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ABSTRACT

Enzyme-based biosensors have emerged as powerful analytical platforms for
transforming specific biochemical interactions into measurable signals, enabling
rapid, sensitive, and selective monitoring across healthcare, food safety,
environmental analysis, and industrial biotechnology. However, current enzyme
biosensing research has predominantly focused on oxidoreductases, while
carbohydrate-active enzymes (CAZymes) remain comparatively underexplored
despite their exceptional substrate specificity and catalytic diversity. This review
provides a comprehensive overview of carbohydrate-degrading enzyme-based
biosensors, highlighting their fundamental mechanisms, sensing strategies, and
future technological opportunities. Particular emphasis is placed on pectinases,
including pectin methylesterase, polygalacturonase, and pectin lyase, which offer
unique capabilities for detecting pectin degradation, plant physiological changes,
food quality deterioration, and environmental processes. The catalytic principles
of these enzymes, their production approaches, and their integration with
electrochemical, optical, piezoelectric, and colourimetric transduction systems are
systematically discussed. Furthermore, advanced immobilisation approaches
involving nanomaterials, microfluidic architectures, and hybrid enzyme—
nanozyme systems are examined to address challenges associated with enzyme
instability, sensitivity, matrix interference, and reproducibility. Emerging
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concepts including artificial intelligence-assisted biosensing, wearable sensing platforms, multiplex detection, and sustainable
biodegradable sensor designs are also explored as pathways toward next-generation intelligent biosensors. Despite significant progress,
practical translation remains limited by substrate variability, large-scale manufacturing challenges, and insufficient standardisation. Future
advances in enzyme engineering, smart data analysis, and integrated sensing technologies are expected to establish robust, portable, and
environmentally sustainable biosensing platforms. This review provides critical insights into the development of advanced CAZyme-based

biosensors and their potential role in shaping future intelligent analytical systems.
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1. Introduction used in transforming biochemical information into statistical data
related to biological health, environment and food [1],[2].

The recent advancements in sensors depend However, the use of pectinase and other carbohydrate-degrading

greatly on effective interaction between humans and machines, enzymes in practical application continues to face problems like
with biosensors being very important in this situation as they are insufficient enzyme stability, insufficient sensitivity, loss through

‘ ! Journal of Engineering, Science and Technological Trends (JESTT) ISSN(e):2959-1937 published by SCOPUA 33



the matrix, and repeatability in actual samples [3],[4]. Therefore, it
is important to design efficient biosensors that take into account
pectin and other carbohydrate-sensitive enzymes [5],[6].
Biosensors refer to devices that utilise biological reactions to
generate an electric signal [7]. These reactions are normally
brought about by the use of bioreceptors that are mainly enzymes,
antibodies, or nucleic acids together with transducers [8],[9].
Biosensors have a wide range of applications in different fields
such as food safety, health care, and the environment, all owing to
their specificities and sensitivities [10]. Common examples of
biosensors include biosensors for blood glucose monitoring and
paper-based biosensors that are inexpensive and can be used
portably to detect biomarkers in food, medical samples, and
environmental samples [11]. Biosensors are generally constructed
using biological components such as antibodies, DNA/RNA,
enzymes, and receptors combined with supportive matrices
including hydrogels, polymers, nanoparticles, and conductive
surfaces to provide a medium for signal generation and stability
[12],[13]. In addition, other materials such as biopolymers (e.g.,
pectin), carbon nanotubes, conducting polymers, graphene, and
metallic nanoparticles are often used in immobilising matrices and
transducers of Dbiosensors [14],[15]. In order to achieve
sustainability, enzyme biosensors are designed from biodegradable
and renewable sources in order to mitigate any harm to the
environment without compromising the performance of these
biosensors, which is characterised by high sensitivity and
selectivity in detecting the target analyte [16],[17]. In this regard,
enzymes play a significant role in acting as specific catalysts in
biosensors and thus the ability to detect analytes such as glucose
and contaminants as well as markers in biological studies [18]. The
use of environmentally friendly materials such as cellulose and
other biopolymers facilitates the design of cost-effective,
disposable, and environmentally sustainable biosensors [19],[20].
The first biosensor was introduced in 1962 by Leland C.
Clark Jr. and Champ Lyons, who invented an amperometric oxygen

(A) Working Mechanism of Enzymatic Biosensor
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electrode based on the enzyme glucose oxidase for measuring
glucose concentrations in the blood [21]. This development became
the basis of contemporary glucose monitoring and opened the way
for developing enzyme biosensors. In 1977, the term "biosensor"
emerged when researchers invented the selective arginine electrode
using biological components as recognition elements [22]. The first
enzyme biosensor functioned by immobilising enzyme glucose
oxidase at an electrode [23]. As glucose was being transformed in
the presence of glucose oxidase, hydrogen peroxide appeared,
whose amount proportionally depended on glucose concentration
[24]. A simple electrochemical measurement system helped make
biosensors very convenient in medical diagnostics, including
monitoring diabetes [25]. Nowadays, glucose biosensors are still
one of the main types of enzyme biosensors, and the two enzymes
used for glucose determination are glucose oxidase (GOx) and
glucose dehydrogenase (GDH) [26]. Recently, there has been
significant interest in developing green and sustainable biosensors
[19]. Designing sustainable biosensors involves biodegradable and
environmentally friendly materials such as paper, cellulose,
bioplastics and hydrogels [27]. The use of such materials helps not
only decrease the waste but also recycle biosensors [28]. Life cycle
assessment can be applied to evaluate the sustainability that
consists of the use of raw materials, energy, and other parameters
of biosensor life cycles, including their durability and possibility of
recycling [22],[29]. There are many examples of biosensors based
on using recent enzymes in order to improve performance and
detection characteristics [30]. Examples of enzymes used in
biosensors include horseradish peroxidase, lactate dehydrogenase,
phenylalanine hydroxylase, and enzymes for determining uric acid
and genetic diseases [7]. Biosensors with such enzymes are
characterised by higher sensitivity, specificity, and detection limit
in clinical, environmental applications and others [22],[31].
Nowadays, biosensors attract scientists representing various
scientific areas because of multiple applications in medicine,
environmental monitoring, the food industry, and public health

(B) Improvements Over Time
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Figure 1: Working mechanism and technological evolution of enzymatic biosensors. (a) The general working principles of an enzymatic
biosensor: enzyme immobilization, analyte biorecognition, catalytic reaction, and signal transduction and (b) Development of new technologies in
enzymatic biosensors, such as more sensitive and selective immobilization techniques, new nanomaterials, multienzyme cascade systems, lab-on-
chip microfluidics, and wearable and portable biosensing devices increasing the sensitivity, selectivity, stability, and real-time monitoring

capabilities of the biosensors.
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issues [10],[32]. Scientists are interested in the development of
affordable, portable, and highly specific biosensors which can
detect various diseases at an early stage and monitor environmental
pollution [33],[34]. There is also great interest in creating
sustainable biosensors which would help to preserve the
environment while providing advanced medical and industrial
achievements [35]. Recent advances in enzymatic biosensors
include  nanoaterial-assisted  immobilization, microfluidic
integration, multienzyme systems, and wearable sensing platforms
as shown in Figure 1.

