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ABSTRACT: Nowadays point-of care (POC) devices dominate the field of bioanalysis as they
play a pivotal role in improving different aspects of diagnostics including screening, early
diagnosis, and disease monitoring. These devices comply with the World Health Organization
ASSURED criteria that describe the ideal POC tool. While conventional materials like
polymers, silicon, metallic foils, and glass have been exploited in POC device manufacturing,
recent innovations relying on paper-based materials have introduced a new era of versatile
diagnostic tools. Because of their properties, cellulose and its derivatives have emerged as the
most common paper-based substrate in device fabrication. The present review explores recent
developments in paper-based diagnostics, covering a wide range of applications including
reagent storage and isolation/extraction of the analyte and also serving as a sensing platform.
The versatility of paper substrates in various diagnostic devices such as lateral flow assays,
electrochemical sensors, microfluidics, etc. is discussed, highlighting their advantages,
challenges, and limitations on the context of precision medicine.

Article Recommendations

Downloaded via stefano cinti on February 29, 2024 at 16:25:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

n the era of current cutting-edge diagnostics, point-of-care
(POC) devices are at the forefront of bioanalysis. These
devices can facilitate and also improve the main aspects of
the diagnostic umbrella: screening, diagnosis, and monitoring
of the diseases. All the POC devices rely on the same common
features: affordability, sensitivity, specificity, user-friendliness,
rapidity and robustness, equipment-free, and deliverability
known as the ASSURED criteria. These characteristics were
introduced from the World Health Organization (WHO) to
describe the ideal POC device." Many materials such as
polymers, glass, silicon, and metallic foils are used in traditional
POC device manufacturing. Each of the materials mentioned
provides different features and properties to the diagnostic
tools, like a high aspect ratio, optical transparency, flexibility,
electrical interconnections of the different main components of
the device, the usage of small and controllable sample volumes,
etc.” However, the exponential growth of POC devices is
directly linked to key innovations in their fabrication, like the
exploitation of paper-based materials, leading to the develop-
ment of new, powerful, and versatile diagnostic equipment.
Paper-based diagnostics constitutes a great category of the
POC technologies and also complies with the ASSURED
criteria leading to the development of an ideal device. The
appearance of paper as a substrate in bioanalytical devices was
reported many years ago. Beginning in 1949, Miiller and Clegg
designed a rapid and automatic paper-based chromatography
where they controlled the flow of the liquid using a paraffin
outline and providing the possibility to exploit small sample
volumes.” This system has paved the way for the next
generation of paper-based diagnostic tests. Several years later,
in 1980, Leuvering et al. introduced an immunoassay with a
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lateral flow assay (LFA) format exploiting, for the first time,
colloidal gold and silver nanoparticles for the visual detection
of a pregnancy hormone, human chorionic gonadotropin, on a
solid phase.* As a result of this advancement, during the mid-
1980s, the first commercially available pregnancy test for home
testing was introduced.® Later, in 2007, the concept of paper-
based analytical devices (PADs) was first presented by the
group of Whitesides. The research group developed the first
diagnostic PAD which consisted of millimeter-sized channels
that required a small sample volume. This was achieved by
exploiting the hydrophilic paper and the hydrophobic polymer
interface.” The same group in 2008 designed and reported the
first three-dimensional (3D) PAD by stacking multiple layers
of pattern paper for multiplex analysis and proposed the device
for diagnostic applications.” This specific paper-based
analytical tool soon stimulated the scientific interest worldwide
as it was introduced as a new and cost-effective alternative in
the diagnostics field and was the first approach of the more
advanced 3D-PADs that are based on the origami principle, i.e.
paper folding.8 Based on this approach, in 2011, Liu and
Crooks reported a 3D-PAD combined with the origami
principle by simple paper folding and a single patterning step,
regardless of the layers of the paper used. The analysis could be
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Figure 1. Timeline of paper-based bioanalytical tools development.

performed by the naked eye after unfolding the device. As a
result, rapid fabrication time and low cost of the device were
achieved.”

These former paper-based devices were combined with new
nanomaterials, sealing parts, and advanced transducers to
overcome the limitations of poor detection limits and
mechanical strength.'’ During the timeline (Figure 1) of
paper-based bioanalytical tool development, various substrates
were used.

For example, cellulose and its derivatives remain widespread
materials in traditional industrial papermaking, making them a
prevalent choice as substrates in paper-based devices. As will
be discussed further in the present paper, paper consisting of
cellulose fibers is cost-effective, hydrophilic, biodegradable and
biocompatible, flexible, easily engineered, and therefore a very
promising substrate in POC devices construction. All these
important features and some of the physical properties of a
paper substrate, i.e. pore size, fiber structure, capillary action,
and density, are mostly defined and affected from the initial
pulped material and the whole papermaking process."'

In the field of diagnostics, traditional methods, such as
enzyme-linked immunosorbent assay (ELISA) and polymerase
chain reaction (PCR), provide biomarker screening for disease
and therapy monitoring. These methods require expensive
equipment and highly qualified personnel. In contrast, the new
POC devices exhibit advantageous characteristics such as
portability, versatility, and robustness. Paper-based materials
are integrated to POC devices such as LFAs, electrochemical
sensors (ECSs), microfluidics, immunosensors, wearable
sensors, for the design of diagnostic tools for various biomarker
screenings, health monitoring, and finally precision medicine."”

In this review, we aim to present recent paper-based
approaches in the field of diagnostics. Paper-based materials
are used in a plethora of applications such as isolation/
extraction, reagent storage or immobilization, and target
amplification. They also serve as substrates for the sensing
area and consequently as a platform for analytical results
communication. Finally, we will discuss the possibilities of
paper substrates exploited in diagnostic devices and share our
aspect regarding the analytical capabilities of paper-based POC
devices presenting their advantages, challenges, and limitations.

