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Sustainability is the priority of the research community in designing and manufacturing value-added
products, including biosensing devices. In this case, the utilization of paper and cellulose-based fibrous
materials has been widely explored for developing biosensing devices in the past decade due to their
high versatility, adaptability, biodegradability, and low cost. Recently, paper-based multifunctional
biosensing devices have been developed for a sustainable future in a variety of applications such as the
healthcare, agriculture, food safety and security, and environmental fields. However, there are still
various technological and environmental issues that need to be overcome for manufacturing the desired
biosensors. In this review, we provide the precise fundamentals of biosensing concepts, sustainable
materials, and their utilization in developing paper-based sustainable biosensing devices for different
healthcare, agriculture, food industry, environmental, and other applications. Moreover, the challenges,
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opportunities, and future perspectives regarding the use of these sustainable materials, together with
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1. Introduction

Sensing devices are analytical tools employed to monitor ana-
lytes linked to environmental pollution, human diseases, food
safety and security, and human-machine interactions. The
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extensive research and utilization of these devices have remark-
ably increased in the past few decades'” owing to their simpli-
city, cheap reagents, and flexibility for on-site detection.’*
Herein, compared to micro-materials, the use of nanoengi-
neered materials can enhance the recognition of distinct ana-
Iytes at a very low content due to their high surface area-to-
volume ratio and specific functional mechanisms to facilitate
the efficient recognition of chemical and/or biological species.
Among the variety of available materials for developing sensing
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devices, great efforts have been devoted to employing natural
polymers as substrates or even as components of the active
layer in sensors®® to realize sustainable and/or biocompatible
sensing devices by avoiding non-renewable and hazardous/
toxic elements. In this case, cellulose materials and/or nano-
materials have been considered as potential components of
sensors and biosensors. Therefore, the use of paper and
nanopaper as substrates to fabricate electrodes and substitut-
ing conventional glass- or plastic-based materials with low-cost
and disposable materials is highly desirable.

In this trend, standard paper has widely been utilized in the
field of printed sensors, pursuing the upgrades advanced by the
simple loading and delivery of reagents in the 3D cellulosic-
network, ability to operate using very low volume of reagents
and sample amounts, pores and channels of the substrate for
avoiding interference of the components, and microfluidic
patterns with no requirement of micropumps for flow initiation
and avoiding bubble formation.’'° Moreover, natural materials
including nanocellulose materials provide interesting benefits
in developing nanopaper-based sensors and biosensors, result-
ing in inexpensive, consistent, sustainable, disposable, and
reagent-free tools for use in the monitoring of food quality and
safety.”™" Also, they provide the opportunity for the successful
immobilization of various biological components to develop
biocompatible and nontoxic biosensors.'®*> Moreover, paper
(cellulose and nitrocellulose) is an appropriate substrate for a
range of applications, including sensors for environmental and
healthcare monitoring.'® Paper has been utilized passively in
various analytical applications (e.g., pH indicator strips, preg-
nancy tests, and rapid Covid-19 antigen tests).'* Accordingly, it
has been utilized in many other applications including electro-
nic and electrochemical devices due to its inexpensive nature,
flexibility, fluid conduct (capillary action due to rough fibrous-
network), significant sensitivity and easy disposal.”>'® There-
fore, different electroactive elements can easily be detected by
using paper-based sensor devices such as ions,'” dopamine,'®
and biomarkers,"® together with their easily disposal. In this
advancement, the fabrication of multifunctional paper-based
biosensors to detect multiple parameters using only one phy-
sical input is highly desirable.

Presently, artificial intelligence (AI) and wearable sensors/
biosensors have become two important areas to realize the
tailoring of the best precision medicine therapies for individual
patients. Therefore, the integration of AI and biosensing
devices can potentially enable the better acquisition of patient
data and enhance the design of wearable and implantable
biosensing devices to monitor the fitness, health, and sur-
roundings of patients. However, Al-biosensors with suitable
practical characteristics encounter new opportunities and chal-
lenges. In this case, the innovations in materials, biorecogni-
tion components, signal acquisition and transport, data
processing and intelligent decision system are the essential
factors. Further, integration, slimness, miniaturization, and
low energy utilization are the upcoming prospects of Al-
biosensors for human healthcare. To this end, more technolo-
gical advances are needed to detect low levels of specific
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biomarkers in biofluids and the achieve system integration.
Herein, biomarkers must channel the cavity between biophysi-
cal and biochemical markers to prepare all-inclusive prototypes
for individuals. Moreover, great efforts need to be devoted to
developing flexible electronic materials integrated with chip
technology, the Internet of Things, huge data, and AI to
accomplish the collective functioning of Al-biosensors, wherein
the accumulated data is consumed by machine learning algo-
rithms to monitor crucial signs, spot abnormalities and track
therapies for further correlated interactions at the human-
machine interface.*’

2. Biosensors

Sensors are devices that respond to stimuli and detect the
events or changes in a specific environment and communicate
the information to other interconnected technical devices (e.g.,
computer system). Various physical and chemical characteris-
tics (e.g., odor, pressure, force, temperature, and pH) of any
compound are measured and detected by these sensors and
their associated interfaces in the presence of special chemical
moieties. The moieties are solely sensitive to the targeted
physical or chemical quantity for measurement (insensitive
to all other parameters) and do not influence the characteristics
of the input physical and/or chemical quantities. Therefore,
important features such as selectivity, sensitivity, accuracy,
calibration scope, resolution, repeatability, and cost-
effectiveness are important factors in the selection of sensor
systems.**> Moreover, sensors can be grouped broadly into
two types, physical and chemical sensors. Physical sensor
devices detect and/or quantify responses such as force, tem-
perature, absorbance, refractive index, mass change, conduc-
tivity, and magnetic field.”® Alternatively, chemical sensing
devices have a chemically selective interface (layer) that
responds selectively to a distinct analyte®® and provides
chemical reaction information (with analyte) or physical char-
acteristic of the system being probed. For example, the content
of certain constituents or probing the total composition (being
transformed into signals such as changes in conductance, light,
current, voltage, and sound effects). The operating principles of
physical and chemical sensors are remarkably different. Most
physical sensors are direct and only affected by a few para-
meters, whereas the signals from chemical sensors may be
affected by various parameters. In this way, chemical sensors
have attracted greater attention in broad commercial applica-
tions such as industrial, environmental, agricultural, and clin-
ical fields.>>*®

Biosensors are sensors or a type of chemical sensor
composed of a biological molecule as the recognition compo-
nent. Therefore, biosensors are classified as analytical devices
containing biological or biological-derived sensing components
either unified within or closely linked with physicochemical
transducers for the recognition of analytes.>®*” In the past,
different biologically derived substances such as enzymes,
nucleic acids, antigen-antibodies, cells, and microorganisms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of a biosensing device, which is comprised of a bioreceptor, transducer, and amplifier.*?

were included in various mechanical, electrochemical, optical,
and acoustic detectors to develop biosensing devices with high
selectivity and sensitivity.”®>° The first biosensor, as an
amperometric oxygen electrochemical sensor, was originally
established in 1962°° using glucose oxidase to detect the
content of glucose. However, the term ‘biosensor” was
proposed in 1977 by Rechnitz et al.*! using an arginine selective
electrode (living organisms) as the recognition element.
Biosensors should be highly responsive, free of physical
constraints (e.g., pH and temperature), and reusable. Biosen-
sors are composed of three modules, as follows: (1) bioreceptor,
(2) transducer, and (3) electric circuit (Fig. 1). In this case, the
bioreceptor senses and responds to the analyte to generate a
signal, the transducer transforms this biologically recognized
action into an assessable signal, and then the electric circuit
quantifies the transduced signal and collects it for display and
examination, leading to diagnostic assessments.**** However,
the lack of biorecognition elements impedes the development
of diverse biosensors.>® The transducer-based output signals
include optical (e.g., absorbance, luminescence, chemilumines-
cence, and surface plasmon),>® mass (e.g., piezoelectric and
magnetoelectric),>” thermometric,®* and electrochemical
signals.*® Electrochemical biosensors can be categorized into
amperometric, potentiometric, voltammetric, impedimetric/
conductometric, and capacitive sensors.>* By using electronics
and signal processors, biosensing and bioelectronic devices
have been effectively utilized in several fields such as environ-
mental monitoring, drug screening, clinical diagnostics, and
governing of food quality. Recent research has mainly been
focused on the miniaturization of biosensing and bioelectronic
devices to enable the real-time, POC, and easy-to-use detection
of analytes, especially in clinical and environmental trials.***!
Moreover, biosensor platforms are typically categorized into
three ways, i.e., dipstick tests, lateral flow assays (LFAs), and
microfluidic paper-based analytical devices (WPADs), among
which, pPADs are the most versatile owing to their pattern-
paper made using hydrophobic polymers around designated
areas in the paper. These barrier patterns are designed for
accommodating small sample volumes for multiple reactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry

However, the techniques used to create these hydrophobic
barrier patterns and layers in inexpensive nPADs require a long
manufacturing time and very expensive.

2.1. Materials used for sensing devices

Sensors or biosensor devices are products that respond to
stimuli and utilized to detect and quantify light, temperature,
sound, chemicals, motion, and biological elements. Based on
the material type, design approaches, and fabrication technol-
ogies, the structures of these devices can be constructed into
robust and sophisticated apparatus. There Various types of
sensing devices are utilized based on their working principles
(e.g., force, temperature, gas, humidity, proximity, chemical,
optical, motion, and imaging) and applications (e.g., environ-
mental monitoring, agriculture, health industry, pharma indus-
tries, medical imaging, space, paint and coating industry, and
human-machine interfaces). Various types of materials have
been utilized to develop and manufacture different types of
sensors. The area of sensing materials utilized for sensing
devices can be divided into two groups, as follows: (1) direct
sensing devices (i.e., a change in electrical signals) and (2)
complex sensing devices (i.e., no change in electrical features,
need a conversion process).*?

