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Abstract A wide range of applications are possible with paper-based analytical devices, which are low
priced, easy to fabricate and operate, and require no specialized equipment. Paper-based microfluidics offers
the design of miniaturized POC devices to be applied in the health, environment, food, and energy sector
employing the ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment
free and Deliverable to end users) principle of WHO. Therefore, this field is growing very rapidly and
ample research is being done. This review focuses on fabrication and detection techniques reported to
date. Additionally, this review emphasises on the application of this technology in the area of medical
diagnosis, energy generation, environmental monitoring, and food quality control. This review also presents
the theoretical analysis of fluid flow in porous media for the efficient handling and control of fluids. The
limitations of PAD have also been discussed with an emphasis to concern on the transformation of such

devices from laboratory to the consumer.

Abbreviations

PAD Paper-based analytical device

uPAD Microfluidic  paper-based  analytical
device

ePAD Electrochemical Paper-based analytical
device

PCAD Microfluidic paper-based chemilumines-
cence analytical device

WHO World health organisation

LOC Lab-on-chip

LFA Lateral flow assay

SPCE Screen-printed carbon electrodes

PMMA Poly methyl methacrylate

FLASH Fast lithographic activation of sheets

PDMS Polydimethylsiloxane

AKD Alkyl ketene dime

LAMP Loop-mediated isothermal amplification

RT-PCR Real-time reverse transcrip-
tion—polymerase chain reaction

RT-LAMP Reverse transcription loop—mediated
isothermal amplification
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SARS-CoV Severe acute respiratory syndrome-
associated coronavirus
Enzyme-linked immunosorbent assay

Point-of-care

ELISA
POC

1 Introduction

In microfluidics, fluids and particles are controlled and
manipulated by precise equipment on scales of tens to
hundreds of micrometers. Microfluidics leverages fluids
in microchannels to exploit their most obvious char-
acteristics small size and laminar flow. Microfluidics is
also used for medical and chemical applications, such
as lab-on-a-chips (LOC) and micro total analysis sys-
tems (4 TAS). This technology features superior advan-
tages over conventional macro-scale platforms (e.g. cen-
trifuges, flow cytometers, etc.) because it can precisely
control and manipulate biological particles and the sur-
rounding microenvironment.

Although microfluidics has been developing rapidly,
the progression of POC microfluidic systems still faces
various barriers like sample processing, chip to real-
world connection, sensing, and miniaturization or abo-
lition of additional fluid control elements. The difficulty
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Fig. 1 An illustration of the WHO’s ASSURED criteria for
diagnostics

and high expenses of advancement of microfluidic prod-
ucts, make it difficult to reach end customers. There-
fore, Martinez et al. [1] merged the concept of microflu-
idics with paper, as paper meets the optimal base mate-
rial parameters for the transfer of these devices from the
lab to consumers. These paper-based analytical devices
(PADs) offer a seperate site for liquid transportation
via capillary forces without the use of additional pumps.
Paper-based microfluidics is a rapidly growing field that
has attracted significant attention due to its advan-
tages over traditional microfluidics, such as low manu-
facturing costs, accessibility, ease of operation, scalabil-
ity, fast response, POC diagnostics, and little solution
usage. Therefore, this technology meets the guidelines
of WHO for an ideal POC diagnostic system. Under
WHO guidelines, the diagnostic test/device must meet
the ASSURED requirements (as shown in Fig. 1) which
include being (i) affordable, (ii) sensitive, (iii) specific,
(iv) user-friendly, (v) rapid and robust, (vi) equipment-
free, and (vii) deliverable to end-users for the selection
of diagnostics [2, 3].

As a result, the field of testing is constantly devel-
oping and discovering new tools for identifying both
infectious and non-infectious disorders. Incorporating
microfluidics and biosensing principles can meet the
criteria listed by the WHO here for choosing testing
tools [3, 4]. In addition to satisfying the ASSURED cri-
teria, microfluidic chip biosensors provide many addi-
tional advantages, such as portability, the need for
fewer samples, the possibility of installation in rural
parts, reduced energy consumption, less errors, numer-
ous biomarker identification, etc.