Paper has been used for many years as a substrate for
manufacturing diagnostic devices. In POC devices, paper-
based substrates refer to thin manufactured materials
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Paper has been used for many years as
a substrate for manufacturing diag-
nostic devices.

consisting of fibers and pores. This specific paper structure
provides foldable and versatile substrates for multiple
applications in diagnostic devices. The most important

The most important advantages of
paper substrates are the following: (i)
the manufacturing cost, (ii) the fluid
flow that occurs through capillary
forces without requiring external
forces, (iii) their biocompatibility that
enables immobilization of biomole-
cules, and (iv) the possibility of surface
modification.

advantages of paper substrates are the following: (i) the
manufacturing cost, (ii) the fluid flow that occurs through
capillary forces without requiring external forces, (iii) their
biocompatibility that enables immobilization of biomolecules,
and (iv) the possibility of surface modification."

The material used mostly in PADs is cellulose substrate and
especially filter paper, as it maintains more stable basic
properties, during manufacturing processing, in comparison to
other paper materials. Filter papers consisted of fiber networks
distributed in all directions that are formed through the
interaction of cellulose hydroxyl groups. The specific filter
papers used in diagnostic devices consist of a single type of
cellulose fiber obtained from cotton. These fibers define the
wettability, the internal surface, and density of the material. In
particular, refined fibers, such as nanocellulose crystals, can be
used to increase the internal surface area and decrease the pore
size of the paper.'* Furthermore, there are several grades, e.g.
1-6, 595, 597, 598, 602, of commercially available filter paper
that provide different flow rates, pore size, and particle
retention up to 10 mm, thickness, and weight.15

The porous network of the paper-based materials plays a
crucial role in the liquid flow. More specifically, with a decrease
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Figure 2. SEM image of A) grade 1 filter paper, B) grade 3 filter paper, and C) grade 4 filter paper. Reprinted with permission from ref. [25].
Copyright 2012, Royal Society of Chemistry. D) NC membrane pore structure and fiber orientation. Reprinted with permission from ref.
[26]. Copyright 2021 Wiley Online Library. Licensed under CCBY. E) Office paper structure. Reprinted with permission from ref. [27].

Copyright 2023, MDPL. Licensed under CCBY.

in the pore size, a decrease in permeability follows. This leads
to delayed fluid flow, that can increase the interaction of the
analyte on the sensing area and therefore enhance the
sensitivity of the POC device.'® The pore size, the geometry
of the fibers, and the width of the channels in a paper-based
material can also affect the capillary forces as studied
previously.'” Consequently, the wettability of the fibers is
also affected. For example, paper fibers with bigger pores
should demonstrate a faster wicking rate because of the lower
flow resistance.

As mentioned above, capillary-driven paper-based devices
offer the advantage of continuous fluid movement without the
need for external equipment. In addition to the properties of
paper substrates, the viscosity of the fluid plays a role in
controlling the capillary action. However, these devices come
with certain limitations, including backflow issues and liquid
evaporation. These limitations can be addressed by incorporat-
ing various microchannels to regulate capillary flow and
decrease the drying of reagents."®

Another paper-based substrate used in POC devices is a
nitrocellulose (NC) membrane. Blotting assays that exploit
NC porous substrates were first introduced in the 1960s. Since
then, NC membranes have been used in LFAs as substrates for
biomolecule immobilization such as antibodies and nucleic
acids. Moreover, the NC membrane is a critical component of
the lateral flow strip test as both binding and detection of the
analyte occur on it. NC membranes, with tunable pore size, are
combined with glass fibers and filter paper to enhance the
capillary action and ensure the flow of reagents through the
LFA strip.”” In addition to these, another paper-based
substrate is represented by commercial office paper, also
known as copy paper. Office paper has been recently used as a
substrate in paper-based devices, especially in the field of

electrochemistry. The usage of simple office paper in ECSs
provides an improved diffusion rate and thus higher sensitivity
as the sample flows directly toward the electrode’s surface. On
the contrary, when filter paper is used, the analyte diffuses
through the cellulose fibers prior to contact with the electrode
and leads to a lower signal response.”’ Currently office paper
has been exploited, in a few reported works, as a substrate in
ECSs for diagnostic applications. For example, electrodes have
been designed by Chagas et al. on office paper via a simple
pencil for the development of an electrochemical platform. The
authors reported that in comparison to filter paper, office paper
demonstrated a higher electrical conductivity and, thus,
improved performance. The proposed sensor was applied for
the detection of Na* and K* in tear samples.”’ In another
approach, Cinti et al. introduced an office paper-based ECS.
The electrodes were screen printed on office paper toward the
fabrication of an ECS for the monitoring of Zn(II) in serum
and sweat.”” Screen printed electrodes on office paper were
later applied, by Moccia et al,, for the fabrication of an ECS for
specific pancreatic adenocarcinoma microRNA biomarker
detection.”” The same year Caratelli et al. fabricated an
origami paper-based ECS. In this case, the authors combined a
plasma separation membrane, filter paper for reagent storage,
and sustainable office paper for the development of origami-
based and reagent free sensor Alzheimer’s therapy monitoring,
by detecting specific inhibition reactions.”*