2. Carbohydrates-Degrading Enzymes

An important type of hydrolase is carbohydrate-degrading
enzymes, which catalyse the breakdown of complex
polysaccharides and oligosaccharides into simpler sugars, and are
key players in natural metabolism and industry. They are broadly
categorised as the Carbohydrate-Active Enzymes (CAZymes)
system and have a few functionally different families, which are
pectinases, cellulases, amylases or hemicellulases [36].

Despite the several recent reviews discussing enzyme-based
biosensors, carbohydrate active enzymes (CAZymes), nanomaterial
assisted sensing platforms and applications of food or environment
biosensors, a detailed study focused on carbohydrate degrading

Table 1

enzymes (CAZymes) such as pectinases as biosensors is missing
[37]. Currently, conventional oxidoreductases, like glucose
oxidase, horseradish peroxidase and lactate oxidase, are the most
frequently used in the literature for their analytical applications,
while the use of pectinases, cellulases, amylases and hemicellulases
in this field is comparatively less used [38]. This review combines
uniquely the classification, catalytic mechanisms and production

strategies of carbohydrate-degrading enzymes, their use in
electrochemical, optical, colourimetric, and piezoelectric
biosensors, immobilisation methods from traditional to

nanomaterial-based, as well as new ideas such as nanozyme—
enzyme hybrid systems, Al-assisted biosensing, wearable sensors,
and sustainable sensor design. Special focus is given to pectinase-
based biosensing for food quality monitoring, plant health
assessment and the environment, which was not so well discussed
in previous reviews [17].

2.1. Classification of Carbohydrate-Degrading Enzymes
Carbohydrate-Active Enzymes (CAZymes) include glycoside
hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate
esterases (CEs), and auxiliary activities (AAs). In this system,
individual GH families link to particular polysaccharide substrates.
These pairings are the basis for selective biosensing tools [39].

Comparison of Present Review with Recent Reviews on Enzymes-based Biosensors and Carbohydrate-active Enzymes

. . Pectinase/CAZyme Al/ Nanozyme Distributing Features
Review Main focus . . . Ref.
biosensing coverage coverage Comparison
Carbohydrate-active I?lscoyery, Computational Emphasized enzyme
enzyme (CAZyme) engineering, and . . . . .
. . . . No dedicated Biosensing approaches discovery and analytical
discovery and engineering screening - - - . : S [39]
. : . discussion discussed; no sensing applications and
via (Ultra)high- technologies for . . .
. biosensor Al focus transducer integration
throughput screening CAZymes
. . Focuses on juice processing
A review on pectinase . . . A
. LT Pectinase properties, and immobilization supports,
properties, applicationin . . L . .
. . . industrial application, Pectinases only; no whereas the present review
juice clarification, and . . . No . . [40]
and membrane biosensing emphasis examines pectinases as
membranes as ) S . L .
. e immobilization biorecognition eleents in
immobilization support . 4
multiple biosensor platforms
Concentrates on artificial
Nanozymes towar: nzyme mimi hile th:
0Zymes Jow ds_ Nanozyme-enabled . CNzyme MmIMIes, Wht'e the
Personalized Diagnostics: . . . Extensive nanozyme present review integrates
. Biosensing using No . [41]
A Recent Progress in diaenostics coverage natural enzymes with
Biosensing & nanozyme-assisted sensing
concepts
Advances in the Rey1eyv brqad CAZym;
. Recent advances and applications in therapeutics,
understanding and L - . . .
o applications of Minimal biosensing foods, and biofules, but not
exploitation of . No . [36]
. CAZymes in coverage enzyme-based sensing
carbohydrate-active . .
biotechnology mechanisms or
enzymes . o .
immobilization strategies
Systematic review on
y . Focuses on carbohydrate
lectin-based . . .
. Electrochemical . recognition by lectins,
electrochemical . . . Uses lectins rather than
. . Biosensing targeting . whereas the present work
biosensors for clinically carbohydrate-degrading No . . [42]
carbohydrates and emphasizes catalytic
relevant carbohydrates . enzymes .
. glycoconjugates degradation by CAZymes as
and glycoconjugates .
sensing elements
. . . Integrates enzyme
Pectinases and Comprehensive coverage Comprehensive & Y

Present review

carbohydrate-
degrading enzymes in
Biosensing

of pectinases, cellulases,
aylases, hemicellulases,
PME, PG, and PL

discussion of Al and
nanozyme-assisted
Biosensing

classification, catalytic
mechanisms, production
strategies, immobilization

methods, applications

Comparison highlighting the unique focus on pectinase-centered Biosensing, advanced immobilization strategies, nanozyme integration, artificial
intelligence, and sustainable sensing technologies.
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Pectinases (pectinolytic enzymes) break down pectin, a complex
acidic polysaccharide of the plant cell wall composed of a-1,4-
linked galacturonic acid units (usually methyl-esterified) with
rhamnose and neutral side chains [43].

2.2. Structure and Catalytic Mechanism

Glycoside hydrolases contain active-site clefts or pockets that
interact with polysaccharides and determine orientation of
glycosidic bond cleavage sites [44].

The substrate specificity of glycoside hydrolases is
determined by the configuration of active site clefts and their
chemical properties. Therefore, enzymes that hydrolyse o-1,4
linkages in starch fail to hydrolyse B-1,4 bonds in cellulose.
Polygalacturonase is an example of a glycoside hydrolase that
specifically hydrolyses o-1,4-galacturonan chains, producing
galacturonic acid and oligomers that can be analysed using
electrochemical and optical biosensing methods [45].
Carbohydrate-degrading enzymes have been broadly studied for
analytical applications due to their substrate specificity and ability
to produce measurable products. Their major applications and
characteristics are summarised in Table 2.

