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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

Mater. Adv,, 2024, 5, 3563-3586 | 3565
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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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Fig. 2 Schematic illustration of conceptual implementation of Al to process and interpret the received data. Reproduced with permission from ref. 115
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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.*®
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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 ca