All of the above advantageous physical properties of the
paper-based materials are strongly connected to their
structures. As shown in Figure 2, scanning electron microscopy
(SEM) images highlight the morphology of filter papers of
different grades, NC and commercial office paper, displaying
differences in fiber orientation and pore size of the above
materials.
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The functionalization of paper-based substrates, during or
after the manufacturing process, significantly affects their
surface and structure properties and thus their biocompati-
bility, even though the chemicals used in the paper-making
process consist of only 3% of the total pulp material. These
species are used (i) to increase the hydrophobicity of the
paper, through the formation of negative charges on the fiber
surface, (ii) as retention agents to form homogeneous
materials and also (iii) as dry and wet strength agents. When
functional groups are added on the paper substrate, a bioactive
paper can be obtained. For example, positively charged starch
molecules might be added to modify the surface charge of the
fibers. Furthermore, various chemical agents that provide wet
strength in bioactive paper can be added. When polymers such
as melamin-formaldehyde, glyoxalated polyacrylamide, and
polyamidoamine-epichlorohydrin are added to the paper
substrates, this leads to wet strength improvement. These
additives surround the fibers, forming a polymer network and
thus leading to a more robust product. However, most of the
paper-based assay’s configuration consists of a biomolecule-
immobilization step on the substrate’s surface, and as a
consequence, it is crucial to be aware of the above wet strength
agents’ presence.”” The surface chemistry of the paper-based

The surface chemistry of the paper-
based substrates should be compatible
for the immobilization of biorecogni-
tion elements that occurs with physical
absorption via electrostatic interactions
or covalent bonds utilizing heterobi-
functional cross-linkers.

substrates should be compatible for the immobilization of
biorecognition elements that occurs with physical absorption
via electrostatic interactions or covalent bonds utilizing
heterobifunctional cross-linkers.””*

Paper substrates are versatile and can be handled in different
ways. Their surface can be modified with different techniques,
creating hydrophobic barriers and providing the ability to
control the flow of the sample and the reagents. Paper can also
be folded forming different shapes and structures toward the
fabrication of one-, two-, and three-dimensional PADs. In these
configurations, the flow of the fluid occurs through capillary
action causing wicking of the paper substrates. The flow rate as
well as the wicking surface depends on (i) the design of the
hydrophobic patterns, (ii) the pore sizes, and (iii) the
overlapping of the individual paper materials during the PAD
assembly. All these features produce a passive flow of the
reagents/samples through the structure of paper-based
substrates.”’

LFAs are performed on a strip test, also known as the
dipstick test. An LFA strip test consists of four different paper-
based materials.*>** The first material is a filter paper. This
part is called sampling or the immerse pad and is used for
sample or assay buffer application, respectively. The second
material is the conjugate pad where specific biorecognition
molecules are immobilized, usually antibodies functionalized
with gold nanoparticles, biotin molecules, oligonucleotides, or
enzymes. The conjugate pad is usually made from glass fiber,
but also polyester and cellulose fiber might be used for its
fabrication. This component of the LFA strip is very important
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for the long-term storage of the assay reagents. The third
material is the NC membrane, and it is available with different
pore sizes to facilitate different assay configurations for the
analysis of various targets. In most LFAs, there are two lines on
the NC membrane: (i) the test zone (TZ) where the analyte
detection occurs and (ii) the control zone (CZ) that must be
always visible to ensure the functionality of the strip test.
Finally, the fourth material, that is, the absorbent pad, is used
to absorb the excess of the reagents and to achieve a
continuous flow of the sample to the upper level of the LFA
test. All of the parts of the LFA strip are attached to a solid
substrate by overlapping endings which enables capillary forces
to occur.

Paper-based microfluidics represent an important category
of PADs. A lot of different methods for PAD manufacturing
have been reported and can be categorized in (i) physical
patterning and (ii) chemical patterning for the creation of
hydrophobic barriers: these barriers lead to hydrophobic
channel creation that serve as manipulation tools of the
reagent’s flow on the PADs. One of the paper patterning
techniques is photolithography. In this technique, different
patterns are designed using a photoresist. An alternative
method involves the wax pattern technique. This technique
allows the design and printing of paper patterns surrounded by
wax, creating hydrophilic channels. As a result, a low-cost,
disposable, and nontoxic platform is achieved. Other methods
proposed for the fabrication of cost-effective and robust PADs
are polydimethylsiloxane (PDMS) potting, wax screen-
printing, and plasma treatment.”* Also, inkjet printing is an
alternative method for patterning paper-based substrates:
herein, the basic principle is the contactless printing of
hydrophobic materials or chemical compounds toward the
creation of microfluidic channels after solvent treatment.’
Different patterns on paper-based substrates, manufactured
with various traditional as well as alternative techniques, such
as wax printing, chemical vapor deposition, inkjet and laser-
induced printing, 3D printing, etc., are reported in Figure 3.

Paper-based substrate manipulation by designing hydro-
phobic barriers and folding or stacking can lead to different
PADs’ configurations. Two-dimensional (2D) PADs (Figure
4A) can be created with the connection of various hydrophilic
channels connecting circle, rectangular, or square shaped areas.

The width and length of the channels can be designed to
control the speed of reagent flow by changing the interacting
areas. By monitoring the configuration of the PADs’
components, tasks including the sample preparation, the
mixing of reagents, washing steps, and detection can be
performed within a unique and integrated device.*

Except for the 2D-PADs, 3D formations (Figures 4B, 4C)
have also been reported. These formations facilitate reagent
flow and sample flow monitoring and can be created by
superimposing or folding the paper-based substrates. These
approaches are known as origami formation, i.e. 3D
configurations with different ways of paper folding. There are
several ways of folding configurations, and they can be inward,
alternating, T-type, Z-type, and also edge folding.** Each one
of the above specific paper handlings provides reagent addition
or mixing during a reaction, storage, filtration, analyte
separation from the matrix, and also preconcentration steps.*”

The design of immunosensors with more complex
configurations has been achieved by folding different layers
of paper to realize one origami structure for the simultaneous
and selective detection of various diseases. For example, a

https://doi.org/10.1021/acsmaterialslett.3c01474
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Figure 3. Different configurations of patterns on paper-based substrates for microfluidics applications. A) Inkjet printer printed patterns.
Reprinted with permission from ref. [36]. Copyright 2010, Elsevier B.V. B) Chemical vapor deposition of hydrophobic barriers. Reprinted
with permission from ref. [37]. Copyright 2017, Springer Nature. Licensed under CCBY. C) Laser-induced selective wax patterning.