3. Pectinases: Types, Mechanism of Action and
Production

3.1. Types of Pectinases

Pectinases are a class of enzymes involved in the degradation
of pectic substances, complex polysaccharides rich in galacturonic
acid and abundant in plant cell walls [43].

e  Pectin methylesterase (PME, E.C. 3.1.1.11): PME causes
demethylation of highly methylesterified pectin and yields
methanol along with pectic acid. PME works around neutral
pH (6-7) [43].

e Polygalacturonase (PG, E.C. 3.2.1.15): PG is involved in
the hydrolysis of a-1, 4 glycosidic bonds present in the de-
esterified pectin and forms galacturonic acid and its
oligomers. Usually, fungal PGs found in Aspergillus niger
and Trichoderma are active under pH 4-6 and temperature
ranging from 30-50 °C, suitable for food processing and
juice analysis purposes [51].

e Pectin lyase (PL, E.C. 4.2.2.10): Pectin lyase degrades
highly methylesterified pectin by p-elimination reaction,

Table 2
Carbohydrate Degrading Enzymes and Their Use in Biosensing

forming unsaturated oligogalacturonates. This enzyme
normally works best under slightly acidic and high
temperature conditions (pH 6-8). It makes bacterial PLs
appropriate for industrial applications and biosensors [52].

o Pectate lyase (E.C. 4.2.2.2): Pectate lyase acts on de-
esterified pectin (pectate), but also acts through 8-
elimination, producing unsaturated oligomers. It is typical in
phytopathogenic and soil-dwelling bacteria like Erwinia and
Bacillus spp., and tends to be higher in pH (7-9) than fungal
PGs, which is suitable in wastewater or bioremediation-
oriented biosensors [53].

3.2. Mode of Action

The structure of pectin involves mainly a-1,4 glycosidically
bound D-galacturonic acids along with rhamnogalacturonans,
methyl esters, and neutral sugars as side-chains [54]. PME cleaves
methyl ester groups from the C6 carbon of galacturonic acid,
resulting in the formation of methanol and an increase in the net
charge density of the molecule. The latter can be used as an
approach in biosensing by detection of methanol via alcohol
oxidase activity or by observing changes in impedance and charges
[55]. Pectin and pectate lyases act via -elimination, providing the
formation of unsaturated compounds absorbing light at 235 nm
[56].

3.3. Sources and Production

The microorganisms represent the main source of pectinases
used in industry due to their high productivity, amenability to
genetic modification and characterisation of their -catalytic
properties [57]. Different fungal strains, such as 4. niger, A. oryzae,
Trichoderma and Penicillium, secrete acidic PGs and pectin lyases
that are commonly used in food industries.

Large-scale production is carried out either by submerged
fermentation (SmF) or solid-state fermentation (SSF). While SmF
allows for good process parameter regulation and easy purification
of the enzymes, SSF uses cheap agricultural residues such as citrus
peels, wheat bran and sugarcane bagasse to increase enzyme yield
[58].

4. Principles of Enzyme-Based Biosensing

4.1. Enzyme—Substrate Interaction in Detection

Biosensing

Enzyme Substrate Reaction/ Product Detection Method c . Ref.
Application
Hydrolysis of pectin into Electrochemical, Juice quality
Pectinase Pectin galacturonic acid and colorimetric, pH- assessment, food [46],[47]
oligomers based sensors analysis
Polygalacturonic Cleavage of a-1,4- pH-based apd Detectlol} of-pectm,
Polygalacturonase . 1 electrochemical degradation in food [48]
acid glycosidic bonds
methods samples
Pectin . Removal of methyl Electrochemical and Moni_toring fruit .
Methylated pectin . . maturation and pectin [49]
methylesterase groups colorimetric methods . .
modification
Cleavage by p Optical and Pectin content
Pectin lyase Esterified pectin cavage by p- electrochemical analysis in food [50]
elimination .
methods processing
Overview of carbohydrate-degrading enzymes, their substrates, reaction products, detection methods, and biosensing applications.
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Enzymes are used as biological recognition components in
biosensors. They identify and catalyse reactions with specific target
analytes. Pectinase breaks down pectin into galacturonic acid and
related oligosaccharides for carbohydrate analysis [58].

4.2. Signal Generation Mechanisms

The main role of enzyme-based biosensor technology is to
translate an enzyme reaction into a quantifiable analytic signal
using one of several different transduction approaches such as
electrochemical, optical or cholorimetric methods. Table 3 shows
the comparative overview of major signal generation mechanisms.

4.3. Role of Reaction Products in Signal Output

The measurable products created by enzyme-catalysed
reactions serve as the basis for how the enzyme-based biosensors
produce output [66]. In the case of detecting pectin, pectinase
catalyses the hydrolysis of pectin to yield galacturonic acid,
resulting in a medium that is more acidic than before and
monitoring the change is possible with many different sensors [67].

5. Role of Pectinase in Biosensing

5.1. Detection of Pectin and Plant-Based Substrates

Pectin is one of the larger components of plant primary cell
walls and the middle lamella, providing adhesion and rigidity for
plant cells. The softening of pectin during ripening, storage and
infection is of agronomic significance and is largely controlled by
the enzymatic degradation of pectin, so its monitoring has direct
value in agriculture and food quality control [68].

Pectinases, namely pectin methylesterases (PME),
polygalacturonases (PG) and pectin lyases (PL), which convert
pectin to galacturonic acid and oligosaccharides (Figure 2), are the
basis of several strategies of signal transduction: pH drop sensing
(LOD ~0.15 U/mL pectinase) and chromogenic/absorbance-based
detection at 540 nm [69]. The following two are examples of the
trade-off in the field. Due to limitations in the buffering capacity
and ionic strength of the sample matrix, pH-based detection is
simple and label-free, but the quantitative accuracy in complex
plant tissue extracts is limited. The colourimetric kits that utilise
chromogens that are heated to react reach a similar sensitivity (0.15
U/mL) but require a reaction/heating step that increases reaction
time and complexity that is difficult to implement in the field [70].
This enzyme-reactive nanofiber packaging technology is extended
to provide a real-time, in-line or in-package spoilage indicator, not
a discrete assay; an important benefit, but at the cost of less
quantitative information and less sensitivity to false-positive and

false-negative results under fluctuating humidity/temperature
storage conditions in the product are less well characterised [47].
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Figure 2: Mechanism of pectin breakdown and biosensor signal
transduction: Enzymatic degradation of pectin by PME and PG/PL
results in oligogalacturonides that carry out signal transduction across
electrochemical, piezoelectric, and optical biosensor platforms.