Various types of materials have been used for fabricating
these biosensing devices such as metals, metal oxides, metal
organic frameworks (MOFs), sol-gel materials, graphene and
carbon nanomaterials, synthetic polymers, and petroleum-
based materials. However, there are still various challenges in
the real-world applications of these devices, wherein these
material types are associated with some difficulties owing to
their bulkiness, lack of affinity between material and the
substrate, vulnerability to oxidation, and shortcomings consid-
ering robustness and waste management (disposal).** In this
regard, most of the sensors are comprised of petroleum-
based materials from non-renewable resources and exhibit
long-term stability in the soil (difficult to be degraded) when
discarded, causing severe environmental pollution. Further, the
application of these devices in the biological or biomedical
field is limited due to various challenges including their
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biocompatibility and biodegradability. Therefore, numerous
research efforts have been devoted to searching for sustainable
materials for the development of biocompatible, biodegrad-
able, and renewable sensing and biosensing devices*>™” and
still in progress for achieving the desired outcomes for their
diverse applications in environmental pollution, agriculture,
food industry, soft-robotics, human-machine interaction, bioe-
lectronics, etc.

2.1.1. Use of renewable and sustainable materials for
biosensing devices. The environmental issues caused by the
massive quantity of non-degradable medical and electronic
waste are the foremost concern in developing eco-friendly,
biocompatible and biodegradable sensors. These sensors have
emerged as appealing alternatives to traditional non-
biodegradable sensors in both non-invasive and invasive health
monitoring through wearable sensors, in vivo sensing, and in
temporal body implants. Therefore, in recent years, sustainable
(recyclable and disposable) sensors have widely been developed
from nature-derived materials. Overall, these developed sensors
can be categorized into two types, namely partially biodegradable
and fully biodegradable sensors.*® In this case, the biodegradable
materials should be non-toxic and biocompatible with effective
optical, mechanical, and electrical characteristics. These materials
include polymers (natural, synthetic or their combination), co-
polymers, silicon based materials, proteins, plant-based polysac-
charides, and metals. The physicochemical characteristics of
polymers greatly influence their degree and rate of
hydrolysis*®*>' and play an important role in the degradation
and stability of devices. Therefore, the choice of an appropriate
substrate material to construct biodegradable devices with con-
trolled operational times needs the careful consideration of
parameters for stability and effective outcomes. In this regard,
various biopolymers (e.g., collagen, spider silk, silkworm silk,
chitosan, gelatin, and cellulose)’® as substrate materials have
widely been utilized to develop biodegradable devices owing to
their remarkable biocompatibility, environmental sustainability,
abundant nature, and flexibility.

Among the biopolymers, cellulose as the most abundant
polysaccharide has been promisingly considered for the fabri-
cation of biodegradable sensors with various potential applica-
tions due to their chemical distinctiveness, remarkable
biocompatibility, appealing degradation profile under physio-
logical conditions, high-temperature stability, transparency,
flexibility, and easy processing. Also, cellulosic materials
can be transformed into electronically conductive carbon mate-
rials with abundant pore networks and high specific surface
areas using a straightforward carbonization process.’> How-
ever, it is difficult to control the mechanical properties and
degradation rate of naturally derived substrates. Thus, biode-
gradable synthetic polymers with predictable and repeatable
mechanical and degradable characteristics have been synthesized
in controlled manner and utilized with or without biopolymers to
fabricate sensor substrates.*® Overall, renewable and sustainable
materials have received significant attention over the past few
years in basic research and real-world applications owing to their
ability to minimize environmental, consumption, and cost-related
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issues. In this way, these materials have widely been utilized in
pristine form or a combination to manufacture sensing and
biosensing devices for suitable and targeted utilization and out-
comes with low cost, satisfactory biodegradability, high flexibility,
and low-energy consumption.

The use of composite materials based on renewable
resources has increased remarkably and continues in the
development of new biosensing devices. In this case, various
basic and technological methods have been applied to manu-
facture desired composite sensing and biosensing devices
partially based on organic and renewable materials and their
properties can be controlled by modifying the combination of
components of renewable, inorganic, and organic nanomater-
ials. For example, different research groups developed various
sensing devices by using different composite materials, for
example, conductive paper was manufactured using carbonized
paper for sensing human activity,”* cellulose/CNT aerogels for
gas sensing,”® nanocellulose with silver nanowires (AgNWs)>®
and/or carbon nanotubes (CNTs),>*™*” and bacterial cellulose/
AgNPs/molybdenum trioxide (MoQj3) for gas sensing,>® and for
different applications including wearable sensing fibres, CNT/
cellulose-based humidity sensor®® and ammonia gas sensor,*®
leaves and wood,®! carbonized wood,** wood cellulose fibres/
barium titanate (BaTiO;),*® paper substrate/zinc oxide nano-
wires (ZnO NWs),** and sodium lignosulfonate/graphene.®> Overall,
renewable resources (e.g., wood, plant, bio-based carbon, and cellu-
lose) in various forms and from various origins have greatly estab-
lished their significance by using them in combination with other
materials to manufacture low-cost, biodegradable, and sustainable
composites. Therefore, depending on their combination and fabri-
cation process, these composite sensing materials can be manufac-
tured into different forms such as films, fibres, paper, and aerogels
for a variety of potential applications (e.g, gas sensing, supercapaci-
tors, photovoltaic cells, wearable and flexible sensing devices,
and human-machine interface).°® Throughout history, paper has
been utilized in a broad variety of applications, and therefore,
cellulose-based paper, which is a porous and green material, has
been utilized to manufacture different biosensors owing to its low
cost, flexibility, portability, biocompatibility, degradability and capil-
lary force-assisting fluid transfer characteristics.®”

3. Paper-based biosensors

3.1. Paper and its properties

The use of paper as a flexible, porous, and degradable cellulosic
material with an environment-friendly nature has shown
great potential to be applied in sustainable biosensors, bioelec-
tronics and other areas.’®®® Herein, paper-based devices pro-
vide multipurpose, inexpensive, and accurate systems for
sensing humidity, gases, chemicals, strain, and biological
species.’®®*7? However, it is difficult to simplify a set of
characteristics of papers due to the differences in their material
compositions, structures, and fabrication methods. For exam-
ple, printing paper is composed of a high filler content, which
can be either natural (e.g., limestone, talc, and clay) or synthetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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alternatives (e.g., precipitated calcium carbonate, gypsum, and
titanium dioxide) and distinguish the cost, thickness, structure,
pore size, strength, and exterior form of the paper, and other
characteristics based on its type and quantity.”>”’® In addition,
due to the highly hydrophilic nature of paper, the presence of
moisture can soften the materials, thereby decreasing their
elastic modulus with a poor thermal performance,”” and there-
fore, it is processed under low-temperature conditions. More-
over, due to the flexible nature of paper, it has been broadly
utilized as a substrate for actuators, sensors, and energy storage
components’®®® despite the diverse set of characteristics
across various types of paper.

In addition, smartphones have also been integrated with
sensors (e.g., strips, chips, and hand-held detectors) for bio-
chemical detection owing to their portability and global acces-
sibility. Smartphones are often utilized as the controller,
analyzer, and display for fast, real-time, and point-of-care
monitoring, which can remarkably simplify the design and
reduce the cost of detecting devices. Paper-based biosensors
and bioelectronics integrated with smartphones have greatly
emerged for portable and disposable devices that can be
applied in environmental monitoring, healthcare diagnosis,
and food safety.** The search for renewable and sustainable
power sources is crucial for developing green electronics and
sensor networks. For example, paper-based origami triboelec-
tric nanogenerators (TENGs) with high flexibility, light weight,
low cost, and recyclability were developed. These TENGs were
efficient to harvest ambient mechanical energy from different
types of human motions (e.g:, stretching, lifting, and twisting)
and could directly light LEDs. Additionally, these TENGs could
also work as self-powered pressure sensors.®” In a study, an
inexpensive turnip tissue paper-based mediated amperometric
H,0, biosensing device was fabricated using screen-printed
carbon electrodes (SPCEs). Herein, raw turnip peroxidase and
potassium hexacyanoferrate(u) as a mediator were immobilized
on a cellulose paper matrix. This device required a low amount
of the sample (0.5 mL) for analysis and exhibited a linear
detection range of 0.02-0.50 mM with an LOD of 4.1 mM
H,0,. Moreover, the biosensing device maintained 70% of its
activity after a storage period of 25 days at 4 °C.%® Most recently,
some innovative paper-based biosensors have been reported for
renal surveillance in fingerprint blood,*” visual detection of
microbially contaminated food,®® nucleic acid amplification-fee
and label-free detection of micro-RNA,*° controlling the pan-
demic situation (e.g., Covid-19),° etc.