Creating channels is all that is necessary to execute
multiplexed analysis by a succession of hydrophilic-
hydrophobic microstructures on paper substrates to
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create PADs. Photolithography, wax printing, screen
printing, inkjet printing, and plasma oxidation are
some of the common methods to create channels in
the device. To improve the sensitivity and working
of the device, certain modifications like the incorpo-
ration of the electrode were required. Colorimetric,
chemiluminescence, and electrochemical techniques are
employed for the goal of detection, and they entail the
measurement of color intensity created on the PAD.
Figure 2 shows a typical configuration for a paper-
based microfluidic analytical device in which patterns
were created on a simple Whatman filter paper to
create the hydrophobic-hydrophilic contrast and then
reagents and samples have been loaded to analyze the
developed color in the reaction zone. There are many
detection techniques have been explored including col-
orimetric analysis, fluorescent analysis, electrochemical
analysis, etc. Colorimetric detection is a good method
for uPADs, which has the benefits of visual monitor-
ing, quick sensing, practicality for rural applications,
ease of use, and greater stability. In spite of improve-
ments, there are still a few problems with paper-based
microfluidic technology. The issues to take into account
relate to the devices’ stability and shelf life, particu-
larly those that involve biological tests for analysis. The
field of ‘PADs’ has experienced tremendous growth, but
there are still many obstacles to overcome and possibil-
ities to seize. The development of tools that are simpler
to use must also continue. The complexity of assays
for current technologies can be limited because of their
intrinsic simplicity, or they can do complicated activ-
ities but are difficult to operate. This review explains
the design and fabrication methods with various adjust-
ments to generate practical assay with efficient handling
and regulation of fluids, since yPADs primary issue is
the paucity of flow control, this slows down the process
from the lab to the public hands and creates marketing
challenges. Then it will transition to how these tech-
nologies carry out detection. The quantitative under-
standing of capillary flow was also revealed with various
theoretical analysis of fluid flow in porous media. The
Review will conclude with applications of PAD tech-
nology across medical diagnosis, environmental moni-
toring, energy generation, and food safety monitoring
before concluding with a consideration of future direc-
tions of paper-based devices.

2 Fabrication

Like any other microfluidic system, fabrication is very
important also for paper based device. The remark-
able characteristics of paper have been the key to the
development of PADs. There is no need to use external
energy devices with paper-based microfluidics since it
relies on capillary action to transfer liquids. Two basic
steps are involved in creating pPADs: Paper pattern-
ing and device customization to serve the purposes for
which they are intended.
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2.1 Patterning

Patterning is the first step in the fabrication of any PAD
and is required to achieve hydrophilic-hydrophobic con-
trast in a porous paper. The two main patterning tech-
niques for creating microfluidic channels on paper sub-
strates are mechanical cutting and hydrophobic mate-
rial treatment. Direct and indirect methods can be used
to further categorize the second technique into two cat-
egories. In the direct technique, the hydrophobic mate-
rial is applied directly to the paper, although for the
indirect methods, the hydrophobic material is applied
selectively at different stages using a mask, as indicated
in Fig. 3. Wax printing, inkjet printing, flexographic
printing, and laser cutting are examples of direct tech-
niques while indirect method involves Plasma etching,
photolithography, laser treatment, etc. The strategies
of patterning principles can be separated based on the

Indirect Direct

Substrate

Hydrophobic
Hydrophobic liquid (wax
printing, flexographic
printing, inkjet printing,

ask
plotting, stamping)
Hydrophobic liquid . . .

Plasma solvent uv

Hydrophobic Hydrophilic

Fig. 3 Classification of patterning methods to form
microfluidic channels. Patterning is classified based on the
technique of transferring hydrophobic material on paper.
If the hydrophobic material is applied directly to the
hydrophilic paper substrate, it is called the direct method
while if the hydrophobic material is applied selectively at
different stages, it is the indirect method

© ) (O]

binding states of the hydrophobic agent: (1) physically
sealing the pores of the paper, (2) physically deposit-
ing a hydrophobizing substance on the cellulose fiber
surfaces, and (3) chemically altering the surfaces of the
fibers.