5.2. Pectinase-Specific Biosensing Platforms

Apart from the mentioned pH drop and heated chromogenic
systems, several biosensor designs have been developed based
specifically on the recognition chemistry of pectinases, varying in
the way the event of pectin hydrolysis is detected [7].

Assays utilising polygalacturonan substrates conjugated with
dyes such as Remazol Brilliant Blue (RBB) offer a direct
measurement of cleaved chromophore fragments produced without
any heating, thus reducing the time of the analysis compared to the
DNS assay requiring heating, yet maintaining the same sensitivity
range. Analogous fluorogenic assays use substrates labelled with
fluorescein or coumarin, providing increased sensitivity for low
enzyme concentrations at the expense of using fluorescent labels
[71]. Mass- and refractive index-based biosensors, Quartz Crystal
Microbalance (QCM) biosensors coated with a thin layer of pectin,
provide detection of enzymatic activity through real-time mass
change, while Surface Plasmon Resonance (SPR) biosensors detect
enzymatic activity through change of refractive index due to

Table 3
Signal Generation Mechanism Mostly Used in Enzyme-Based Biosensing Systems
Mechanism Signal Type Enzyme-Based Detection Advantage Reference
. High sensitivity, rapid response, easy
Electrochemical Current, Voltage3 l_mpedance, Detection of electrical signals miniaturization, suitable for real-time [71,[59]
conductivity .
monitoring
Absorbance, fluorescence, . .. . .
. . . Detection of change in light Non-destructive analysis, high
Optical luminescence, refractive . . o . .2 [60],[61]
index intensity or fluorescence specificity, multiplex capability
. . . . Detection of color change visually Simple operation, low cost, no
Colorimetric Color intensity change or spectrophotometrically sophisticated instrumentation required [62]
Piezoelectric Frequency or mass variation Detection of change in crystal mass Label-free det.e_ctl.on and high [631,[64]
and resonance frequency sensitivity
Thqrmal . Change in temperature Monitoring of heat change Direct measurement without labels or [65]
(Calorimetric) dyes

Signal generation mechanisms used in enzyme-based biosensors and their applications.
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hydrolysis of pectin. Both biosensors are label-free and provide
continuous kinetic curves, which can be useful for studies of
enzyme kinetics, yet QCM/SPR instrumentation is expensive and
bulky [45].

Immunosensors and aptasensors are directed at the pectinase
enzyme itself. Rather than measuring the hydrolysis products,
immunosensors or aptasensors using antibody- or aptamer-
functionalized electrode surfaces and SPR chips could measure the
pectinase enzyme itself, which may be more suitable when the
detection of a specific form of the enzyme is important [72], e.g.,
the polygalacturonase produced by phytopathogenic fungi like
Botrytis cinerea or Verticillium spp. as an early sign of infection

before the development of any visible symptoms. While the ability
to detect individual isoforms is a real advantage over bulk activity
assays, the cost and variability of antibodies/ aptamers production
make it hard to use routinely [73].

Whole-cell and microbial biosensors. Genetically modified
bacteria or yeast cells, which contain pectin-inducible promoter
linked to genes encoding fluorescent protein (GFP) or luciferase
reporter, serve as self-amplifying and cheap method for detection
of pectinases in the environment or agriculture. As the output relies
on the processes of transcription and translation, the reaction rate is
lower compared to cell-free methods; moreover, viability issues
reduce the portability of the technique [74]. Nevertheless, the

Table 4
Different Methods of Biosensing Systems
Method immobilization Sensitivity/LOD Linear Stability Res.p onse Application Ref
Range time
Free pectinase
using an optimized baljl? SS;Vid_ Enables routine;
MBTH-based ackgrou Zero-order HHne;
. interference . accurate
MBTH . chromogenic Low LOD, High and pectin _hyc.irolys.ls_ quantification of
colorimetric reagent for I 2.5-15.8 SO kinetics within . .
assay for reducing sugar sensitivity (R*= mU/mL precipitation 60 min: pectin/pectinase [71]
. .. . 0.9945) problem of 7 depolymerase activity
pectinase activity detection under . endpoint . .
high alkaline and carlier measurement for industrial and
low temperature DNS/MBTH research QC
condition protocol
Fac1htat_e Bench-top research
comparative .
Quartz crystal Insoluble analysis of tool for comparative
mlilcrobagnce polygalacturon- Not a calibrated enzy me Continuous, kinetic analysis of
with dissipation calcium concentration Not e a}rlation dissipation endo-pectinase (e.g; [45]
p immobilized on LOD-continous  applicable prep trace and real GH28-family
(QCM-D) without
. quartz sensor kinetic-rate assay .. time mass loss  mediated degradation
continuous assay surface requiring activit lid
. y on soli
multiple :
phase pectin substrate
sample
Smartphone based
detection of
Enzyme-mediated Sinale
Smartphone-read pectin viscosity 0.025- end % int Field-deployable
(paper based changes measured 0.025 U/mL 0.80 - d&i ffEsion rapid screening of PG [56]
lateral flow strip by diffusion U/mL readout activity, Low cost
distance on pH u
indicator paper
strip
Pectinase Pectinase
immobilized on immobilized 94% retained Immobilized enzyme
maeneti covalently on PEG- after 125 days; mediated clarification
nano galjctic(ies grafted magnetic ) Not 55% of activity ) of pineapple juice, [69]
sinp PEG- nanoparticles applicable  retained after reducing turbidity to
trizhlofo e through 10 cycles, 59% following 120
chemist trichlorotriazin store at 25°C min of treatment
Y coupling
Pectin-coated (6,5)-
Fluorescent SWCNTs; enzyme .
SWCNTSs based pectin degradation Continous Nlllinl?)isifgrirgalot;me
biosensor for real promote Not fluorescent . gob
. . - Not reported pectinase activity in ~ [77]
time pectinase fluorescence reported readout, real rocess/biological
activity quenching and time p i ng
monitoring SWCNT specime
aggregation and
Journal of Engineering, Science and Technological Trends (JESTT) ISSN(e):2959-1937 published by SCOPUA 38

B



whole-cell systems are convenient if in situ continuous monitoring
is  required. = While the sensor signal relies on
transcription/translation in cells, and not enzymatic activity, this
results in a delay in response and portability issues due to the need
to maintain the viability and culture status of cells. The method is
promising when continuous in-situ detection becomes a priority, as
opposed to fast single-point determination of an analyte
concentration [75].