3.2. Processing and manufacturing of paper-based biosensing
devices

A significant advancement in the development of portable and
disposable paper-based biosensor (PBB) and microfluidic
paper-based analytical devices (LWPADs) has recently been rea-
lized. In this case, paper, which is composed of cellulose
microfibers, provides both a huge microporous network for
storing analytical elements and capillary force to drive liquid
samples to a devoted reaction zone for the rapid detection of
the desired analytes. Due to their inexpensive nature and ultra-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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high sensitivity, these biosensors have shown great potential
for medical emergencies, point-of-care health diagnosis, and
wide early-detection of cancer compared to the conventional
advanced analytical devices.'® Additionally, the development of
inexpensive wearable flexible biosensing devices has attracted
significant attention for the monitoring of health issues and
chronic diseases in the human body. Herein, conventional
wearable devices uninterruptedly record signals such as stress,
pressure, and temperature for the real-time monitoring of
human actions. However, the uninterrupted monitoring of
different chemicals in body fluids and respired breath
using wearable sensors still faces certain challenges such as
accuracy, sensitivity, flexibility, and fitting of the sensor to
human skin.’"*> Paper is a favorable substrate to manufacture
POC in-vitro diagnostic devices due to its abundant availability,
affordability, chemical stability, biodegradability, prominent
porous fibrous network with high surface area for interactions,
and natural capillary-driven mass transport of liquid
samples.”*®” various well-established technologies for the
manufacture and processing of paper have been applied for
the fabrication of paper-based microfluidic devices, including
folding, cutting,”®®® masking,'°>'®" laser writing,'*> and
printing.'®>~'°> However, paper can vary immensely based on
its composition, internal structure, and wettability owing to its
sources and manufacturing method,'®® for example, filter
paper,'®”'%  chromatography paper,'®” common printer
paper,"'® and paper towels. The performance of diagnostic
sensing devices for various target analytes is largely affected
by the internal structure of paper. In this case, nanomaterials
have shown a considerable prospect in developing paper-based
sensors. In one study, CNT-based electrodes were fabricated for
use in paper-based electrochemical sensing devices via a series
of laser-cutting, drop-casting, and origami. Herein, a range of
filter papers with varying porosities and different 3D cellulose-
networks was utilized with this process to analyze the effect of the
cellulose scaffold on the ultimate CNT network and resulting
electrochemical detection of glucose.""! The synergistic blending
of materials and interfaces is a decisive strategy in developing
novel functional sensing devices for different potential applica-
tions, including inexpensive paper-based POC systems. Surface-
functionalized polypyrrole (PPy) constructs were integrated mono-
lithically into a 3D multilayered paper-based microfluidic biosen-
sing device to monitor local humidity variations. The PPy
constructs exhibited remarkable mechanical stability, which is
relevant to flexible electronics and the electrical resistance con-
nects with local relative humidity (RH) interior of the sealed
microfluidic channels, and their sensing response was entirely
reversible. In addition, the results showed that RH changes of 5-
10% could affect the flow of the prolonged channels (>5 cm) even
when they were fully surrounded.""*

0

4. Applications

Biosensors have been used in various fields, including food,
environment, and medicine. These developed biosensor
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devices are categorized into three types for human healthcare,
as follows: (1) biosensors for in vitro diagnosis with urine,
saliva, and blood samples, (2) continuous monitoring biosen-
sors, and (3) wearable biosensors. Among them, in vitro diag-
nosis biosensors have received been widely developed via
various approaches, and also used in integrated devices, such
as lateral flow assays (LFAs) and microfluidic/electrochemical
paper-based analytical devices (WPADs/ePADs). Moreover, high-
quality and inexpensive smartphone-based POC devices for
basic healthcare monitoring can be developed using paper-
based platforms. Exclusively, pPADs have shown immense
potential in using this inexpensive matrix for detecting blood
glucose, urine metabolites, pH level, liver function, and infec-
tious agents.™** Also, pPADs have various benefits such as low
cost, simple and rapid manufacturing, and disposability com-
pared to the alternative traditional lab-on-chip devices.''* The
integration of PADs with paper-microfluidics has empowered
various studies for detecting different enzymatic and biological
reactions with an electronic readout.®®> However, recently, con-
tinuous monitoring and wearable biosensors have attracted
significant attention in terms of commercialization. A sche-
matic illustration of these biosensors devices and their data
processing and interpretation with the concept and implemen-
tation of artificial intelligence (AI) is provided in Fig. 2.'*

4.1. Healthcare

Worldwide, human healthcare is the priority and requires
sophisticated and affordable medical care products and
devices. Among the various healthcare products and devices,
paper-based biosensors are affordable diagnostic tools, but
their wide utilization is impeded owing to the scarcity of

Biosensors for In vitro Diagnosis
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sensitive detection means to be implemented on paper
substrates.

4.1.1. Medical diagnosis. Based on particular sensitivity
and selectivity towards biomolecules, extensive studies have
been performed for satisfactory outcomes. For example, rapid
and sensitive cellulose-based strips (CBS) were prepared based
on greenly synthesized, high-purity, and porous interpene-
trated cellulose membranes immobilized with glucose oxidase
(GOX) and horseradish peroxidase (HRP) via the periodate
oxidation process. CBS exhibited an improved performance
for the detection of a low concentration of glucose and demon-
strated changes in color from colorless to blue within 5 min,
while showing an LOD of 0.45 mM in the glucose range of 1 to
11 mM."® In another study, glucose oxidase (GOX) was effec-
tively implanted into the cellulosic fibre matrix of paper to
prepare a paper-based amperometric glucose biosensing device
based on PBB-modified SPCEs, which required a small content
of sample (0.5 mL) as a glucose probe with a linear range of
0.25-200 mM and LOD of 0.01 mM, and it maintained its 72%
of its activity after a storage period of 45 days.''”

A paper-based cholesterol biosensing device was developed
by modifying an electrode through electro-spraying using a
nanocomposite of graphene (G), polyvinylpyrrolidone (PVP),
and PANI (GPP). Herein, in this nanocomposite, the existence
of a small quantity of PVP (2 mg mL ") enhanced the disper-
sibility of G and improved the electrochemical conductivity of
the electrode, resulting in improved sensitivity in the biosen-
sor. Compared to the unmodified electrode, a 3-times increased
current signal was observed including remarkable electrocata-
Iytic action to the oxidation of H,0,. Further, cholesterol
oxidase was fixed to the GPP-modified electrode for the
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amperometric determination of cholesterol. Under the optimal
situations, it exhibited a linear range of 50 pM to 10 mM for
cholesterol with an LOD of 1 uM."*® In a study, a portable paper-
based biosensor with a specific enzymatic calorimetric detection
was developed for blood alcohol sensing (direct quantification of
ethanol in whole blood) for on-site toxicological tests."* Similarly,
the detection of diverse biomarker types with zero background
was achieved by using a paper-based electrochemical biosensor
(paper functionalized with single molecule-labeled DNA and a
screen-printed electrode along with target recognition solutions).
It enabled high sensitivity and selectivity for the target via high
specific target-triggered polymerization/nicking and DNAzyme-
catalyzed signal amplification. These assays could be used to
identify the target in spiked serum trials for the point-of-care
analysis of clinical samples."*

Paper-based microfluidic devices are portable, rapid, inex-
pensive, and disposable and only require small volumes of
regents and samples. The combination of these devices with
the electrochemical detection mechanism extends the extra
advantages of high selectivity, sensitivity, simplicity, and port-
ability, and low-cost. In one study, an integrated paper-based
screen-printed electrochemical biosensing device to detect and
quantify a nerve agent contamination in situ. The strategy of
this reagent-free method was the dual electrochemical analysis
of butyrylcholinesterase (BChE) enzymatic action towards
butyrylcholine with or without exposure to polluted samples,
wherein the sensitivity was enhanced by using a nanocompo-
site of carbon black/Prussian Blue as a working electrode
modifier. Herein, a nitrocellulose membrane strip was inte-
grated with a paper-based test area holding a screen-printed
electrode and BChE and detected paraoxon as a nerve agent
stimulant linearly as low as 3 pg L™ "."*! In addition, a paper-
based microfluidic electrochemical DNA biosensor was devel-
oped to detect EGFR mutations sensitively in patients using
their saliva. In this study, oligonucleotides were functionalized
on the surface of the electrodes and the outcome of the
electrochemical signals were received by investigating the
hybridization of DNA, where the indicator-labeled on DNA
was recognized by horseradish peroxidase (HRP), showing a
remarkable electrocatalytic response to H,O,. Under the opti-
mum situations, it exhibited a linear association between
current value and the logarithm of the target DNA content (5-
500.0 nM) with a limit of detection as low as 0.167 nM and
showed satisfactory stability and high specificity in distinguish-
ing the single nucleotide polymorphism of the target DNA."*>
In the case of progesterone monitoring for in vitro fertilization
therapy of dairy cows, it depends on antibodies, making this
procedure expensive. Thus, an alternative transcription factor-
based progesterone sensor was utilized with a portable and
affordable paper fluidic arrangement, where fluorescent dye-
labeled oligonucleotides were immobilized on nitrocellulose
through a biotin-streptavidin interaction. In the absence and
presence of progesterone, these oligonucleotides bind and
unbind with the fluorescent transcription factor, respectively.
Also, the LOD of the device was 27 nm, which is the clinically
significant level of progesterone.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The use of nanomaterials in combination improves the
efficiency of biosensors, for example, a disposable paper-
based chemiresistive biosensor with manifold detection cap-
ability and microfluidic controls using single-walled carbon
nanotubes (SWCNTs) was developed for label-free immunosen-
sing. In this study, a stable water-based ink composed of pyrene
carboxylic acid (PCA) and SWCNTs was synthesized and depos-
ited on paper in a facile approach, which did not require extra
covers or patterns. Specific antibodies were functionalized on
the PCA/SWCNTs, and then human serum albumin (HSA) was
rapidly, sensitively, and selectively detected and quantified with
a limit of detection of 1 pM due to the porous-network of the
paper surface, wherein more SWCNTs were accommodated and
formed an electric network of SWCNTs."** Micro RNAs (miR-
NAs), which are 19-23 nucleotide-long non-coding RNA, have
been identified as important biomarkers for various diseases
including cancer. This type of biomarker (miRNA) was detected
using a rapid, simple, ultrasensitive, greatly specific, and label-
free paper-based SWCNT field-effect transistor (FET) biosensor,
without nucleic acid amplification. This approach involved a
two-step process, as follows: (1) direct hybridization of the
targeted miRNA with a certain RNA probe immobilized on
SWCNT system deposited on paper substrate to produce the
first signal, and then (2) recognition of the resulting RNA/
miRNA duplexes with the Carnation Italian ringspot virus p19
protein (p19) in a size-dependent mode to provide the second
electrical response. For demonstration, the miRNA-122a bio-
marker (lowest detection: 0.1 aM and broad dynamic range:
0.1 aM-1 fM) was detected for the diagnosis of early-stage
hepatocellular carcinoma in various samples, including human
serum, phosphate buffer, and synthetic saliva. Overall, without
any sample preparation, the biosensor successfully detected
miRNA spiked in serum and artificial saliva.?® In another study,
multi-walled CNTs (MWCNTs) were coated on a paper substrate
(15-20 nm average diameter) using stencil-free wax deposition
and vacuum filtration to create hydrophilic and hydrophobic
channels for the label-free, highly selective and sensitive detec-
tion of cholesterol owing to the high affinity of cholesterol
oxidase towards MWCNTs through the electrostatic gating
effect and direct electron transfer mechanism between choles-
terol and MWCNTSs. The disposable biosensor showed stability,
reproducibility, and high specificity towards cholesterol
(response to a concentration range of 10 nM-75 puM to 100 pM-8
mM and an LOD of 3.2 nM (3 S m™ ")), while negligible
interaction from interfering analytes.'®® In another study, a
paper-based biosensor was developed via the electropolymer-
ization of 5-amino-1,3,4-thiadiazole-2-thiol (ATT) on the surface
of graphene oxide (GO) and showed high sensitivity by requir-
ing only 200 pL of analyte solution for the cyclic voltammetry
(CV) analysis. ATT showed good selectivity for specific binding
with uric acid and the interference from nitrites in human
blood and blood fluids could be prevented in the CV analysis
owing to their different oxidation potentials.">® In another
study, a robust, user-friendly, and portable smartphone-aided
biomimetic metal-organic framework (MOF) nanoreactor
colorimetric paper (SBMCP) device was fabricated for the
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on-demand POC recognition of endogenous biomolecules. In
this study, the single/multiple enzyme constituents trapped
within the micropores network of ZIF-8 (exoskeleton) facilitated
the sensitive and selective detection of the target analyte, and
then relocated the detection event to a visual color signal based
on the cascade effect. In the SBMCP assay, only a small volume
(5 pL) of sample was needed, and it provided the efficient and
real-time colorimetric recognition of glucose and uric acid in
diabetes and gout events."*®