2.1.1 Photolithography

Photolithography was used to create the first paper-
based microfluidic devices, and it continues to be
preferable due to its accuracy and high resolution [5].
The photolithography begins by covering the complete
paper with a negative photoresist as shown in Fig. 4.
Moreover, the photoresist is crosslinked in the appro-
priate pattern by using a photomask. Finally, the sub-
strate is developed in solvent to eliminate the remaining
photoresist that hasn’t been exposed [6, 7]. Martinez
et al. [1] demonstrated the photolithography technique
and used SU-8 2010 photoresist to create patterns on
chromatography paper, then soaked and deposited the
photoresist onto the paper. Now, the paper was baked
for a few minutes to take off the cyclopentanone in the
SU-8 formula. After that, a photo mask that had been
precisely aligned with the aid of a mask aligner was used
to expose the paper to UV light for couple of seconds.
Although SU-8 is pricey and the procedure is compli-
cated, the manufactured PADs have good resolution.
Furthermore, Whitesides and colleagues used a SC pho-
toresist [8] and an epoxy negative photoresist [9] for the
SU-8 2010 photoresist.

2.1.2 Wax patterning

Wax is a hydrophobic substance that can be used on
the hydrophobic surface using different ways. There
are many benefits of using wax printing for the pat-
terning of devices, including ease of fabrication, non-
toxicity, disposability, and lower production costs. In
2009, Lu et al. [10] created a new wax impregnation
process known as wax printing. Molten wax, as opposed
to ink or toner, is imprinted on the surface of the paper
by solid ink printers used for wax printing [11, 12].
Heat is applied to a piece of paper with a wax design
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Fig. 4 Diagram showing (a) (b) (c)
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printed on one side in order to flow the wax and per-
mit it to reach the paper’s thickness [13, 14]. This cre-
ates a hydrophobic barrier that is entirely imperme-
able and has a hydrophilic zone enclosed inside it that
is shaped like a wax printing pattern. To prevent the
reverse side of paper from becoming wet and to stop
the permeation-related leakage of reagents and samples
to the other side, a clear tape [15, 16] or laminated film
is lastly applied to one side of the paper. While the
wax is heated, it spreads both laterally and vertically,
therefore this must be taken into consideration when
drawing the designs. Channels of various sizes can be
produced by printing wax in a variety of thicknesses or
quantities.

2.1.3 Wax dipping

Compared to photolithography, it is a more expedient
and economical printing method. It only requires wax
dipping, and the channel was created in under a minute
using subsequent soaking and standard heating tech-
niques [13]. Hydrophobic barriers were created using
melted wax, and hydrophilic channels were shielded
using an iron mould as in Fig. 5. The magnetic field
of a magnet was used to apply the iron mould to the
paper. The paper absorbs the molten wax whenever the
specimen is submerged in it, but some sections of the
iron mould are shielded from the wax’s absorption. The
size of the iron mould that is used determines the pre-
cise width of the manufactured microfluidic channel.

2.1.4 Inkjet printing

In this method, a solvent is used in place of ink to pat-
tern paper using a commercial inkjet printer. One appli-
cation of this method involves first totally hydrophobiz-
ing paper by soaking it in a polystyrene solution. The
paper is then treated with toluene inkjet printed in a
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Fig. 5 Diagram showing the wax dipping process. a Filter
Paper, b a magnet was mounted to the rear of a glass slide
to generate an assembly of paper between a glass plate and a
mould, ¢ assembly was submerged in a wax chamber, d peel-
ing off the glass plate and detaching the iron mould at room
temperature resulted in the creation of the hydrophobic and
hydrophilic regions of the uPADs

specific pattern to remove some of the polystyrenes [17,
18]. The printers used for inkjet printing are relatively
inexpensive and easily available and the reagents used
for inkjet printing can directly print onto the device,
helping in making an entire device in just one step. Abe
et al. [18] used an inkjet-printed device for the sensing
of glucose, proteins, and pH and proposed a method for
creating mesoporous colloidal nanoparticle ink using an
inkjet printer on both rigid and flexible substrates [19].
This technique permits sophisticated vapor responses
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Fig. 6 Schematic diagram
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for multiple-color PC patterns, and variations in color
intensity have been seen with the unaided eye. Maejima
et al. [20] created PADs using a similar inkjet print-
ing technique. However, they substituted AKD in this
instance with a hydrophobic UV curable acrylate com-
position made of non-volatile and non-flammable sub-
stances as shown in 6. After the unique ink had been
printed on the paper, hydrophobic barriers were created
by curing the material under UV light for 60 s [21].
The drawback of this method is that inkjet printing
frequently necessitates the production of many printed
layers and can result in print resolution issues. Since
a large number of solvents used to emulsify detecting
compounds are flammable, which might clog printers
or result in errors in the quantity of reagents that are
printed.