Molecularly imprinted polymers (MIPs) as synthetic
receptors. MIPs obtained by imprinting galacturonic acid or
pectinase itself are under investigation as cheaper and more robust
chemical and thermal alternatives to antibodies for use in
immobilisation formats. Low reproducibility of the imprinted
cavities and relatively slow rebinding rate of MIP-based sensors
make such pectinase sensors less sensitive than those employing
antibodies and aptamers, yet the cost and stability of MIPs make
the platform worth watching [76],[771,[78],[79],[80].

Overall, along with pH, chromogenic, -electrochemical,
nanoparticles-immobilised, and paper-based lateral flow platforms
already described in this paper, there are at least eight different
pectinase-specific platform classes known now, as mentioned in
Table 4. None of the existing classes prevails: all of them occupy
their own positions in the sensitivity, speed, cost and portability
spectrum, and therefore the selection of the right platform should
be based on its application [56].

5.3. Analytical Use of the Pectin Degradation Products

The principal product of the backbone of pectin being
cleaved is galacturonic acid (GalA) and most pectinase biosensing
chemistries are based on the detection of this product, but there are
significant variations in sensitivity, speed, and infrastructure
requirements. Well-established and economical, they are bulk end-
point measurements that sacrifice spatial or kinetic resolution, as
well as being potentiometric and optical detection of the associated
pH drop (which is detected colourimetrically using DNS-reagent
assays at 540 nm) [69]. Enzymatic sensors that monitor the
current/impedance changes of the enzymes on the electrodes
provide real-time kinetic readout, which is beneficial for the study
of enzyme kinetics, but tend to be more complicated to fabricate
and calibrate electrodes than colourimetric sensors. At the other
end of the spectrum, however, are the paper-based lateral-flow
strips that read PG activity by diffusion distance [56], which are
low-cost and field-deployable, but less precise than electrochemical
or nanomolar-sensitivity catalytic amplification approaches [98].
The net picture is not that of a single best way, but one of a
sensitivity/throughput-vs-simplicity trade-off: nanomolar-
sensitivity amplification assays work well for detailed kinetic or
diagnostic work; lateral-flow strips work well in the field for rapid
screening; and no single current platform combines both [81].

5.4. Recent Technological Advances

Nanomaterials other than graphene or gold nanoparticles,
MXenes (Ti3C.Tx and other two-dimensional transition-metal
carbide/nitride materials), have recently emerged as candidates in
the wider domain of electrochemical biosensors that would
combine conductivity with the hydrophilicity and surface
functionalisability appropriate for enzymes [82]. Their potential use
as a component in pectinase or pectin sensing has not yet been
reported in the reviewed literature, but it constitutes a readily
available possibility rather than an advance made by this subfield,
as indicated here: production of wearable and flexible electrodes
via printing technology [83]. Flexible substrate and screen-printing
technologies, mainly developed for wearable electrochemical
biosensors in healthcare applications, would enable inexpensive,

disposable, in-line measurement of pectinase activity in the
packaging line or in juices and wines. Similarly to MXenes, this
represents an advance in biosensors that can be applied in pectinase
detection but has not yet been achieved by pectinase biosensors
themselves [84].

Signal processing using machine learning. In enzyme
detection and food quality monitoring in general, machine learning
approaches are being used more and more often to account for
matrix effects and for the combination of signals from various
sensor outputs. In the case of pectinase sensing, this can be
translated to integrating pH, colourimetric, and impedance channels
into a single ripeness/spoilage metric [85]. Chromogenic or
fluorogenic pectinase detection assays coupled to smartphone
camera-based colour analysis software get rid of the requirement
for a benchtop spectrophotometer, bringing lab-validated assay
chemistries closer to practical field applications. One of the more
developed technologies among those described in this section,
smartphone-readout colourimetric devices have already been
proven for use with other food-quality chemistries and need only an
assay adaptation, not device development, for pectinase detection
[62].

5.5. Future in New Biosensing Systems

The two most prominent levers for advancing pectinase
biosensors beyond some of the above-detailed limitations are
nanomaterial integration (such as graphene, AuNPs, conducting
polymers) and microfluidics. A major advantage of nanomaterials
is that they have a significantly higher surface area (100-1000 times
higher) and electron-transfer rate (10-50 times) [86] than in the
other systems described above, in addition to immobilization
stability (80-90% activity retained after 10-20 cycles) [87], which
directly overcomes the reusability and the sensitivity restrictions of
the electrochemical and immobilized-enzyme  systems.
Microfluidic/lab-on-chip formats solve the throughput and matrix-
interference issues mentioned above by using small volumes (<100
nL) and can provide high-throughput (100-sample) screening, fast
impedance-based readout (<5 min) and improved signal quality
(SNR>20 dB), but require less sample (10-100x) than the
microplate format [88]. Real-world gains are achievable, but most
of them have been demonstrated individually and/or under
controlled laboratory conditions, and the challenge now is to make
these novel functions available as a single validated platform for
real, variable food or environmental matrices, which are not ideal
buffers. While applications like anthocyanin-based indicators of
food spoilage in smart packaging, pathogen detection in precision
agriculture or diagnostic applications are promising, they are still
largely in concept and reproducibility, cost-per-test and shelf
stability under real storage/transport conditions are the greatest
barriers to translation from bench to field [89]. There are four such
opportunities that come out of the platform review listed above and
should be explicitly stated rather than left implied. First,
multiplexed assays: using probes selective for PME, PG, and PL
enzymes together on a single chip or strip will result in a compound
ripeness or spoilage indicator, thus tackling the sensitivity-vs-
simplicity dilemma [88]. Second, logistics-integrated sensing:
integrating in-package or in-line pectinase detection with wireless
sensing (RFID, NFC, or IoT) will enable continuous
ripeness/spoilage monitoring along the entire cold chain from
storage through distribution to retail, as opposed to the one-shot
readings that predominate among the platforms reviewed [90].
Third, sustainable biodegradable sensor materials: paper-,
cellulose-, or biopolymer-based sensing platforms will make
pectinase sensors conform to the emerging trend of biodegradable
smart packaging, without adding to the electronic waste generated
by what is often compostable packaging [70].
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Fourth, validation and standardisation: practically all the
developments covered in this chapter, from nanomaterials
immobilisation to microfluidic designs and thermostable enzyme
variants, have been tested individually in controlled lab conditions
[80]. What now stands between us and the real-world application of
these devices is not the discovery of new chemistries, but rather the
validation of such a system as a whole against real food and
environmental matrices and setting the reproducible cost per test
figures; not to mention inter-laboratory experience needed before
any standards acceptance at the industry level. Prioritising these
practical considerations will contribute more significantly to
advancing next-generation pectinase biosensors than continued
development of standalone proof of concept studies.

