuring biocompatibility and long-
term stability, and implementing rigorous quality control
frameworks are critical for enabling industrial-scale
manufacturing. Moreover, close collaboration among mate-
rials scientists, engineers, clinicians, and policymakers will be
vital to overcoming these barriers, accelerating technology
translation, and realizing the full potential of BC-based
biosensors in real-world applications.

5. Conclusion

The sustainable, nanostructured nature of BC positions it as
a platform for a new era of biosensors, creating integrated and
resilient technologies that bridge biological design and analyt-
ical precision. Its unique nanofibrillar architecture, coupled
with excellent biocompatibility and tunable physicochemical
properties, makes BC a superior alternative to conventional
polymeric substrates. The interconnected, porous 3D network
offers an extensive surface area that supports the high-density
immobilization of enzymes, antibodies, and other bi-
orecognition molecules. This structural advantage enables the
engineering of robust, sensitive, and selective biosensors opti-
mized for the precise detection of target analytes. Moreover, the
tunable morphology, chemical modifiability, and mechanical
flexibility of BC enable the fabrication of versatile sensing
systems tailored to diverse diagnostic and analytical applica-
tions. These attributes not only enhance sensor performance
but also promote the development of minimally invasive,
wearable, and implantable devices, while aligning with the
principles of green chemistry and global efforts toward renew-
able, eco-friendly technologies. This review highlights the
diverse applications of BC-based biosensors across critical
domains, including high-sensitivity diagnostics for early
disease detection, environmental monitoring, and food safety
assessment. By outlining the current landscape of BC-based
biosensors, including fabrication strategies, surface function-
alization techniques, and performance benchmarks, it high-
lights their transformative potential while candidly addressing
persistent challenges, such as scalability limitations in micro-
bial production, batch-to-batch variability, and sensitivity to
environmental factors like humidity or pH. Future prospects
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hinge on interdisciplinary innovations, including advanced bi-
oprocess engineering for cost-effective synthesis, hybrid nano-
composites for enhanced signal transduction, and integration
with digital interfaces for Al-driven data analytics, thereby
propelling ongoing advancements in sustainable biosensor
technology toward broader commercialization and societal
impact.
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Abbreviations

AsAgNPs Ascorbic acid-capped silver nanoparticles
APT Attapulgite

BC Bacterial cellulose

BCM Bacterial cellulose membrane
BCNF Bacterial cellulose nanofibers
BNCP Bacterial nanocellulose paper
BOD Biochemical oxygen demand
cd* Cadmium

CdTe Cadmium telluride quantum dots
¢-MWCNTs Carboxylated multiwalled carbon nanotubes
CMC Carboxymethyl cellulose

Ccv Cyclic voltammetry

ECM Extracellular matrix

FeO Ferrous oxide

FITC Fluorescein isothiocyanate
GCE Glassy carbon electrode

GA Gelatin

Gox Glucose oxidase

GSH Glutathione

Au Gold

GG Guar gum

GO Graphene oxide

HB Hemoglobin

HCI Human-computer interaction
HRP Horseradish peroxidase

KB Ketjen black

Lac Laccase

Pb** Lead

LOD Limit of detection

MOFs Metal-organic frameworks

Mb Myoglobin

NBC Nanocrystalline bacterial cellulose
NPs Nanoparticles

NP/OP Nasopharyngeal/oropharyngeal
NSCs Neural stem cells

N-CDs Nitrogen-doped carbon dots
OxBC Oxidized bacterial cellulose

Pd Palladium

HMP Pentose phosphate

Pt Platinum

POC Point-of-care

PAni Polyaniline

PEI Polyethyleneimine
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PPY Polypyrrole

PVA Polyvinyl alcohol

PVAN Polyvinylaniline

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate

QDs Quantum dots

QCM Quartz crystal microbalance

QCS Quaternized chitosan

PCA Red cabbage

RCA Red cabbage anthocyanins

RCE Red cabbage extract

RSD Relative standard deviation

SPE Screen-printed electrode

SPCEs Screen-printed carbon electrodes

SPAN Self-doped polyaniline nanofibers

AgNPs Silver nanoparticles

SERS Surface-enhanced Raman scattering

ATRP Surface-initiated atom transfer radical
polymerization

TiO, Titanium dioxide

TVBN Total volatile basic nitrogen

TNF-o Tumor necrosis factor-o

TCA Tricarboxylic acid

ZIF-8 Zeolitic imidazolate framework-8

ZnO Zinc oxide
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