2.1.5 Laser treatment

The CO, laser is the most often utilized laser source for
creating paper-based devices. Without support mate-
rial to shield the material at the back, this can go into
anything in a single pass. In order to create microflu-
idic devices, double-sided adhesive, PMMA, and paper
are frequently sliced using a C'O4 laser while maintain-
ing the specific value of operational parameters like the
strength of the laser and the reading rate to prevent
paper cutting. Mani et al. [22] reported a microchip to
diagnose tuberculosis (TB) in the human body, which
was framed using a laser cutting procedure. This TB
ELISA is a fast, low-cost, and magnetically operated
platform. The test duration could be halved to about
15 min while maintaining detection efficiencies on par
with those of traditional, classical ELISA. Renault et al.
[23] considerably enhanced the rate of flow of liquid on
the porous chip and decreased nonspecific adsorption by
cutting a channel with a laser to create an intermedi-
ate hollowed-out sandwich chip sensor (hollow channel).
Chitnis et al. [24] proposed a laser-treated microflu-
idic device with the use of a substrate made of parch-
ment paper. With the use of computer-controlled C'O,
optical trimming and engraving machinery, the texture
of the parchment paper was altered. The parchment
sheet was treated after being spread open and placed
on a pedestal. The intended pattern was created on the
parchment paper using rapid scanning of the laser beam

(e) ®

throughout the face. However, its usage is constrained
by the need for expensive equipment and cautious pro-
cessing.

2.1.6 Plotting

In the earlier days, 2D plotter was used for the fabri-
cation of PADs. It is a charting tool that can print or
plot two-dimensional items on a plane. By altering the
type of plotter head being used, one can switch between
plotting and printing [25]. Fabrication of PADs often
involves the employment of a spray nozzle that emits
an ink stream. A 2D plotter sprays hydrophobic ink
onto the paper that is within the plotter. Computing
systems have the ability to predetermine or regulate the
spray pattern. Depending on the density of the ink and
its ability to penetrates into the paper at different tem-
peratures, heating the paper after plotting may or may
not be necessary. Bruzewicz et al. [26] modified the x-
y plotter to print the solution of polydimethylsiloxane
(PDMS) in hexane over the filter paper. The hydropho-
bic polymer entered the paper’s depths and blocked
aqueous solutions from entering the filter paper. This
process produces inexpensive, paper-based, physically
flexible gadgets. An easier approach to creating paper
devices was the use of wax pens [10]. Wax was used
to trace the necessary patterns across both faces of a
piece of filter paper, which was then baked for a brief
length of time. Because of the high temperature, the
wax may melt and permeate the paper in the precise
pattern of channels needed to create a hydrophobic
wall. Laser plotting is another plotting technique to
create microchannels by using a laser plotter [27]. In
essence, the thermal deterioration action that engraves
the surface of the chosen material is the basis for the
microstructures produced by this technique. Ink plot-
ting is also a commonly used plotting method in which
hydrophobic barriers are created on paper using an
X-Y plotter and hydrophobic inks are put into pens
[26, 28]. The hydrophobic ink is absorbed in the sheet
of paper due to the proper selection of ink viscosity and
plotter head pressure. Although this method is cheap,
the resolution of the pattern is only moderate. The
method takes a long time, thus it’s better suited for
creating small quantities of devices.
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Fig. 7 Schematic diagram illustrating a flexographic print-
ing method b structures created on porous substrate using
flexographic printing