6. Applications of Enzyme-Based Biosensors

The capability to detect biochemical substances in real time,
rapidly, and sensitively has seen biosensors widely used in various
fields. These devices combine both biological recognition
components and transducers to detect physical, chemical and
biological processes. Their versatility allows their use in food
safety, environmental surveillance, in controlling industrial
processes, and in biomedical diagnostics and makes them an
essential part of a modern analytical system [10] as shown in
Figure 3.

6.1. Food Quality and Safety Monitoring
One of the most important fields in biosensor applications is
food quality and safety monitoring. Conventional methods of

I Pectin rich samples

7 | Pectin Matrix

Pectin Action

analysis that are being used in food industries tend to be time-
consuming and involve the use of skilled personnel; biosensors are
fast, cost-effective, and highly selective in detecting contaminants
and quality indicators [91]. Biosensors have been extensively
applied in the processing of fruit juice, to monitor glucose level and
sugar composition variation in storage and preparation of fruit
juice. The glucose biosensors are of great significance since the
food products might alter in their composition during storage, thus
influencing the quality and nutritional value [92]. The application
of glucose oxidase immobilised on electrodes that have been
modified with gold nanoparticles has been reported to enhance the
level of sensitivity in the detection of glucose in food products like
juices and beverages [93].

The microbial contamination and spoilage detection in food
systems are also critical in the use of biosensors. As an illustration,
Escherichia coli can be detected in vegetables and this is an
indicator of fecal contamination. This is done by measuring
changes in pH or impedance changes brought about by the
metabolites or ammonia using potentiometric or impedance
biosensors [94]. These systems can quickly identify contamination
and are useful in ensuring food safety standards. Biosensors are
also used in the dairy industry to identify pesticide and herbicide
residues and other contaminants. Recently, polymer-based and
nanomaterial-based biosensors have been developed to be used on-
site to detect heavy metals, antibiotics, allergens, and pesticide
residues in milk and other food samples [95]. Biosensors based on
automated flow that combine enzyme systems and automation have
also been created to analyze the quantity of the organophosphate

Improved Biosensing

performance
- »
»
— @,
i S

A P
.;' @ >
o s B /® P ¥ )
® o
. . I«

\
W Polygalacturonase ® @ @f‘
! ¢ @ =
W’ X (PG) Food Quality
¢ ® Peclin Iyase (L) &Safety monitoring
Pectin Betics i
: Methylesterase cHe . ”a Hiyie
Pectin hampers (PME) accessibility
analyte access & il o
Plant Tissues bio-recognition tecognition
Reduced fouling
‘" & *  Depolymerizes pectin Improved Plant pathogen
Q; CTE *  Reduced viscosity sensitivity detection
- i @& *  Releases bound analytes Faster response
®s & = *  Enhances mass transfer # et 2
Algal/microbial . . & :ﬂf!"'j
’ Pectinase-Enabled Biosensors _
biomass Environmental
¢ 9 9 ° o , N O @ C) e Monitoring
8= 3 “PY_./ : i = > hu ﬁ,"
; oW, L\ - L L T W
¥ 3\t |\ - - = - ] Z - . 1 ~
/ = i ~ I =i . . +
E ec?rochemncal Optical biosensor Piezoelectric biosensor Galormeti
biosensor Biosensors

Food & waste samples

Clinical & Health
Diagnostics

Overall Benefits

/

Broad
Greater

Enhanced @Improved . Faster Applicability &
__ | Sensitivity Accuracy .(. Detection \Rehablllty Sustainability

Figure 3: Applications of pectinase in biosensors. Enzymatic degradation of pectin by PG, PL, and PME enhances analyte accessibility and

signal generation improving the performance of biosensor across environmental, clinical and food applications..

‘ ! Journal of Engineering, Science and Technological Trends (JESTT) ISSN(e):2959-1937 published by SCOPUA

40



and carbamate pesticides in the milk sample, guaranteeing food
safety and adherence to regulations [96]. Recent developments
highlight the wuse of immunosensors and CRISPR- or
nanozyme-based biosensors for pathogen detection (e.g., E. coli,
Salmonella, Listeria) with improved sensitivity, specificity, and
field-ready operation. All in all, biosensors play a vital role in food
quality assurance, spoilage prevention, and consumer safety due to
continuous and on-site monitoring and rapid detection systems
[97].

6.2. Environmental Monitoring

Another important field of biosensor use is in environmental
monitoring. These instruments make it possible to detect pollutants,
poisonous substances, and biological pollutants in water, soil, and
air in a short time. Their selectivity and sensitivity enable them to
be detected at very low concentrations [35]. A significant
application is in biomass degradation and waste analysis, where
biosensors are employed to measure biochemical oxygen demand
(BOD), variations in organic load, and metabolic activity. Whole-
cell biosensors have also been invented to sense heavy metal ions
via metallothionein or metal-responsive  promoters  of
microorganisms [98]. These biosensors are specific to toxic metals
and thus can be used as tools in monitoring pollution in the
environment as well as ecological risks. Pesticide residues are also
detected using biosensors and these are major hazards to the
environment. Biosensors based on enzymes have been developed to
identify the presence of organophosphate and carbamate pesticides
in water samples by using the enzyme acetylcholinesterase (AChE)
and butyrylcholinesterase [99]. These biosensors are fast in
response and sensitive, and thus they can be used in real-time
monitoring of the environment. Moreover, biosensors based on
nanomaterials, as well as bacterial bioassays, have been utilised to
detect arsenic, cyanide, and other toxic metals in natural water
sources [35]. These systems offer dependable identification of
harmful materials and help in protecting the environment. In
general, biosensors are more environmentally friendly because they
allow quick and sensitive detection of pollutants and efficient
waste- and water-management mechanisms.

6.3. Industrial Process Monitoring

Biosensors are also important in industrial biotechnology to
monitor the production processes and improve the efficiency of the
operations. Fermentation and bioconversion processes are among
these and they are major areas of application. The process of
fermentation is complicated and entails various biochemical
reactions, during which strict regulation of the metabolites,
including glucose, lactate, ethanol and amino acids, is critical
[100]. To monitor these compounds in real time, biosensors have
become common to enable better product yield and better control
over the processes. The glucose biosensors used in modern
fermentation industries are more accurate in controlling the
saccharification and fermentation processes as opposed to the
traditional titration methods.