Reprinted with permission from ref. [3

8]. Copyright 2019, Royal Society of Chemistry Publishing. Licensed under CCBY-NC. D) Wax

printing of a 96-well paper-based multiplatform. Reprinted with permission from ref. [39]. Copyright 2019, Elsevier B.V. E) Fabrication of
microfluidic channels via a toner laser printer. Reprinted with permission from ref. [40]. Copyright 2020, Royal Society of Chemistry
Publishing. Licensed under CCBY-NC. F) Creation of 3D printed hydrophobic barriers using polylactic acid (PLA) and wax filaments.
Reprinted with permission from ref. [41]. Copyright 2022, Elsevier B.V.

The design of immunosensors with
more complex configurations has been
achieved by folding different layers of
paper to realize one origami structure
for the simultaneous and selective
detection of various diseases.

multilayered PAD was introduced by Wang et al. for gastric
cancer detection.”® The research group fabricated a PAD
consisting of a splitting layer, a detection layer, and a blotting
layer by combining different grades of chromatographic paper.
The rotatable detection layer served as a switch that enables
the sample to flow or to be incubated in the sensing area. Both
2D and 3D sensors enable sophisticated and intelligent
multichannel formations. In conclusion, the above aspects
provide the capability to regulate reagent deposition, manage
reagent storage, and control sample volume, resulting in a
more efficient analyte detection.”’

The origin of paper-based materials, their manufacturing
process, and their surface functionalization affect not only the
properties of the paper-based substrates but also the overall
environmental footprint of a POC device. During the COVID-
19 pandemic, apart from dealing with biological waste,
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managing single-use plastic waste was a real challenge. Tons
of plastic residue generated from test kit packaging and
components were mismanaged contrlbutmg to future pollution
and posing a burden on the environment.””>' Approximately
40% of the single-use plastic wastes ended up in a landfill, with
only 16% being recycled, and 19% of them leaked in the
ecosystem.’” As a result, new alternatives such as bioplastics,

As a result, new alternatives such as
bioplastics, paper-based materials, and
other sustainable technologies are
crucial to be applied for POC devices
manufactured for diagnosis and health
monitoring.

paper-based materials, and other sustainable technologies are
crucial to be applied for POC devices manufactured for
diagnosis and health monitoring.>®

Among the characteristics of paper-based materials used in
the construction of sensors is their environmental friendliness.
In comparison to existing materials commonly used in POC
devices, such as plastic, cotton, glass-fiber, epoxy substrates,
toxic metallic foils, or other nonbiodegradable sources, paper-
based materials consist of a more sustainable choice for sensor

https://doi.org/10.1021/acsmaterialslett.3c01474
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Figure 4. Examples of various PADs’ configurations. A) Different configurations of 3D wax printing of microfluidic PADs for glucose and
nitrite assays. Reprinted with permission from ref. [42]. Copyright 2019, Elsevier B.V. B) Origami 3D-microfluidic paper-based analytical
device. Reprinted with permission from ref. [43]. Copyright 2023, Elsevier B.V. C) Multifunctional self-driven origami paper-based
integrated microfluidic chip. Reprinted with permission from ref. [44]. Copyright 2022, Elsevier B.V.

applications. More specifically, the versatility of paper-based sample, isolation of analytes, and reagent storage. With the use
materials extends beyond their role as substrates for the of filter paper, multiple analytes, such as uric acid and ascorbic
sensing areas in POC devices, as they can also be exploited for acid, might be separated from the sample upon contact with
the fabrication of functional electronic materials serving as the eluent, moving through the fibers of the paper by capillary
green electronics alternatives to conventional sensor elec- action. As reported, the separation efficacy is affected by the
tronics and for packaging of the POC devices.™ thickness and the length of the paper used.’® Sample

Moreover, paper-based substrates can be combined w1t5}51 preconcentration is exploited to improve the assay sensitivity.

biobased surface functionalization reagents such as chitosan,
with biodegradable cases, with paper-based printed electronics,
and with nontoxic inks and solvents, noble metals, and carbon-
based materials for the various electronic components if
needed.”™*” By integrating all these applications of paper-based
materials in one POC device, it is easier to increase the
sustainability of POC diagnostics.

Based on the advantageous properties of the paper-based
materials, mentioned in the previous sections, paper-based
sensors can be handled more easily for proper disposal.
Considering the above, in terms of environmental impact, the
footprint of paper-based sensors is significantly low. Con-
sequently, paper-based sensors can contribute to the reduction
of the overall environmental waste.

This can be performed by drop casting™ on filter paper or by
letting the sample flow through a filter paper disc with the help
of peristaltic pumps.*’

When nucleic acid is the target molecule, paper substrates
can also be used to extract the nucleic acid from the total
sample. The high binding affinity of cellulose paper with DNA
makes it an ideal substrate for extraction. Since 2000, cellulose
paper material has been commercially available for nucleic acid
isolation. Filter paper has also been applied as an alternative to
glass fiber in DNA extraction kits providing a lower cost of the
assay.61 Various biomolecules, such as nucleic acids, proteins,
antibodies, nanoparticles conjugates, etc., can be stored in

paper-based substrates by simply drying on them. This

Other than being used as a substrate or for the construction application facilitates on-site testing without needing any
of the sensing area of the POC devices, paper-based materials storage equipment. The reagent storage/immobilization step is
can be exploited also for multiple applications, integrated in a very crucial for the POC devices, as it determines their proper
single diagnostic test, such as collection or preparation of the function, and it can be physically or chemically performed.®*
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Table 1. Reported Paper-Based POC Devices Exploiting Various Sensing Strategies