Due to the changes in dietary habits and living standards,
the occurrence of chronic kidney disease (CKD) is a rapidly
rising global health concern. Thus, the early detection of CKD is
critical in avoiding progression to final-stage renal disease and
preventing expensive therapies. For this, a series of biomarkers,
including blood urea nitrogen (BUN), has been proposed for
this specific detection. Clinically, BUN is utilized as an indica-
tor for renal function analysis and considered the gold stan-
dard for urea bioassay. However, the testing of BUN requires
blood sampling, which is generally inconvenient, painful, time-
utilizing, and expensive method. Therefore, inexpensive, sim-
ple, fast, and stable point-of-care biosensors are greatly desir-
able for evaluating the BUN levels with the minimum sample
requirements. However, there are various challenges in devel-
oping novel sensing biosensing devices. In this regard, some
biosensors such as origami paper-based sensors and
smartphone-assisted paper-based biosensors have been devel-
oped for colorimetric readouts. Nevertheless, there are several
challenges due to variations in camera quality and software,
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and contamination issues. In this case, the demand for electro-
chemical point-of-care biosensors is increasing due to their
inexpensive system, high sensitivity, robust miniaturization
potential and ease of integration for the fabrication of compact
devices. In 2023, Cheng et al. developed an inexpensive hand-
held optical biosensor with multilayer paper-based photoche-
mical disposable test strips (Fig. 3), wherein these strips can
help in separating and filtering whole blood samples and the
colorimetric reaction uses urease immobilized on a membrane
to hydrolyze urea into NHj;, exhibiting intense color changes
with a pH indicator. Further, this color change was detected
using an optical reader via the reflection of light, and then BUN
quantified via a unique photodetection algorithm. This process
could be accomplished within 2 min using only 20 pL of
fingertip blood sample for high accuracy and consistency with
a broad concentration range (BUN: 2.46-38.14 mM) and LOD of
0.03 mM in different samples. Additionally, Bluetooth was
employed in the reader and connected to a smartphone for
active health monitoring or remote diagnosis for renal
diseases.®”

In a study, an anthraquinone-labeled pyrrolidinyl peptide
nucleic acid probe (AQ-PNA) and graphene-polyaniline (G-
PANI)-functionalized electrode were utilized in developing a
paper-based electrochemical DNA biosensing device to detect
human papillomavirus (HPV) type 16 DNA (corresponding
sequence of synthetic 14-base oligonucleotide target).
Under the optimal conditions, the limit of detection of HPV
type 16 DNA was observed to be 2.3 nM with a linear range of
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(A) Schematic illustration of a disposable photochemical test strip, (B) stacking of multilayer film strips with reflectance photometry, and (C)

principle of enzymatic colorimetric response. Reproduced with permission from ref. 87 Copyright 2024, Elsevier.
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10-200 nM. In addition, the real-time screening and monitor-
ing of HPV-DNA type 16 were evaluated with the detection of
PCR-intensified DNA samples from SiHa cells for the identifi-
cation of the primary phases of cervical cancer.’”” In another
study, a hand-operated paper-based rotational vertical-flow
immunosensor (r-VFI) platform was designed, which required
fewer pipetting steps, for the electrochemical detection of o-
fetoprotein with numerous and time-progression steps without
any interference from the convective factor of fluid motion. In
this case, free transfer-switch-stop fluid flow could be achieved
by rotating the paper disk. Overall, the assay duration
was shortened to 9 min with the linear range (LR) of 0.01-
500 ng mL~" and LOD of 1.65 pg mL™", and the sensitivity
could be improved remarkably by switching off the sample
cascade, which could extend the LR to 0.5 pg mL ™" with LOD of
3.54 fg mL ™. This is the lowest detectable level reported to date
for paper-based sensors.'*®

The rapid detection of deoxyribonuclease I (DNase I) activity
as a biomarker based on the variations in the viscosity of DNA
mucus was performed, exhibiting a linear range of 0.01-10 U
mL~", remarkable sensitivity, specificity, and reproducibility.
In addition, the limit of detection achieved was as low as
0.003 U mL™". This sensing device provided great potential in
detecting DNase I and effective and rapid analysis of nucleic
acid scavenger.'*® Further, in the case of investigating various
biological actions and events of enantiomers, chiral examina-
tion is of crucial importance in different fields. For this, a
paper-based chiral biosensor device was developed for detect-
ing lactate enantiomers in human serum samples. For the
purpose of achieving the sensitive and real-time detection of
lactate enantiomers, an alginate hydrogel was utilized to con-
struct enantiomer-selective sensing zones and dual enzyme
(i.e., lactate dehydrogenase (LDH) and glutamic pyruvic transa-
minase (GPT))-linked synergistic catalytic interactions with
substrate recycling were used to improve the sensor response.
The well-blended solutions including the components for gela-
tion and sensing (e.g., alginate, Ca®>*, GPT, coenzymes, NAD", r-
Glu, 1-LDH and p-LDH) were supplemented in the sensing
domains. The fluorescence signals from nicotinamide adenine
dinucleotide were acquired using a smartphone with color
evaluation software. The results exhibited remarkable sensitiv-
ity with an LOD of 30.0 = 0.7 uM and 3.0 £ 0.2 uM and broad
linear range of detection of 0.1-3.0 mM and 0.01-0.5 mM for
the concentrations of r-lactate and p-lactate, respectively, with
reasonable accuracy.'*”

A paper-based microfluidic electrochemical DNA biosensor
was developed to detect EGFR mutations sensitively in patients
with saliva. In this study, oligonucleotides were functionalized
on the surface of electrodes and the outcome of the electro-
chemical signals were received by investigating the hybridiza-
tion of DNA, where the indicator-labeled DNA was recognized
by horseradish peroxidase (HRP), showing a remarkable elec-
trocatalytic response to H,O,. Under the optimum conditions,
it exhibited a linear association between current value and the
logarithm of the target DNA content (5-500.0 nM) with a limit
of detection as low as 0.167 nM and showed satisfactory

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stability and high specificity in distinguishing single nucleotide
polymorphism of target DNA."**> Bhattacharya et al. 2022 devel-
oped high-quality laser-induced graphene (LIG) electrodes,
which were integrated into a paper-based electrochemical
biosensor device for the detection of uric acid. Mechanistically,
the enhanced charge-transfer kinetics in the paper-based
two-electrode chronoamperometric biosensor led to improved
functioning for sensing uric acid (ie., sensitivity: 24.35
1.55 pA uM " and LOD: 41 nM)."*" Further, the storage of very
concentrated reagents and their release with high proficiency
are vital in developing very sensitive biosensors, while the
performance of the reservoirs in paper-based biosensors is
restricted due to the intrinsic physicochemical characteristics
of non-treated cellulose. Therefore, in a study, some polymeric
water-soluble reservoirs (e.g., carboxymethyl cellulose, chito-
san, carrageenan, and poly(vinyl alcohol)) were created via the
drop-casting method with nine different modifications to store
and release enzymes and nanoparticles in paper-based biosen-
sors. Exclusively, the release of the enzyme from the reservoir
composed of carboxymethyl cellulose rapidly at a high concen-
tration exhibited an ultralow LOD of 0.005 mM for colorimetric
glucose sensing, while the reservoirs composed of polymer
blends focused antibody-patterned nanoparticles and reduced
the LOD of the model immunosensor by 10 times. Moreover,
the pathogen Klebsiella pneumoniae in urine samples was
detected rapidly with high specificity at the infectious dose
threshold."?