Fermentation systems have been enhanced greatly with the
application of biosensors to help with better productivity. As an
illustration, biochemical changes in an ion-exchange process of
fermentation systems have been monitored using glutamate
biosensors [101]. Critical metabolites are detected in real time, and
process conditions can thus be optimised more quickly and the
product quality is maintained. Biosensors also contribute to the
conversion processes of bioconversion processes where biological
materials are changed into valuable products such as enzymes,
organic acids and biofuels [98]. The ability to monitor metabolic
activity using biosensors online can help maintain better control of

reaction conditions and improve efficiency. Recent developments
have incorporated microfluidic and lab-on-chip biosensors in
bioprocess control systems, which have enabled high-throughput,
automated and miniaturised monitoring of bioreactors in industries.
All in all, biosensors are useful tools in current biotechnological
industries as they offer automated, fast and reliable monitoring of
the industrial process [88].

6.4. Emerging Biomedical Applications

One of the most rapidly developing areas of biosensor
technology is biomedical applications. These applications aim at
diagnosing diseases, monitoring health and early detection of
biological markers of several medical conditions. The glucose
biosensor is one of the most popular biosensors that are currently
utilised in healthcare and is widely used to monitor the levels of
blood glucose in patients with diabetes mellitus [102]. These
devices can be monitored around the clock or nearly 24 hours and
they give precise readings, which are required in the management
of a disease. A high percentage of the biosensor market worldwide
is taken by blood glucose monitoring systems because of their
extensive clinical applications.

Detecting infectious diseases and pathogens is also done by
using biosensors. Immunosensors, DNA biosensors, and CRISPR-
based biosensors are rapidly developing biosensor technologies
which can be used to identify microbial infections, including
urinary tract infections, bacteria that cause sepsis, and viral
infections (e.g., SARS-CoV-2, influenza) [103]. These devices
minimise the time of diagnosis, aid in point-of-care testing, and
enhance treatment outcomes. The other biomedical application that
is emerging is the detection of cytokines and biomarkers related to
inflammation, such as interleukin-6 (IL-6), interleukin-10 (IL-10),
and tumour necrosis factor-alpha (TNF-alpha), which are involved
in inflammatory reactions as well as cardiovascular or autoimmune
disorders [104]. Advanced materials like hatnium oxide, graphene
or antibody-functionalized electrodes have been developed as
biosensors to enable detection of disease-related biomarkers in their
early stages to allow timely medical intervention [105]. The latest
developments in antibody- and aptamer-based biosensors have
broadened the scope of detection of cancer biomarkers, cardiac
markers and neurochemical species in blood, serum and even in
vivo. Moreover, the biosensor based on carbohydrate-protein
interaction has been investigated to detect pathogens [106]. Lectin
carbs the biosensors read lectin-carbohydrate recognition to detect
microbial targets like E. coli and other bacteria that have particular
surface glycans. As an example, mannose or other sugar-
functionalized surfaces have the capacity to bind bacterial pili,
resulting in detectable impedance or piezoelectric responses,
enabling label-free and specific detection of pathogens. In general,
the new biomedical biosensor technologies have great potential in
the field of enhancing diagnostic accuracy, personalised medicine
and point of care medicine, and in improving healthcare delivery
system [5].

7. Challenges and Limitations
Despite the widespread use of enzymes in biosensors and

industrial biotechnological processes, some issues affect the

efficiency and applicability of enzymes and become especially
important regarding the commercialisation of pectinase biosensors

[80].

e Enzyme stability: One of the major limitations of using
enzymes is related to their instability and loss of activity
during storage and operation. Enzymes are highly labile
biological molecules whose catalytic properties depend upon
several external factors, including temperature, pH and ionic
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strength [86]. Nevertheless, inappropriate use or lack of
control of the operating conditions may lead to denaturation or
conformational changes in the enzyme, which results in the
decrease of catalytic properties and reduction of the lifetime of
the enzyme [107]. In the case of pectinases, this problem is
particularly significant because of their highly selective
catalytic properties that work in rather narrow pH and
temperature windows. Exposure to various matrices containing
acids, sugars and different temperatures that accompany
analysis of fruit juices and other food samples may result in
the rapid decay of pectinases' activity and reduced shelf life of
the sensor [69].

e  Sensitivity: The lack of sensitivity, which can be observed in
some systems, is another limitation that affects detection of
very low concentrations of analytes. In some cases, when it is
important to detect very low concentrations of something in
diagnostics, environmental monitoring, or analysis of food
quality, insufficiency of the sensitivity of enzymatic systems
could become a problem [108].

e Structural heterogeneity of the substrate: One more often
underestimated limitation of pectinase-based systems is that of
the structural heterogeneity of the substrate — pectin. The
structure of the pectin differs from sample to sample and
depends on the plant, its stage of ripeness, etc. Moreover, there
exist several types of enzymes that belong to pectinases
(polygalacturonases, pectin lyases, pectin methylesterases,
etc.). Therefore, the biosensor that was calibrated on some
particular pectin source will not necessarily work well with
others, which makes assay development quite complicated
[109].

e Matrix interference: Moreover, sample matrix interference
might impact the efficiency of the enzyme and the analysis
itself. There are many components such as inhibitors, organic
matter, salts, and proteins contained in biological fluids, food,
and environmental samples that may interact with the enzyme-
substrate reaction and give misleading results [110].
Interference in the matrix will result in a lack of specificity of
the response and false positives and negatives. This is
especially important for pectinase biosensors since food and
juices contain sugar, have variable pH, and have other
polysaccharides that can interfere with the reactions [69].

e Issues in high-volume manufacture: Besides the issues with
performance in the lab, scaling up of the pectinase biosensor
manufacture process is also associated with its specific
problems. Obtaining and purifying enzymes at a high volume
is a challenge in itself due to batch to batch variations of
activity and purity, immobilization techniques that worked
well on hand-made electrodes sometimes don't scale up easily,
and especially nanomaterial-based enzyme immobilization
[111]. In addition, the cold-chain requirement and short shelf-
life further increase complications associated with distribution
and cost, which can act as practical limitations towards making
a pectinase biosensor transition from prototype into a
commercially available device [112].

e Standardisation and reproducibility: = Additionally,
standardisation becomes another issue when developing and
commercialising technologies based on enzymes. Differences
may occur in terms of enzyme activity within different studies
and laboratories due to differences in the enzyme source,
enzyme purification, enzyme immobilisation, conditions of
assay and used analytical techniques [113]. There are no
standard protocols; therefore, it becomes difficult to reproduce
results and compare the outcomes of experiments. In the case
of pectinase biosensors, the problem of non-standardised

reference substrates and assays increases the problem of
results comparison and the creation of a standard protocol
necessary for validation and commercialisation [114]. When
put together, enzyme instability, substrate variability, matrix
interference, scale-up manufacture, and lack of standardised
methodology for analyses make up an intricate set of obstacles
that prevent the transfer of pectinase biosensors from
laboratory prototypes to commercial applications. Therefore,
stabilisation of enzyme, enhanced sensitivity, consideration of
variability of pectin substrates, elimination of matrix
interference, creation of reproducible manufacturing
technology, and development of standardised methodology
become important tasks for the future progress of the
reliability of enzyme-based systems [115].