Sensing strategy Application

Usage of paper-

Colorimetric Detection

Paper-based ELISA
Enzymatic mediated chromogenic reaction

pH change-based colorimetric PADs detection

Enzymatic mediated chromogenic reaction cholesterol detection

exosomes detection and isolation

uric acid and glucose detection

chronic kidney disease biomarker

simultaneous glucose and

Electrochemical Detection

Paper-based multiplex electrochemical platform in drugs

Origami, graphene-modified aptasensor

Origami PAD, enzymatic mediated reaction

Paper-based electrochemical platform detection of copper ions

simultaneous detection of analytes

EGFR biomarker detection

wound infection monitoring

Fluorescence Detection

Fluorescent PAD histidine detection

Carbon dots-based florescent platform folic acid detection

PNA-based fluorescent platform

LFA fluorescent assay detection

hepatitis C virus DNA detection

rheumatoid arthritis antibodies

Chemiluminescent Detection

Paper-based chemiluminometric device -
polymorphisms

Paper-based cell-free toehold switch biosensor

Gold nanoparticle-based, paper-based

chemiluminescent immunodevice biomarkers detection

Multiplex paper-based electrochemiluminescence

microRNA detection
platform

genotyping of single nucleotide

SARS-CoV-2 RNA detection

acute myocardial infarction

Analytical performance based material Ref
R* = 0.95 (exosome standard) reagent/sample 65
R* = 0.92 (human serum) reservoirs
LOD = 0.03 mg/dL (uric acid) -flow control 66
LOD = 0.6 mg/dL (glucose) -reagent stability
LOD = 0.032 mM (ammonium) o
reagent stability 67
LOD = 0.049 mM (urea)
LOD = 0.16 mM (glucose) -reagent storage
LOD = 0.57 mM (urea) -controllable 68
deposition
LOD = 0.04 mM (paracetamol) -flow control
LOD = 0.22 mM (caffeine) -flexible electronics 71
LOD = 0.40 mM (ascorbic acid)
LOD = § pg/mL flow and volume 72
control
-flow control
LOD = 5.04 nM (H,0,) 73
-sample treatment
-reagent storage
LOD = 4 ppb -sample collection 74
-analyte
preconcentration
-reagent storage _
LOD = 1.8 yuM 75
-flow control
-reagent deposition/
LOD = 0.28 uM storage 76
-reusable platform
-reagent deposition
LOD = S pmol -flow control 77
-washing steps
-reagent deposition
LOD = 0.4U/mL 78
-flow control
) -reagent deposition
25 fmol amplified target DNA 79
-flow control
10 nM RNA sample/reagent 80
storage
LOD = 0.06 pg/mL (heart-type fatty acid- -reagent deposition
binding protein)
LOD = 0.3 pg/mL (cardiac troponin I) ~ -flow control 81
LOD = 0.4 pg/mL (copeptin) -analyte separation
LOD = 5.7 fM (miRNA-155)
-flow control 82

LOD = 4.2 fM (miRNA-126)

All the different and smart device configurations are
combined with various detection methods (Table 1) such as
colorimetry, electrochemistry, fluorescence, chemilumines-
cence, etc. providing the required selectivity and sensitivity
needed in the field of diagnostics.

The reported paper-based devices for POC applications can
be exploited for a wide range of biomarker screening and
detection, responsible for cancer, cardiovascular diseases,
infectious diseases, etc. The biomarkers of interest include
DNA target sequences, enzymes, proteins as tumor bio-
markers, exosomes, microRNAs, viral RNA, etc. POC devices
are able to provide the detection of the above biomolecules
that are clinically signiﬁcant,63

Colorimetric assays on paper-based materials including both
LFAs and PADs allow eye detection and also semi-
quantification of the analytes as the signal readout can be
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achieved via portable and cost-effective equipment such as
smartphones and conventional scanners.®*

For instance, paper-based ELISA has been reported for the
isolation and colorimetric semiquantitative detection of
exosomes in serum samples. A biotinylated specific antibody
was immobilized for exosome capture on the device sensing
area. The exosomes have been detected through a sandwich
ELISA assay containing a horseradish peroxidase (HRP)—
antibody conjugate (Figure SA).

In the presence of the analyte, a blue color appears due to
the chromogenic reaction of the TMB substrate with HRP. In
this example, the hydrophilic paper wells, which have been
patterned through wax printing, serve as reservoirs for reagent/
sample retaining. The reagent/sample volume loss has been
limited, and as a result, the reaction in the presence of the
analyte has been more stable. This platform characteristic
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Figure 5. Examples of various colorimetric paper-based devices. A) Paper-based ELIZA assay for isolation and detection of exosomes.
Reprinted with permission from ref. [65]. Copyright 2020, Royal Society of Chemistry Publishing. B) Paper-based color focusing platform
for uric acid and glucose detection. Reprinted with permission from ref. [66]. Copyright 2022, American Chemical Society. C) Laminated
microfluidic PAD platform for chronic kidney disease biomarker colorimetric detection. Reprinted with permission from ref. [67].
Copyright 2023, Elsevier B.V. Licensed under CCBY. D) Laminated PAD for simultaneous total cholesterol and glucose determination.
Reprinted with permission from ref. [68]. Copyright 2023, Elsevier B.V.