In a study, the polylactic acid (PLA) filament and wax
filament were used to create hydrophobic patterns on paper
for uPADs using the 3D printing method and combined with a
fluidic chip in a prototype biosensor, wherein the barrier
patterns held cell-free reactions and the fluidic chip facilitated
the sample delivery to the reactions in the device. Overall, this
rapid prototyping device type could differentiate Dengue virus
serotypes considering the differences in their small nucleotide
sequences."*® In another study, a CO, laser was used to gen-
erate etched grooves (a pitch of 0.75 mm) on paper to hasten
the speed of the wicking channels in pPADs. This study
exhibited the influence of various adhesive sealed grooved
channels on wicking, where tape sealing demonstrated faster
wicking and use of lamination showed a negative effect on
wicking. Moreover, this chemiresistive paper-based biosensor
efficiently detected human serum albumin (15 mM) spiked in
phosphate buffer, artificial urine, and artificial saliva.®* A
fullerene Cgo-functionalized disposable graphite paper-based
electrode was utilized to develop a highly sensitive electroche-
mical immunosensor for determining suppression of tumor-
igenicity 2 (ST2) in human serum. It showed remarkable
repeatability and reproducibility with a broad detection range
(0.1-100 fg mL™"), low LOD (0.124 fg mL™"), and limit of
quantification (0.414 fg mL ')."* In a study, an innovative
phenylalanine electrochemical paper-based biosensor was
manufactured using a hybrid of zinc oxide (ZnO) nanorods
and gold (Au) nanoparticles together with the enzyme pheny-
lalanine hydroxylase (from the extract of moss leaf-like tissue).
The immobilization of the enzyme was performed by dropping
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ZnO@Au hybrids and moss extract respectively onto a filter
paper and the functionalized paper was positioned on the
top of a graphite screen-printed electrode (GSPE). Further, it
was effectively utilized in determining phenylalanine in a
sample of human blood serum and exhibited the phenylalanine
concentration in the range of 5.0 nM and 100 pM with an LOD
(S/N: 3) and quantification limit of 3.0 nM and 10.0 nM,
respectively.’*® In another study, AuNPs were utilized to
develop a colorimetric paper-based biosensor device to detect
phenylalanine, wherein phenylalanine dehydrogenase enzyme
reacted with phenylalanine selectively in the presence of NAD"
to form NADH, which reacts with MTT to form purple-colored
formazan in the presence of diaphorase enzyme. Also, AuNPs
interact with MTT as a cationic dye and increased the color
intensity. Under the optimal circumstances, it exhibited
a linear detection range of 0.8 to 33 mg dL ' and LOD of
0.57 mg dL "%’

Recently, Covid-19 triggered by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) appeared as a worldwide
pandemic outbreak and in China. During the Covid-19 pan-
demic, the global demand for fast, inexpensive, broad distri-
butable, and point-of-care nucleic acid diagnostic tools
tremendously increased to stop widespread infections, preserve
health/lives, and sustain economies.™*® For rapid and accurate
testing, a paper-based electrochemical biosensor with a specific
and sensitive immunosensor for the detection of immunoglo-
bulins produced against SARS-CoV-2 was developed. Unlike
other LFAs that involve multiple antibodies, this label-free
paper-based electrochemical platform targeted SARS-CoV-2
antibodies without the definite obligation of an antibody.
Additionally, this method was extended to detect an antigen
(the spike protein of SARS-CoV-2) for the possible diagnosis of
Covid-19 symptoms.™* In another study, lyophilized cell-free
protein synthesis (CFPS) and toehold switch riboregulators
(TSRs) were used to develop a paper-based nucleic acid diag-
nostic template activated by only adding saliva. Herein, TSRs
were engineered to express the bioluminescent reporter Nano-
Luc upon reaction with the SARS-CoV-2 RNA sequences present
in saliva tests. This biosensor system produced a visible signal
within 7 min after administrating 15 pL saliva and costed less
than 0.50 USD roughly. However, additional research to reduce
the LOD of this device is desirable for an effective outcome for
society."?®

Nucleic acid amplification testing (NAAT) is a highly sensi-
tive and specific technique, but it is not appropriate for rapid
point-of-care testing. Thus, a 3D microfluidic paper-based
electrochemical NAAT biosensor was developed using off-the-
shelf gold plasma-coated threads (i.e., electrodes) to combine
electrochemical readouts via the ex situ construction of self-
assembled monolayers on the threads. Then, movable stacks of
filter papers were integrated with incubation, rinsing, and
detection steps via a sandwich hybridization assay for time-
sequenced responses (Fig. 4). This biosensor device utilized
glass fibre substrates for loading the recombinase polymerase
amplification components and conducting isothermal intensi-
fication. This paper-based biosensor device was used to detect
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the toxic microalgae Ostreopsis cf. ovata and the detection of
1 ng uL " of O. ¢f ovata genomic DNA was reported with an
LOD of 0.06 pM for targeted synthetic DNA. Also, no significant
cross-reactivity was observed from closely related microalgae
species."*°

Pancreatic ductal adenocarcinoma is the leading neoplastic
disease of the pancreas, which is fourth most common reason
for death in cancer-related disease with only 8% survival rate
after five years of the diagnosis. Therefore, an inexpensive office
paper-based biosensor device was fabricated for detecting
miRNA-492 for the early diagnosis of pancreatic ductal adeno-
carcinoma. In this design, an electrochemical sensor was
screen-printed on paper using wax-printing, and then it was
organized with highly specific peptide nucleic acid (PNA) as the
biorecognition component. The construction of the PNA/
miRNA-492 duplex was measured by monitoring the reaction
between positively-charged ruthenium(m) hexamine with
uncharged PNA and/or negatively-charged PNA/miRNA-492
complex. It showed a linear range of up to 100 nM with an
LOD of 6 nM."*!

Porcine pseudorabies, which is one of the most acute
infectious diseases, influences the pig-breeding industry and
causes massive losses, highlighting the vital requirement for
developing clinical techniques for the exact and rapid diagnosis
of wild-type PRV infection. PRV-gE antibodies are a notable
indicator of PRV source only in the serum of infected indivi-
duals (wild-type PRV), not in injected PRV-gE-deleted vaccines,
and enables the distinction of wild-type PRV infection from
vaccine immunization. In this case, in 2021, Huang et al
developed a paper-based smartphone biosensing device based
on an immunoassay for the distinct diagnosis of wild-type
pseudorabies virus infection against vaccination immuniza-
tion. The test of swine clinical samples exhibited the confor-
mity of 98% between this system and the most commonly
utilized commercial gE-ELISA Kkit. Overall, this biosensing
device was fast (15 min), inexpensive, and easy-to-operate,
and served as an on-site differential diagnosis method for PRV
infection.'**

4.1.2. Physical health monitoring. Regular physical exer-
cise is an important and established factor of human life for
preventing and managing non-infectious diseases (e.g., dia-
betes, heart disease, stroke, and various cancer types), as well
as avoiding hypertension and maintaining body weight, mental
health, quality of life and happiness. During physical activities,
sweat as biological fluid is released from the body and can
provide relevant physiological evidence towards the individual
human health condition. Sweat includes various biomarkers
such as biomolecules (e.g., uric acid and ascorbic acid), meta-
bolites (e.g., urea, glucose, and lactate), electrolytes (e.g.,
sodium, potassium, and chloride ions), and proteins.'**™**
Herein, the concentration of glucose in human sweat is linked
to the level of blood glucose,'*® while the amount of lactate
discloses the metabolism and movement level of the body.*?
Therefore, the continuous and real-time monitoring of these
biomarkers (e.g., blood glucose and lactate concentration) in
sweat is essential for the proper management of personal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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health and offering awareness for related health issues such as
blindness, cardiovascular and kidney diseases, stroke, and
neuropathy."**'**"® for this purpose, various sensing and
biosensing devices have been designed and developed for
selective, accurate, and real-time detection abilities.

Recently, in 2021, Li et al. developed an inexpensive, minia-
turized, and greatly combined sensing paper using Ti;C,T,
MXene and foldable layered wholly-paper substrates for the
real-time monitoring of lactate and glucose in human sweat. In
this study, the working were screen-printed carbon electrodes
(SPCPESs) and functionalized with Ti;C,T, MXene and methy-
lene blue (MB), and the reference electrode was created using
silver paste. Further, a drop of glucose oxidase was placed on
the electrode surface for detecting glucose, whereas lactate
oxidase was utilized for the detection of lactate. This device
showed a linear chronoamperometric current response with a
concentration in the range of 0.08-1.25 mM and LOD of 17.05
mM. At low and high contents, the approximate detection
sensitivity of glucose was observed to be 2.4 nA mM ™" and
1.0 nA mM ', respectively. Additionally, the amperometric

© 2024 The Author(s). Published by the Royal Society of Chemistry

lactate response was also observed in the linear range of 0.3-
20.3 mM with an LOD of 3.73 mM, including a sensitivity of
0.49 mA mM . Moreover, in the presence of non-target meta-
bolites and analytes, no obvious interference signals were
recognized, the selectivity was good, and the response hardly
altered after 14 days.'*® In another study, in 2022, Singh et al.
developed a highly sensitive enzyme-free human sweat glucose
sensor on a Whatman filter paper substrate by utilizing a dual-
step pencil and pen strategy (Fig. 5). In this case, two pencil
drawn electrodes (PDE) were made on the filter paper, with one
of them as the working electrode was drawn with a sensitive
layer of copper nanoparticle ink (CuNPs ink, 43.5%) pen and
the second one as the reference electrode was drawn with silver
conductive ink (Ag ink) pen. The developed CuNPs/PDE pro-
moted rapid electron transfer during the electro-oxidation of
glucose in a strong alkaline medium due to its highly conduc-
tive and crystalline nature and offered a rapid response time of
~1.5 s with a sensitivity of 2691.7 pA mM ™' em~? and LOD of
0.5 pM in a linear range of 1.2-40 uM. Moreover, the size of the
sensor (25 mm x 10 mm) provides the opportunity to develop a
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(a) Schematic of the design and manufacture of two-electrode enzyme-free human sweat glucose sensor (i—ix) with the sensor dimensions and

labelling, (b) secretion of sweat during treadmill exercise at room temperature, (c) filtration of sweat, and (d) set-up for developed sensor connected to a
potentiostat with a computer system for detecting the level of sweat glucose in a human sweat sample. Reproduced with permission from ref. 150