8. Future Perspectives

It is expected that future development of enzyme-based
biosensing techniques will concern the improvement of
performance, wider implementation of the technology, and
sustainability. An approach to the engineering of enzymes by
protein engineering, directed evolution and genetic manipulations
is a relatively new method for the optimisation of enzymatic
catalysis, specificity of reactions, thermal stability, and
environmental stress resistance of the enzymes. As for pectinases,
directed evolution or rational engineering aimed at increasing pH
and thermal stability or reducing the influence of substrate
heterogeneity may be applied for overcoming two of the main
challenges of pectinase biosensors. Enzyme degradation and
reduced activity limitation issues can be overcome by these means.

e Al-assisted Biosensing: More advanced integration of
artificial intelligence and machine learning techniques with
enzyme-based sensors is expected. In the case of pectinase
biosensors, this approach may be useful for the differentiation
of a complex response generated by the heterogeneity of pectin
structure and interference from sugars, salts, and other
polysaccharides in the juice or food matrix, thus providing
adaptive calibration. Machine learning techniques can be
employed for compensating for baseline drift due to reduced
enzymatic activity of the sensor throughout its operational
lifetime, thus prolonging the usable life of sensors without the
need for recalibration after each production batch, as well as
detecting any unusual measurements that can be attributed to
the presence of interferents rather than actual changes in
concentration of the analyte.

e Hybrid pectinase-nanozyme biosensors: Nanozymes are
nanomaterials  possessing enzyme-mimicking catalytic
properties and have been investigated as partners and even
potential substitutes for natural enzymes in designing
biosensors. The use of a hybrid of natural pectinase and a
nanozyme may provide an opportunity for decoupling the
performance of the biosensor from the instability of the
enzyme by maintaining the catalytic reaction and signal
transduction despite the gradual decrease in activity of the
natural pectinase, thus making it possible to achieve greater
stability and longevity beyond the possibilities of just the
immobilisation of the enzyme. This type of approach is quite
consistent with the previously mentioned approaches of using
nanomaterials in biosensors due to the identical nature of
materials.

o Flexible and wearable biosensors: Although most of the
current biosensor applications involving pectinase focus on
food quality or environmental monitoring, not wearable
healthcare, the flexible substrate technologies used for
wearable sensors are gaining importance for pectinase tests
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carried out using decentralized, mobile, field-based equipment
such as flexible sensors in strips or patches that are used to
assess the ripeness of fruits or quality of their juice in
harvesting, processing, or transportation stages, not only in
stationary laboratories. The use of flexible electrode material
and printing techniques to immobilise pectinase would help
here.

e  Microfluidics integration: Combining pectinase biosensors
with microfluidic devices provides a direct solution to
overcome many of the barriers to commercialisation. The
integration of microfluidics in the process of biosensing allows
to standardize the sample volume, dilution, and pretreatment
of heterogeneous samples containing pectin. In addition,
microfluidic integration combined with small-scale reagents
and enzyme storage helps to achieve the kind of small-volume,
automated, and reproducible preparation needed for scaling up
from manually assembled research electrodes.

e  Multiplex sensing platforms: Since pectin breakdown is only
one parameter among several that indicate the quality of
food/juice (along with other parameters such as sugar content,
acidity, or spoilage markers, for instance), the development of
multiplexed sensing platforms which integrate detection based
on pectinase with other enzymatic or non-enzymatic sensing
channels into a single chip will allow obtaining a
comprehensive profile of food quality with a single
sampling/measurements process. Besides being able to
compensate for the lack of sensitivity and selectivity of any
one enzymatic channel, multiplexing will allow validating
results through multiple parallel measurements. Moreover,
increasing demand for fast, accurate and non-invasive disease
detection methods will definitely contribute to the increased
application of enzyme-based biosensors in medical diagnostics
in the future. Biosensors can be used for early disease
detection of metabolic disorders, tumour markers, infectious
diseases and personalised medicine approaches. Health
monitoring in real time is sure to be enhanced due to the use of
modern technologies, including artificial intelligence and
wearable sensors. In addition, the creation of environmentally
sustainable biosensors has become an important field of
research with an emphasis on environmentally friendly
materials,  biodegradable = materials,  environmentally
sustainable synthesis, and energy-saving production. This is a
type of development that corresponds to the global aims of
sustainability and can assist in reducing environmental impact
without compromising the analytical capabilities of these
Sensors.

All of the above-mentioned trends in combination constitute
the way to implement the concept of pectinase biosensor into
practice through creating a robust, deployable, and economically
efficient sensor. Biosensors based on enzymes are expected to find
widespread applications and make a breakthrough due to the
continuous improvements in the areas of enzyme engineering,
hybrid systems design, and clinical applications.

9. Conclusion

Carbohydrate-degrading enzyme-based biosensors represent
an emerging frontier in intelligent sensing technologies, offering
exceptional molecular recognition, catalytic specificity, and
versatile analytical capabilities. Among these systems, pectinase-
based biosensors provide unique opportunities for monitoring food
quality, plant health, environmental changes, and industrial
processes through selective detection of pectin-related biochemical
transformations. Recent advances in nanomaterial-assisted
immobilisation, microfluidic  integration, flexible sensing

platforms, and sustainable biomaterials have significantly improved
sensor performance, stability, and practical applicability. However,
challenges associated with enzyme stability, substrate complexity,
matrix interference, reproducibility, and large-scale manufacturing
continue to limit real-world deployment. Future progress will
depend on the synergistic integration of enzyme engineering,
advanced functional materials, and intelligent data-driven sensing
architectures. By addressing these limitations, carbohydrate-active
enzyme-based biosensors are expected to evolve into robust,
portable, and sustainable analytical platforms, contributing
significantly to next-generation healthcare, food safety,
environmental monitoring, and industrial biotechnology.
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