provides the possibility for application by resource-limited sample analysis without the necessity of pretreatment steps.
countries.”® However, the manual assembly of the sensing platform may
In another example of a colorimetric sensor, the authors lead to poor reproducibility, which can only be ensured with
have developed a simple paper-based platform for quantifica- the use of replicates. A different PAD configuration, having a
tion of uric acid and glucose in urine samples with a limit of Mickey Mouse shape, for simultaneous glucose and total
detection 0.03 and 0.6 mg/dL, respectively, covering the cholesterol in blood samples has been also developed, as
physiological target ranges. The paper-based substrate was shown in Figure SD. The PAD configuration has been achieved
treated with chitosan oligosaccharide lactate providing an with the use of a homemade knife plotter preparing more than
advantageous enzyme stability and high color intensity by 140 PADs in less than 10 min. The analytes were
decreasing the flow rate (Figure SB). The analytes were simultaneously detected within 15 min with HRP enzymatic
detected by specific enzymatic reaction in the presence of activity by the color change of the ABTS substrate in the
chromogenic substrates for the colorimetric visualization. The presence of H,O,. In this case, the filter paper enabled the
chitosan treatment led to pore blocking, allowing liquid flow precise and controlled reagent deposition, offering the
control. Consequently, without any specific patterns, signal advantage of simultaneous detection of two analytes. The
losses were eliminated by employing asymmetric flow. Finally, stability of the reagents and the overall enzymatic reaction
this paper-based platform exhibited a color focusing effect were enhanced by laminating the PAD. Also a paper color
where localized enzymatic reactions and eventually analyte chart has been attached of the laminated PAD for semi-
detection can occur.” quantitative analysis with an LOD of 0.16 mM for glucose and
Recently, novel colorimetric microfluidic assays have been 0.57 mM for total cholesterol.”®

fabricated. In this category belong the pH change-based Additional possibilities toward the development of paper-
colorimetric PADs that have been developed for chronic based sensing architectures are based on the adoption of
kidney disease biomarker detection down to the millimolar electrochemical transducers. ECSs have been widely applied to
level.”” Ammonium and urea have been detected via a different fields like clinical, environmental, food, etc.®””® A
colorimetric assay by the use of the bromothymol blue main advantage related to the electrochemical measurements is
indicator using saliva samples as the case of study. The PAD due to the fact that colored/turbid matrices do not interfere
platform consists of 32 detection areas and 4 layers of stacked with the detection. This feature is of high relevance in the field
filter paper supported by a laminated pouch, as reported in of diagnostics: in fact, the analysis of complex matrices like
Figure SC. The different paper layers have been utilized for the blood, serum, urine, and saliva often represents a limitation for
following distinct purposes: sample separation, reagent storage, colorimetric methods: the combination with paper-based
and overall reaction stability. This configuration enables direct substrates is also capable of creating a synergic boost, ie.
1191 https://doi.org/10.1021/acsmaterialslett.3c01474
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Figure 6. Example of EC sensing strategies with application to paper-based diagnostics. A) Paper-based ECSs for simultaneous multiplex
detection of drugs components. Reprinted with permission from ref. [71]. Copyright 2019, Elsevier B.V. B) Electrochemical paper-based
aptasensor, with 3D formation, for label-free and ultrasensitive detection of EGFR. Reprinted with permission from ref. [72]. Copyright
2020, Pubmed Central. Licensed under CCBY. C) Smartphone-based 3D origami paper-based electrochemical assay for myeloperoxidase

activity wound infection assessment. Reprinted with permission

from ref. [73]. Copyright 2024, Elsevier B.V. D) Novel paper-based

electrochemical sensing platform for the detection of copper ions in real matrices. Reprinted with permission from ref. [74]. Copyright

2022, American Chemical Society.

removal of gross impurities. For instance, a paper-based
multiplex electrochemical platform has been reported for the
detection of paracetamol, caffeine, and ascorbic acid in drugs
with a limit of detection (LOD) of 0.04 0.22, and 0.40 mM,
respectively. This smart and flexible paper-based configuration
(Figure 6A) enabled the simultaneous detection of three
analytes on the same device, consisting of an array of working
electrodes, and did not require electrode modification steps.
The electrodes that have been printed on the filter paper make
the device versatile and sustainable. Finally, the one-step wax
barrier design allowed easy modification and handling of the
diagnostic device.”"

Also, 3D origami architectures are very common for
developing ECSs because they can be used for reagent storage,
preconcentration, and also for multiple reactions/interactions
on the same sensor. For instance, an EC paper-based
aptasensor for the detection of epidermal growth factor
receptor (EGFR) in serum samples has been reported.”” The
electrode surface has been modified with an anti-EGFR
aptamer, and the detection occurs through an antibody—
antigen interaction with this label-free approach, yielding an
LOD of S pg/mL. The 3D origami served as a pump enabling
the sample flow through the sensor for analyte detection.
Additionally, the integration of hydrophobic patterns into the
origami configuration significantly decreased the required
sample volume (Figure 6B). In the same context of device
configuration, another 3D origami based on a smartphone-
readout has been recently reported in the literature. The
authors reported a portable, 3D origami paper-based EC
sensor for wound infection monitoring (Figure 6C).
Myeloperoxidase (MPO) activity was captured through

immobilized MPO antibodies. Glucose oxidase has been
used for H,0, production, while a Prussian blue/MXene
composite has been used for catalyzing H,O, detection. In this
example, the 3-layer origami which combines NC membrane
and filter paper allowed reagent storage in the first and second
layers and analyte detection via the paper-based electrodes on
the last layer. The hydrophilic channels ensured the proper and
controlled flow of all of the reagents through the origami
layers. Finally, the last layer was responsible for the arrival of
the analyte on the working electrode surface for the detection
step. Considering all the above, this advantageous config-
uration can be exploited in low-resources areas.”” Furthermore,
another novel paper-based electrochemical platform has been
reported exploiting the combination of office paper with
screen-print electrodes and a filter paper disk for reagent
storage, sample collection, and analyte preconcentration
(Figure 6D). It should be noted that the mechanical stability
of office paper has been powered by the porosity-based
properties of filter paper, to obtain a superior sensing platform.
As a result, an all-in-one 2D platform has been introduced, and
it has been applied toward copper ion detection in serum
samples, reaching an LOD of 4 ppb.”*