Copyright 2022, Elsevier.

miniaturized and wearable electronic system for uninterrupted
glucose monitoring.**°

In 2023, Fiore et al. developed a sustainable paper-based
microfluidic device for the delivery of capillary-driven micro-
fluidics for a reagent-free competitive magnetic-bead based
immunosensor for cortisol determination in sweat samples.
The presence of magnetic beads modified with monoclonal
antibodies for recognizing cortisol in the reaction zone allowed
the measurement of a specific analyte. The competitive inter-
action between the target cortisol and acetylcholinesterase
enzyme-labeled cortisol demonstrated a reaction inversely pro-
portional to the target cortisol (ranging from 10 to 140 ng mL™ ")
by merely folding the pad loaded with the enzymatic substrate.
Further, this paper-based microfluidic device was merged with a
near-field communication wireless module to fabricate a flexible
integrated wearable analytical device for detecting cortisol in
sweat samples (Fig. 6).">"

4.2. Agriculture

Agriculture generates food for the world and great revenue with
technological innovations. In this case, to realize the better
production of food and supplies, new effective strategies are
required to identify the on-site yield limiting factors compared
to conventional testing, which are mostly non-green, lack
precision, and highly non-accessible to farmers. Therefore,
biosensors for precision agriculture as a technology-assisted
strategy can be applied as real-time, sensitive, and quantitative
diagnostic devices when there is a high global food demand.
Also, as POC devices, they can be utilized for the protection of
crops, monitoring of soil health, and assessment of crop
productivity.'*>

3574 | Mater. Adv, 2024, 5, 3563-3586

Pesticides are utilized in agriculture to control pests, weeds,
and diseases in plants with an excellent contribution to food
security and availability.">® However, the extensive use of
pesticides in the atmosphere causes pollution, which has a
negative impact on the ecosystem (e.g., produced food, soil, and
groundwater), and thereby human health.">*'*>> Thus, the
extensive use of pesticides should be reduced to prevent or
minimize the contamination of unwanted areas (other than
targeted species). In this regard, effective electrochemical bio-
sensors have been developed to detect and quantify the over-
utilization of pesticides for precision agriculture with long-term
food production efficiency and profitability, reducing the
unwanted impact on wildlife and the atmosphere using real-
time monitoring. Also, the usage of paper as a sustainable
substrate reduces the environmental influence of these biosen-
sors owing to its good biodegradability, porosity, and capillary
forces.’>®'>” Recently, some paper-based sustainable biosen-
sors have been developed to detect pesticides."*®**° For exam-
ple, in 2019, Arduini et al. developed an origami paper-based
enzymatic electrochemical biosensor for detecting three differ-
ent types of pesticides in river water trials'”® and an origami
wearable paper-based enzymatic biosensor to detect mustard
agents in aerosol form.'®" In addition, a flower-like origami
paper-based enzymatic electrochemical biosensor was devel-
oped to detect three classes of analytes such as paraoxon (PX),
2,4-dichlorophenoxyacetic acid (DCPA) and glyphosate (GP) in
the aerosol phase at the ppb level by quantifying their inhibi-
tory action towards three different enzymes (i.e., butyrylcholi-
nesterase, alkaline phosphatase, and peroxidase), respectively,
for precision agriculture. This integrated electrochemical bio-
sensor was made of three office paper-based screen-printed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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assessing data and wireless transmission to a smartphone through NFC. Reproduced with permission from ref. 151 Copyright 2018, Elsevier.

electrodes and filter paper-based pads laden with enzymes and
enzymatic substrates (Fig. 7). Herein, the percentage of inhibi-
tion in relation to the quantity of aerosolized pesticides was
evaluated by using a smartphone-potentiostat (with initial and
residual activity through chronoamperometric
method).

A wide range of insecticides acts and initiates physiological
responses when combined with nicotinic acetylcholine recep-
tors (nAChRs), leading to paralysis and the death of pest
organisms.'®*"'°® Neonicotinoids is one of the most commonly

enzyme
162

utilized class of insecticides worldwide.'®”*® The adverse
effect of neonicotinoid pesticide residues on human health
and the environment via contamination is a major concern,
and thus sensitive, rapid, and on-site devices are highly desir-
able for detecting these residues for food security and sustain-
able development of environment. Various effective and highly
sensitive methods have been developed and utilized for these
purposes, but their usage is limited due to their high cost and
time-consuming sample provision. Therefore, for food safety
and public health, it is imperative to develop modest, fast, and
low-cost diagnostic techniques for the real-time monitoring of
these pesticides and insecticides. In this case, a paper-based
surface-enhanced Raman scattering (SERS) intensified strategy
was proposed by integrating multilayered plasmonic coupling
using hybrids of 3D silver dendrite (SD), electropolymerized
molecular identifier (EMI), and silver nanoparticles (AgNPs).
Due to the distinct design of the multilayered coupling ampli-
fication approach, the SERS paper chips exhibited remarkable
specificity and ultra-high sensitivity in detecting imidacloprid

© 2024 The Author(s). Published by the Royal Society of Chemistry

(IMI), with a low limit of detection of 0.02811 ng mL™". More-
over, this approach showed good prospects for the automated
screening of a diverse range of pollutants.”” In another study,
an eco-designed paper-based algal biosensor was developed for
optical detection of nano-encapsulated-atrazine (a nanoformu-
lated herbicide). In this study, a paper substrate soaked with an
agar thin film was immobilized with a unicellular green photo-
synthetic algae Chlamydomonas reinhardtii and placed in a glass
optical analysis. The detection of nano-encapsulated-atrazine
demonstrated a range of 0.5 to 200 nM, demonstrating a
relationship in reasonable dose-response curves and limit of
detection of 4 pM. Further, the interference analyses showed a
minor interference in the presence of 2 ppm copper and 10 ppb
at safety bounds, a suitable recovery value of 96 £ 5% for 75 nM
nano-encapsulated-atrazine, and good storage stability for up
to 3 weeks.'”"

Soil pollution, caused by organophosphorus pesticides and
their main metabolites, is a major concern worldwide. In this
case, the on-site screening of these pollutants for determining
soil bioavailability is still a challenge. Therefore, whole-cell
biosensors are effective devices to distinguish the interaction
mechanisms between pollutants and microbes. In this way, a
novel, inexpensive and portable paper-strip biosensor was
developed, which could precisely detect methyl parathion
(MP) and its prime metabolite p-nitrophenol elements
(Fig. 8). In this study, the Escherichia coli BL21/pNP-LacZ system
was fixed to filter paper using an alginate biogel and polymyxin
B sensitizer. The color intensity of this paper-strip biosensor
recorded by a mobile app could provide the content of MP and
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Copyright 2022, Elsevier.

p-nitrophenol. This method could detect and quantify the
content of 10-10000 pg kg™ for p-nitrophenol and 25-7500
for ug kg~' MP, wherein the investigation of soil samples
showed the detection limit of 5.41 pg kg ' for p-nitrophenol
and 9.57 pg kg~ " for MP. Also, it could detect and quantify the
content of 10-10000 pg kg~ ' for p-nitrophenol and 25-
7500 for pg kg™ MP. Moreover, this method could also be utilized
to study the gene expression in complex environments.'”?
Further, the extensive use of organophosphorus pesticides
(OPs) in agriculture has reduced the possible threats of residue
complications. Therefore, it is highly essential and desirable to
develop operative diagnostic methods (e.g., rapid and reliable
biosensor). In general, conventional biosensors majorly depend

3576 | Mater. Adv, 2024, 5, 3563-3586

on biorecognition components, which limit their real-world
applications. Thus, to address these issues, nanozymes are
broadly utilized in developing nanozyme-enabled biosensors
owing to their inexpensive nature, remarkable stability, and
promising catalytic action.'”® In this advancement, in 2022,
Song et al. developed an AChE-nanozyme bioactive paper
together with a 3D-printed system for the fast detection of
different pesticides. After serially incorporating AChE, acetyl-
choline (ACh), and TMB, and H,O, solutions via various
syringes on the 3D printed system, the SAzyme (SACe-N-C) with
peroxidase-like action exhibited continuous responses to AChe.
However, OPs may impede the action of AChE and yield less or
no choline (no reduction of blue 0oxTMB, oxidized by SACe-N-C)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the colorless redTMB successively, leading to the release of
the action of SACe-N-C and generation of the color of bioactive
paper positively according to content of OPs. Moreover, this
biosensing device could monitor the concentration of OP
residues in fruits and vegetables within 30 min with an LOD
of 55.83 ng mL™"' and 77.51 ng mL™' for omethoate and
methamidophos, respectively.'”*

The occurrence of antibiotic-resistant bacteria due to the
presence of antibiotics in environmental water is a serious
issue. In this case, rapid and sensitive colorimetric paper-
based biosensing devices can be utilized for detecting antibio-
tics the inhibit bacterial protein synthesis. By considering the
concept of color change induced by B-galactosidase synthesis in
real water samples without antibiotics, it exhibited the approx-
imate limit of detection by the naked eye of 0.5, 2.1, 0.8, and
6.1 mg mL " for paromomycin, tetracycline, chloramphenicol,
and erythromycin, respectively, by hampering the inhibition of
B-galactosidase synthesis with antibiotics."”>