2.1.7 Flexographic printing

It is a direct and quick manufacturing technique for
mass production in a roll-to-roll method as shown in
Fig. 7 [9, 29]. On various substrates, commercial flex-
ographic printers can manufacture the devices at very
high speeds. An anilox roll is charged with ink, which
is then delivered to a paper that is fastened to the
impression roll. As an ink, polystyrene solution in an
organic solvent is employed at various concentrations.
The amount of ink transferred from the anilox roll to
the printing plate, which has a design known as the
relief pattern, is determined by the numerous cells that
surround it. The doctor’s blade removes any extra ink
that may still be present in the anilox roll. To distribute
the ink to the paper, the anilox roll is turned four times,
along with the plate roll and impression roll. Getting
enough ink to saturate the paper substrate, the opti-
mization of the printing speed and pressure between
rolls is necessary. The pipet is configured to automat-
ically add ink to the ink tank after printing the first
layer. After finishing a few ink layers, the anilox roll
needs to be washed; otherwise, the print quality begins
to deteriorate. The hydrophobic characteristics of the
printed layers are influenced by the number of layers
that are printed. Flexographic printing is used to print
channels through the use of polystyrene ink that had
been dissolved in volatile organic solvents. By adjusting
the solvent’s viscosity, vapor pressure, and polystyrene
content, channels on the device can be printed par-
tially or entirely through the paper. Flexographic print-
ing also uses commercial ink PDMS. For PDMS to
cut through paper, multiple replicate print layers are
needed.

2.1.8 Ink stamping

Due to the simplicity of the stamping method, it has
been extensively used by researchers to create PADs
using various stamps and inks [30]. The portable stamp
used in the stamping method is the only tool utilized
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to form a pattern on the filter paper, thus it should be
simple to make and apply. A PDMS stamp is used to
define a fluidic structure by bringing indelible ink into
contact with filter paper. Without using any external
force, the PDMS stamp was repeatedly dipped into the
stone pad that had been wet with permanent ink. This
allowed the stamp to make brief contact with the fil-
ter paper. Although ink stamping was straightforward
and less expensive, the PDMS stamp was made in a
very sophisticated manner. The filter paper was dipped
into the liquid paraffin, let to cool, and then placed
on the surface of the original paper. The hydrophobic
barriers were created by transferring the wax from the
p-paper to the n-paper using a warmed metal stamp.
Since they are quick and inexpensive prototyping meth-
ods based on producing ink channels on substrate with
a PDMS mark and permanent inks, the double side
printing technique developed by Akyazi et al. [31] and
the ink stamping method suggested by Curto et al. [32]
have recently emerged as alternatives to conventional
wax printing. They might be viewed as low-cost fab-
rication techniques, but their fundamental flaw is that
because they involve manual labor, there is little consis-
tency from one device to the next. De et al. [30] devel-
oped a new method for stamping that uses paraffin over
a substrate made of chemically altered paper with the
help of lightweight, portable stainless-steel stamp for
quick prototyping of paper-based devices.

2.1.9 Screen printing

In this procedure, photolithography is used to pattern
the desired design on a screen. The model is constructed
first, and then solid wax is applied to the filter paper
by rubbing it through a screen model. The wax was
heated after printing so that melted wax could seep into
the substrate and create hydrophobic barriers using a
heated plate. Sameenoi et al. [33] applied polystyrene
rather than wax onto the paper in a screen printing
model. This method is appropriate for modest amounts
of PAD manufacturing because screen printing is fre-
quently utilized in the production of pieces of printing
materials. This method has the benefit of being com-
patible with a greater variety of inks. The key draw-
back is that it is not suited for quick device prototyping
because of the high number of screens needed.

2.1.10 Plasma treatment

Plasma treatment was utilized to construct pPAD
by initially making a hydrophobic surface, and then
hydrophobic material was then precisely removed by
presenting the substrate to plasma over a physical bar-
rier with the necessary pattern. The shield stay helps
in the selective itching of the porous substrate and
makes the paper sheet a combination of hydrophobic
and hydrophilic regions. Alkyl ketene dimer(AKD) and
octadecyltrichlorosilane (OTS)are two chemicals that
are frequently used to make paper hydrophobic. Both
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and PMMA mask were separated by OTS-coated paper and subjected to corona discharge after assembly, d patterned