The use of fluorescent molecules, conjugates, materials, or
nanoparticles can improve the sensitivity of the POC devices in
comparison to colorimetric assays providing sensitive analyte
quantification. Portable readout equipment has also been
integrated with fluorescent PADs to facilitate the performance
of the measurements. An example of a selective fluorometric
PAD has been reported for direct detection of histidine in
urine samples with an LOD of 1.8 uM. Briefly, histidine
reacted with o-phthalaldehyde (OPA), and this produces a
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Figure 7. Example of fluorometric paper-based devices. A) Equipment-free, paper-based fluorometric platform for the detection of histidine.
Reprinted with permission from ref. [75]. Copyright 2019, Elsevier B.V. B) Fluorometric paper-based device exploiting carbon dot
nanoparticles for folic acid detection. Reprinted with permission from ref. [76]. Copyright 2020, Springer-Verlag GmbH Germany. C)
Poly(methyl methacrylate) NP-based fluorescence LFA for rheumatoid arthritis antibody detection in serum. Reprinted with permission
from ref. [77]. Copyright 2021, Elsevier B.V. D) Paper-based fluorescence device exploiting specific pyrrolidinyl peptide nucleic acid probes
for hepatitis C virus cDNA detection. Reprinted with permission from ref. [78]. Copyright 2021, Elsevier B.V.

fluorescence emission following UV lamp radiation, as rheumatoid arthritis (RA) antibodies detection in human
reported in Figure 7A. The filter paper used as a substrate serum with a calculated LOD of 0.4 U/mL. Poly(methyl
was characterized by higher thickness and mass per area in methacrylate) NPs, that are biocompatible, were doped with
comparison to other paper-based materials. These two specific fluorescence dye and labeled with a specific antibody for the
advantageous properties of the filter paper used enabled RA biomarker (Figure 7C). The research group exploited the
homogeneous reagent deposition and assay stability. inexpensive LFA paper-based components by integrating them
In this research work, the paper substrate was used for with a fluorescent assay. As a result, the limited sensitivity of
reagent storage and also volume limitation with the the traditional LFA appeared to be improved. However, the
exploitation of hydrophobic barriers, and the signal has been main drawback of the method is represented by the need of
acquired through the use of a conventional smartphone.” readout equipment, more specifically a fluorescence scanner or
Another approach of a simple pattern fluorometric paper-based stimulated emission depletion microscope.”’
device exploits carbon dots (CDs) nanoparticles (NPs) An additional example of a paper-based fluorescent sensor
properties with the platform’s surface functionalization for with a 2D architecture has been reported by Teengam et al.”®
folic acid detection in urine down to 0.28 yM as the detection The NC substrate was functionalized, through covalent bonds,
limit (Figure 7B). The sustainable paper-based substrate that with a specific pyrrolidinyl peptide-based nucleic acid probe.
was used for the CDs fluorophore anchoring was attached on The device was developed for the detection of hepatitis C virus
the PDMS plate providing an ultimate cost-effective hybrid cDNA (single stranded) down to the pmol level, as reported in
sensing platform. When folic acid has been present, it Figure 7D. The signal response has been obtained with a
quenched the fluorescence of the CDs providing a “signal fluorescence camera connected to a smartphone. In this POC
off” sensing device. Cellulose paper ensured the assay stability device example, an NC substrate was employed for reagent
and reproducibility. Interestingly, the limitation of single-use immobilization, and an absorbent pad was utilized to facilitate
POC devices is addressed with the use of this particular the washing step in the assay, leading to the subsequent
material, making the platform potentially reusable up to S detection of the target.
times.”® Chemiluminescent detection is also exploited in various
Another approach of a fluorescence paper-based device assays because of the low background of chemiluminescence
based on the LFA principle was recently reported. This phenomena, which often represents an advantage for obtaining
fluorescent and NP-based LFA has been introduced for more sensitive architectures with lower limits of detection. The
1193 https://doi.org/10.1021/acsmaterialslett.3c01474
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Figure 8. Example of chemiluminescent detection strategies in paper-based devices. A) Paper-based chemiluminometric assay for single
nucleotide polymorphism genotyping in clinical samples. Reprinted with permission from ref. [79]. Copyright 2016, Springer-Verlag GmbH
Germany. B) Paper-based toehold switch platform for bioluminescent detection of SARS-CoV-2 RNA in human saliva. Reprinted with
permission from ref. [80]. Copyright 2021, Elsevier B.V. C) Multiplex microfluidic immunodevice for the simultaneous detection of acute
myocardial infarction biomarkers. Reprinted with permission from ref. [81]. Copyright 2020, Elsevier B.V. D) Paper-based
electrochemiluminescence platform for multiplex microRNA detection. Reprinted with permission from ref. [82]. Copyright 2020,

American Chemical Society.

main limitations are represented by the use of ad hoc probes
and the necessity of various washing steps to avoid nonspecific
signals. However, the use of paper-based substrates could
represent the right substrate for going beyond the state of the
art. For instance, a paper-based chemiluminescent assay for
single nucleotide polymorphisms in DNA isolated from clinical
samples has been developed. The genotyping occurs within the
primer extension reaction with the use of a specific polymerase
that extends the primer only if it is fully complementary. Biotin
molecules have been incorporated during the reaction so that
the products have been detected from the streptavidin-HRP
conjugate. When the chemiluminogenic substrate of the HRP
has been added, the emitted light was captured by a
smartphone (Figure 8A). In this case, all the properties of
paper-based LFAs have been integrated with chemilumines-
cence to overcome the limitation of low sensitivity in the
traditional LFA where detection occurs (mainly) with the
naked eye. Paper-based materials served for reagent immobi-
lization, washing steps, and control of the liquids flow during
the whole assay. This was achieved through capillary action
that ensured a continuous flow of the reagents.””