4.3. Food industry

Microorganisms such as bacteria, fungi, and viruses play a vital
role in our life, wherein some microorganisms (e.g., Penicillium
(2), Saccharomyces (1), and Lactobacillus (3)) are beneficial and
broadly utilized in the food and medicinal industries. However,
in many cases, the microbial contamination of food causes
severe health problems, leading to significant economic loss
annually. Therefore, the fast, sensitive, specific, and visual
detection of microbials in food items is highly desirable. In
this regard, various microbial detection devices have been
developed, but they are complex and time-consuming methods,
and are not effective in growing food testing demands. The
climate change and increasing global population, which affect

© 2024 The Author(s). Published by the Royal Society of Chemistry

agriculture and food safety, are major challenges worldwide,
wherein the agricultural and food industries are the major
support of our society and essential to be developed uninter-
ruptedly to realize improved productivity and quality. For this
purpose, fertilizers and pesticides have been extensively uti-
lized in modern times for tremendous profits to agricultural
productivity; however, the harmful impact of their residues in
food products and environmental contamination cannot be
ignored.'”® Some chemicals hazards (e.g., pesticides and veter-
inary drug residues), illegal or excessive additives, environmen-
tal impurities, natural toxins, and biological hazards (e.g,
microbial impurities) can have adverse effects on human health
even at low levels.'””'”® Thus, suitable, effective, selective, and
sensitive diagnostic devices are greatly desirable. In recent
times, sensors as diagnostic devices showed an advantage of
straightforward operation, high proficiency, and sensitivity.
These devices include sensitive elements and conversion ele-
ments, which can quantify specific targets by converting them
into usable signals according to certain laws."”®'”® Herein,
paper-based biosensors are very effective for the efficient and
visual detection of microorganisms for food safety and envir-
onmental hygiene owing to their simple, low-cost, high speed,
and all-in-one device.®® In a study, an inexpensive and dual-step
pen-on-paper strategy was used to fabricate a fully drawn fluidic
patterned electrochemical paper-based biosensor for the
amperometric enzymatic determination of glucose, wherein
glucose oxidase and potassium ferricyanide (as the mediator)
were immobilized in the test area. The results exhibited
the limit of quantification of 0.08 mmol L™, reproducibility
of <12% for 6 different devices, and the assay time of 120 s.
This device was applied for the determination of glucose in
food samples with 94-106% recovery.'®® Some paper-based
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biosensing devices exhibited low sensitivity, and in this case,
aptamers as bioreceptors are used to improve the selectivity
and sensitivity of the sensors, specifically paper-based biosen-
sors. Therefore, a paper-based electrochemical aptasensor was
developed to detect ractopamine (RAC) with good sensitivity
and selectively under the optimal conditions in the range of
0.001 UM to 100 mM (lower limit of quantification: 0.01 uM).
Further, the monitoring of RAC in non-treated human plasma
samples was observed with the lower limit of quantification of
0.01 pM and linear range of 0.01 pM-10 mM."'®"

Contamination of foods is the greatest concern to
consumers,*®? wherein food contamination occurs in various
ways (e.g., physical, chemical, and biological processes). Among
them, infectious microorganisms are the most serious con-
taminants of food, especially in packaged foods.'® In this
situation, the development of active and sensitive food packa-
ging is highly desirable to protect and preserve foods or
communicate between packaging foods and consumers.'*'8
Therefore, the integration of biopolymer-based smart food
packaging with biosensing entities has provided an attractive
opportunity for the real-time monitoring of the microbial
breakdown of packaged foods for food quality and safety."®°

The trustworthy detection of pathogenic bacteria in complex
biological specimens using simple assays or sensing devices
remains a key challenge. A simple colorimeter paper biosensing
device was developed and used to detect Helicobacter pylori (H.
pylori) specifically and sensitively. H. pylori is a pathogen
intensely connected to gastric carcinoma, gastric ulcers, and
duodenal ulcers in stool samples. The sensor device was
designed based on the RNA-cleaving characteristic of the
DNAzyme, which is activated by a protein biomarker from H.
pylori, enabling the sensitive and rapid detection of H. pylori in
a human stool specimen within minutes. Moreover, the diag-
nostic device maintained its functionality under storage for at
least 130 days at ambient temperature.'®” A multiplex lateral
flow immunoassay (LFA) was developed to detect primary
marine biotoxins (e.g., amnesic, paralytic, and diarrhetic shell-
fish poisoning toxins) with a single sample isolation method
and diluted volume and showed no matrix effect on its detec-
tion performance.'®®

Infections triggered by Gram-positive bacteria cause several
severe diseases (e.g., bacteremia, sepsis, pneumonia, osteomye-
litis, and endocarditis).'®***° Therefore, the rapid inspection of
Gram-positive bacteria-contaminated food stuffs is highly
required to prevent and control the epidemic situations
induced by them.'” Compared to the lengthy traditional
approach, nucleic acid-, immunological-, and biosensing-
based strategies have been developed to reduce the time for
detecting bacteria."*>""** However, the possible interference of
a complex matrix on these approaches may generate false-
positive or negative outcomes with no cultural supplementa-
tion. Thus, the development of pre-processing approaches to
overcome matrix-linked inhibition and reach the low content of
bacteria in foodstuffs is crucial to improve the accuracy of
these approaches. Herein, an on-site colorimeter biosensing
device was developed for ultrasensitive and fast recognition
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by using polydopamine and polyethyleneimine (PDA-PEI)-
functionalized papers (PDA-PEI@paper) for isolating bacteria
and peptidoglycan-targeting carbon dots for the selective col-
orimetric recognition of Gram-positive bacteria. Moreover, this
device could detect S. aureus up to 1 ¢fU mL™", L. monocytogenes
up to 5 ¢fU mL™", and B. subtilis up to 9 c¢fU mL™~ " within
55 min. Also, the recognition of Gram-positive bacteria was
performed in the samples of eggshell and sausage with recov-
eries in the range of 91.2-110%."” In another study, AuNPs
were utilized in a paper-based DNA biosensing device for the
visual detection of dairy products for their food authenticity,
wherein species-specific DNA sequences were separated, inten-
sified and recognized using specific DNA probes in the biosen-
sing device. In this case, three species (e.g., cow, sheep, and
goat) were analyzed as low as 1.6 fmol for cow and goat, and 3.1
fmol for sheep PCR result. In addition, contamination down to
0.01% could also be detected based on binary mixtures of milk
yogurts of cow, goat, and sheep having 0.01% to 5% of cow
yogurt in the yogurt of the sheep and goat, respectively. Overall,
this biosensing device exhibited good specificity, reproducibil-
ity, and 10 fold detectability compared to other methods.'*®
Salmonella causes millions of foodborne illnesses annually
and result in higher death rates compared to other foodborne
bacterial pathogens. A colorimeter paper-based analytical
device (PAD) linked with immunomagnetic separation (IMS)
was used for the specific detection of Salmonella typhimurium
(S. typhimurium) without any interference from other patho-
genic bacteria (e.g., Escherichia coli). The LOD for S. typhimur-
ium was observed to be 102 CFU mL™", and also this device was
utilized for inoculated Starling bird fecal and whole milk
samples with an LOD of 105 CFU g ' and 103 CFU mL ’,
respectively.'®” The analysis of complex matrices in food sam-
ples is tedious due to the interference among them. In this
case, optical biosensors with chemiluminescence and fluores-
cence detection mechanisms have been developed and applied
over traditional methods due to their good sensitivity and
selectivity. For example, phenolic compounds (PCs), which
are key plant ingredients having redox characteristics respon-
sible for antioxidant action, were detected by a paper-based
chemiluminescence smartphone biosensing device. In this
study, molasses, honey, and tea as food samples were analyzed
and showed the LOD for PCs of 0.12, 0.28, 0.46, 0.85, and
1.23 pug mL~" for gallic acid, quercetin, catechin, kaempferol,
and caffeic acid, respectively."®® For the detection of procymi-
done in vegetables, three paper-based biosensor devices using a
core biological immune scaffold (CBIS) were fabricated as time-
resolved fluorescence immunochromatography strips with
europium oxide (Eu-TRFICS). Herein, CBIS was designed using
secondary fluorescent probes (of goat anti-mouse IgG and
europium oxide time-resolved fluorescent microspheres) and
procymidone monoclonal antibody (PCM-Ab). Three paper-
based devices of Eu-TRFICS-1 (fixing of secondary fluorescent
probes onto conjugated pad and mixing of PCM-Ab in a sample
solution), Eu-TRFICS-2 (fixing of CBIS onto conjugate pad), and
Eu-TRFICS-3 (direct mixing of CBIS with sample solution).
These systems demonstrated multidimensional labeling and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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directional-coupling (by resolving the difficulties of steric inter-
ruption of antibody labeling, inadequate exposure of antigen-
recognition zone and easy loss of action in conventional
methods). Among the three types, Eu-TRFICS-1 exhibited the
best detection ability with the reduction of antibody usage by
25%, increased sensitivity by 3 times, detection of range of
1-800 ng mL™ ", and LOD of 0.12 ng mL " with a visible LOD of
5 ng mL~ 1'%

The freshness of fresh meat can be evaluated by determining
the Hx level (a metabolic product of ATP metabolism) and it can
be utilized as a biomarker for detecting the early stage of
spoilage.””® In a study, a pattern-free paper enzyme biosensing
device was fabricated for one-step fish-freshness detection by
indicating hypoxanthine (Hx). For this development, chitosan
oligosaccharide lactate-functionalized nitrocellulose (NC)
membranes were immobilized with a dual-enzyme system
(xanthine oxidase and horseradish peroxidase) and showed a
remarkable microfluidic accumulation effect. The as-developed
biosensing device showed a color within 3 min and exhibited a
linear response of 0.01-0.16 mmol L' with an LOD of 8.22
umol L', and selective recognition of Hx with satisfactory
recoveries of 96.13-103.11% for fish specimens. Herein, the
biochemical signal of Hx level was converted to a colorimetric
signal via a two-step enzymatic interaction for visual detection.
Also, a remarkable color distinction between the negative
specimen (colorless) and positive specimen (green) with the
naked eyes could be observed by attaching it directly to the
surface of fish meat. Also, quantitative analysis could be
achieved using a smartphone.*®® Most recently, in 2024, Li
et al. reported the fabrication of a pomegranate-structured
film-based sensing device using PANI, multi-branched cellulose

(a) %

o~ 2
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nanofibers (MCNFs), and multi-walled carbon nanotubes
(MWCNTs) for the detection of human-physiology and food
spoilage gas signals for real-time monitoring by integrating it
with a wireless heart-rate display and smart packaging censor-
ing technique.>*>

4.4. Environmental pollutants

Various environmental pollutants pose a significant threat to
human health and the global climate (atmosphere). Among
them, the contamination of heavy metal ions in water is gaining
considerable interest due to their serious harmful conse-
quences to human health and adverse ecological effects. Mer-
cury (Hg>") and lead (Pb*") are toxic metals present in water,
posing a remarkable hazard to the environment and aquatic life
via biological accumulation in the food chain, ultimately affect-
ing human health. Exposure to even a trace amount of Hg>* can
trigger severe damage to human organs.”®® Also, the accumula-
tion of Pb*>" beyond a threshold value causes permanent
damage.?*® In this case, in vitro transcription (IVT) technology
with an allosteric transcription factor (aTF)-based cell-free
paper-based biosensor device was developed for the on-site
detection of Hg*>" and Pb** simultaneously in a consistent
and sensitive mode with just one drop of water (Fig. 9). It could
detect Hg”* and Pb®" quantitatively in a linear range of 0.5-
500 nM and 1-250 nM within a period of one hour, with an LOD
of 0.5 nM and 0.1 nM for Hg*" and Pb**, respectively. Moreover,
the recoveries ranged from 91.09% to 123.24% for the detection
of real water models.**?

Water-borne pathogens are also causing a remarkable incre-
ment in mortality rate due to issues such as poor sanitation,
sewage sludge, and industrial effluents. Thus, to prevent this,
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(a) Schematic illustration of the development and application of paper-based biosensing device, (b) fluorescence output of paper-based

biosensing device at different contents of ng* and Pb?*, and (c) detection of real water models using this inexpensive and portable paper-based
biosensing device. Reproduced with permission from ref. 205 Copyright 2021, Elsevier.
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easy, sensitive, user-friendly, and rapid on-site biosensor
devices for detecting pathogens are needed. In this advance-
ment, an inexpensive, label-free, and eco-friendly paper-based
screen-printed graphene oxide (GO)-functionalized electroche-
mical impedimetric biosensing device immobilized with lectin
Concanavalin A (ConA) as the biorecognition unit was devel-
oped for the detection of a water-borne bacterial contamina-
tion, Escherichia coli, in water. Mechanistically, the high surface
area and chemical action of GO on graphene led to the
remarkably specific immobilization of ConA in bulk quantity
onto the surface of GO owing to its active functional groups
(-COOH) for site-specific reaction in the pH range of 4.5-6.0.
This device achieved ultra-high sensitivity for detecting bacter-
ial contamination over a wide linear range of 102-108 CFU
mL ™" and ultra-low LOD of 0.1 x 10> CFU mL ™' without any
chemical intensification.>*® In another study, a ‘turn-off fluor-
escent biosensing device (mCherry L199C) for sensing Hg”" was
designed and developed via the direct modification of the
chromophore environment of the fluorescent protein mCherry.
The designed variant of mCherry L199C was expressed directly
on the outer-membrane of E. coli cells via the cell surface
display approach. The fluorescent biosensing device exhibited
a favorable response to Hg>" at the micromole level among
other metal ions and over a wide pH range. The cells of this
biosensor were incorporated in an alginate hydrogel to develop
cell-alginate hydrogel-based paper. This system was simple
and inexpensive, which could detect mercury pollution within
5 min and keep stable fluorescence and activity at 4 °C for
24 h.>”7

4.5. Other applications

There are various other mixed applications, wherein paper-
based sustainable biosensing devices have been utilized for

wearable origami-ePAD
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desired outcomes as efficient diagnostic platforms. For exam-
ple, a biosensor composed of a hydrophilic cellulosic paper
disk with immobilized GOX placed on SPCE was developed and
this biosensing device, using 0.1 M phosphate buffer solution
(PBS, pH 7.0) and 10 mM soluble ferrocene monocarboxylic
acid mediator, detected a low amount of glucose (5 pL) and
showed a linear range of 1-5 mM glucose with an LOD of
0.18 mM, and maintained 98% of its activity after a period of
4 months. It was successfully utilized for the selective and
sensitive assay of glucose in various commercial soda
beverages.”*® In another study, the level of glucose in beverages
(e.g., commercial orange juice) via potentiometric detection was
monitored using a developed novel paper-based biosensor
device. In this case, the electrodes were composed of platinized
paper as a support and a biocompatible polymeric membrane
composed of a blend of chitosan and poly(vinyl alcohol) hold-
ing glucose oxidase as the recognition layer. This biosensing
device selectively and sensitively detected H,O, produced by an
enzymatic response. It exhibited rapid and accurate results,
presenting the sensitivity of 119 + 6.4 mV dec ™" in the range of
0.03-1.0 mM with an LOD of 0.02 mM.>*® Presently, the use of
volatile toxic complexes as chemical weapons as a large-scale
destructive system has posed a new threat worldwide. In this
case, the development of effective wearable sensing devices can
be a good candidate for security monitoring. Therefore, a
wearable electrochemical biosensor was fabricated for the rapid
and on the spot detection of mustard agents directly in the
aerosol phase. In this case, the electrodes were screen-printed
onto a filter paper to create an origami-like and reagent-free
device. The detection of mustard agents was conducted by
monitoring their inhibitory effects via amperometric analysis
of an enzymatic by-product (hydrogen peroxide, H,0,). In
addition, the nanocomposite of carbon black/Prussian blue

o' gas
100 200 300

Time /s
reagents origami amperometric
pre-loading folding detection

Fig. 10 Schematic of the working principle of the developed wearable origami-like ePAD. Reproduced with permission from ref. 161 Copyright 2019,

Elsevier.
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was utilized to modify the conductive graphite ink forming the
working electrode for the electrocatalysis of H,O, reduction.
Moreover, after verification with a mustard agent, the devel-
oped origami-like biosensor was used to detect real sulfur
mustard rapidly and in real time, demonstrating the LOD of
1 mM and 0.019 ¢ min m~> for the liquid and aerosol phases,
respectively (Fig. 10)."%"

5. Conclusion, challenges and future
research directions

In this review, the fundamentals of sensing or biosensing
devices and their utilized materials were precisely described.
To guide the future research on the design of biosensors or
bioelectronics, we focused on discussing the efficacy of the use
of renewable and sustainable materials for biosensing devices
as an alternative to petroleum-based polymers. Further, the
recent advances in emerging paper-based sustainable materials
and high-performance devices in biosensing, such as health-
care, agriculture, food industry, environmental pollutants, and
others were discussed.

As discussed above, renewable and sustainable materials
have received significant attention in the past few years in
terms of basic research and real-world applications owing to
their ability to minimize environmental, consumption, and
cost-related issues. Accordingly, these materials have widely
been utilized in pristine form or in combination to manufac-
ture sensing and biosensing devices for suitable and targeted
utilization and outcomes with low cost, satisfactory biodegrad-
ability, high flexibility, and low-energy consumption. Herein,
paper is a workable alternative to traditional materials utilized
in biosensing devices for various applications due to its inex-
pensive nature, flexibility, fluid conduct (capillary action due to
rough fibrous-network), significant sensitivity and easy dispo-
sal. In addition, the combination of cellulose with a diverse
range of additives (e.g., conductive polymers and nanomater-
ials) produces composite materials with remarkable electrical
conductivity, while preserving the sustainability and biocom-
patibility of cellulose. Therefore, extensive research activities on
paper- and cellulose-based biosensing devices have widely
been reported and still on-going for effective utilization in
various potential applications. However, there are still various
challenges in using renewable materials in developing inexpen-
sive sensing devices with satisfactory sensitivity, selectivity,
response time, steadiness, and operational durability. Further-
more, they require an enhanced operational timing, low main-
tenance and installation cost, and data management.

For an independent measurement of environmental factors,
calibrations, numerical corrections, and doping or coating
methods are used for precise and effective operations. Further,
with the development of communication technologies, high-
frequency microprocessors, the Internet of things, real-time
detection, and storage capacity, the successful integration of
these technologies into the developed biosensing devices for
on-spot real-time data is still another challenge. Various design

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approaches and fabrication technologies should be used to
enhance or convert renewable materials into value-added inex-
pensive products with desirable properties such as mechanical
strength, flexibility, thermal stability, electrical characteristics,
and recyclability. Significant functioning and advances in
computer science with machine learning algorithms are
beneficial in achieving optimal parameters and reduction in
operational time and associated costs.**°"*!? In addition, arti-
ficial intelligence methods have provided a great opportunity in
all sections of the world by allowing machines to mimic
imagination, decision-making process, and manufacturing new
materials.>**?*** In this case, the use of microfabrication tech-
nologies (e.g., additive manufacturing) will decrease the time of
manufacturing with anticipated structural design and
reduction in wastage of materials, thereby decreasing the over-
all cost of the product.®®*'® Moreover, the economic and
technological challenges must be considered and encouraged
by scientific research to convince decision-makers to develop
the ideas for new sensing and biosensing devices.
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