A plethora of diagnostic devices was developed during and
after the COVID-19 pandemic. The following reported work is
an example of this type of diagnostic platform (Figure 8B) for
SARS-CoV-2 RNA detection in human saliva. Toehold switch
riboregulators have been engineered to express the protein
Nanoluc as a reporter. The signal has been generated just by
the addition of the sample, and the light emitted has been
captured by a digital camera. Herein, the paper material was
used as an inexpensive substrate for the diagnostic device, and
also it enabled long-term reagent storage.”’ PADs have also
been combined with chemiluminescent strategies. Here has
been presented an example of a multiplex microfluidic
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immunodevice for the simultaneous detection of acute
myocardial infarction biomarkers down to the pg/mL
concentration level. The developed device had a 3D-PAD
formation that allowed dual amplification strategy with AuNPs
and primary antibody conjugates and a Co(Il) catalyst
secondary antibody (Figure 8C). With the addition of H,0O,,
blue light was emitted and captured by a luminescence
analyzer. This 3D-PAD consisted of two paper layers. The first
patterned microfluidic layer served for sample addition and
separation. The second layer, the detection layer, consisted of
three detection areas. The above features enabled the
simultaneous detection of the target molecules.®’

Another important detection method is the electro-
chemiluminescence (ECL) strategy. ECL is called the
phenomenon of the generated species on electrodes that
triggers light emission. Recently, a representative example of an
ECL platform for multiplex detection of microRNAs has been
developed by Wang et al.*> Two target microRNAs were
simultaneously detected on this microfluidic platform.
Quantum dots and AuNPs were used as dual ECL probes
with a bipolar electrode strategy, as reported in Figure 8D. The
specific hairpin probes, after the target has been recognized,
hybridize with each other enabling target strand replacement
and thus recycling of the target. In this work, the paper
substrate was exploited for the fabrication of multiple
hydrophilic channels; therefore, the fabricated multichannel
paper-chip was suitable for multiple microRNA detection
down to femtomolar levels. The multichannel paper-chip
offered an additional benefit by ensuring the platform’s proper
function and eliminating the potential for false positive results.

Paper is a cost-effective, easy-to-use, versatile, and environ-
mentally friendly material that can be used as a substrate for
the preparation of sustainable POC devices. These analytical
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devices have already proven, during the pandemic crisis, that
they can facilitate the burden of health care units and hospitals.
Sophisticated and smart device configuration combined with
cost-effective paper-based materials is a valuable contribution
in the field of diagnostics. Cutting edge technologies provide
an unlimited option for paper-based POC fabrication regarding
the usage of novel materials and assay design. As a result, these
tools preserve the economy as well as the health system and, in
some cases, can also expand patient life expectancy. These
devices can also be accessible to resource-limited countries as
they provide the possibility of multiple biomarker screening for
affordable disease and therapy monitoring. While POC devices
provide numerous benefits and facilitate access to personalized
medical care and treatment, the downside is that the associated
waste products pose an environmental burden, and they need
appropriate management. It is important to note that the usage
of paper-based sensors can offer environmental advantages
because of their ecofriendliness and sustainability, but the
overall environmental impact can vary based on specific
materials, manufacturing processes, and disposal methods.

The advantages of paper allow the development of a paper-
based POC device that complies with the ASSURED criteria
and eventually will be used near the patient. As discussed
above, the emerging tools that exist lead to many different
shapes of patterning on paper-based substrates. The hydro-
phobic barriers, which form hydrophilic areas, can monitor the
flow rate and the volume of reagents/samples. They also
provide the possibility of adding prestored reagents, on paper
substrates, even during the analysis. Additionally, the analysis
of biomarkers in complex biological fluids is facilitated by
paper stacking and folding thanks to the feasibility of sample
separation and isolation within the 3D paper networks.

The limitations of paper-based substrates in various sensing
strategies such as colorimetric detection might be low LODs,
narrow linear range, usually semiquantitative results, etc. These
challenges can be addressed by incorporating paper substrates
into more sensitive sensing strategies such as electrochemistry
and chemiluminescence.

Paper-based materials can be also combined with advanced,
new nanomaterials and portable imagers/detectors to further

Paper-based materials can be also
combined with advanced, new nano-
materials and portable imagers/detec-
tors to further improve the analysis of
emerging important biomarkers. The
above enhancements are crucial for the
implementation of POC devices in real
clinical practice and routine.

improve the analysis of emerging important biomarkers. The
above enhancements are crucial for the implementation of
POC devices in real clinical practice and routine.
Paper-based diagnostic tools are portable and simple, and
usually no power consumption is needed. The previous
characteristics make POC tools attractive for numerous
applications. However, there are some future challenges and
limitations that need to be addressed for developing new
emerging POC devices. Some of the limitations that exist are
the mechanical strength of the paper-based POC devices, the
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reagent evaporation, the assay sensitivity and detection
accuracy, the fabrication variabilities between the same POC
devices that can affect the reproducibility, the analysis of
complex biological fluids, etc. Among the various config-
urations and surface functionalization of paper-substrates that
are exploited to overcome the above limitations, artificial
intelligence and computational simulations®”** can also
contribute to POC devices’ improvement. These approaches
can optimize the POC device design. Moreover algorithm
training for results interpretation and multiplex pattern
recognition can facilitate the diagnostic results and improve
the detection capability. Considering the above, the integration
of advanced paper substrates and artificial intelligence
technologies to diagnostics will introduce devices that will be
used in real clinical applications, providing more robust and
precise results.
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