uPAD

a plasma cleaner [34, 35] and a portable corona gen-
erator [36] have been proposed for plasma treatment.
Li et al. [34] patterned the paper by dipping it in
an AKD-heptane solution and then putting it in a
fume hood evaporate the heptane. The AKD was then
treated on filter paper by heating it in an oven, mak-
ing the material hydrophobic. A vacuum plasma reac-
tor was used to process the modified paper while it was
positioned between two metal masks with the necessary
patterns. Following the plasma treatment, the exposed
portions turned hydrophilic. As a typical industrial
material, AKD is affordable and easily accessible. How-
ever, each pattern is unique to metal masks. The metal
masks should be costly and difficult as a result. Fluoro-
carbon plasma polymerization for the creation of PADs
was proven [37]. Two masks i.e., a positive mask and
a negative mask were tightly positioned on either side
of the filter paper. Afterward, the plasma system made
the hydrophobic barrier on sandwiched by puncturing
the fluorocarbon. Obeso and colleagues have reported
using plasma and poly (hydroxybutyrate) for the pro-
duction of PADs. The plasma procedure resembles the
plasma therapy that was previously mentioned. But in
this instance, the paper is dried at ambient temperature
after being submerged in various solutions in succes-
sion. This method involves producing the paper before-
hand, which takes time but results in a straightforward
plasma procedure.

2.1.11 Chemical vapor-phase deposition

Kwong and Gupta [38] first introduced the chemical
vapor-phase deposition-based patterning technology for
functional polymers, and afterward, the methodology
was expanded for pure polymers. A magnet and a metal
mask were positioned on either side of the filter paper.
The monomer was placed in a sublimation chamber
that had been emptied in order to undergo pyrolysis
and create radical monomers. These were applied to
the exposed area of the paper, where they were sub-
sequently polymerized to form hydrophobic barriers.
Then, a similar method for creating PADs that involved
vapor-phase layering of pure polymers was published
[39]. In the latter procedure, a magnet and a metal
mask were placed on top of the filter paper. A suit-
able quantity of monomers was added to an evacuated
sublimation chamber, where they were allowed to evap-
orate before being pyrolyzed into radical monomers.

They were then applied to the exposed surface of the
paper and polymerized to form hydrophobic barriers.
This technique was also employed to create PADs. The
only distinction between the two techniques is the poly-
mer that Chen et al. [40] utilized, a fluoropolymer cov-
ering of poly (1 H, 2 H, 2 H-per-fluorodecyl acrylate).

2.1.12 Hand-held corona treatment

Jiang et al. [41] proposed the fabrication of yPAD using
corona discharge and created PADs using a portable
corona treater. First, octadecyltrichlorosilane (OTS)
was used to make a filter paper hydrophobic as shown
in 8. After that, a plastic mask was used to expose
the hydrophobic paper to the corona. The portion that
was exposed changed from being hydrophobic to being
hydrophilic as a result.

2.1.13 Fast lithographic activation of sheets (FLASH)

FLASH is based on photolithography in which UV light
and a hotplate are the essential tools required for it
[8]. In contrast to photolithography, FLASH does not
require a clean space. If UV lamp and hotplate are
not accessible, FLASH method can still be successfully
used in the sunshine. This technique makes it sim-
ple to design in paper small hydrophilic channels as
small as 200 m. Photomasks are created as previously
described. The photoresist is poured onto the paper and
distributed evenly during the FLASH process as shown
in Fig. 9. In order to evaporate the propylene glycol
monomethyl ether acetate (PGMEA) included in the
photoresist. During the cooling process, the paper is
brought to ambient conditions. A transparency film is
applied to one side of the paper, and black construc-
tion paper is applied to the other, in order to reduce
the reflection of UV radiation. The border of the con-
struction paper should have adhered to transparent film
with the three parts. On the transparent film, black pat-
terns were imprinted to distinguish between hydrophilic
and hydrophobic regions. Now, a brief UV exposure is
given to the FLASH material. The transparency film
and construction paper are then taken off. The paper is
cleaned with isopropyl alcohol and acetone after soak-
ing in acetone for one minute.
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Fig. 9 Schematic diagram for FLASH method to fabricate
microfluidic device a after applying the photoresist to a
paper, sandwich a black paper between an adhesive trans-
parent material, b utilising an inkjet printer to print designs
onto substrate, ¢ the paper being exposed to UV light,
d peel out the transparent film and black paper from the
impregnated paper

2.1.14 PDMS screen printing

On chromatography paper, hydrophobic barriers are
made using the polymer PDMS, which has a very flexi-
ble character. This approach involves moving substrates
in different directions under the control of a print-
ing table. The chromatography paper is covered with
a nylon mesh screen stencil that has been designed
according to specifications. After that, PDMS is applied
to the surface and rubbed into the chromatography
paper to create a pattern over the paper. The patterned
paper is dried for 30 min at 120 °C before being chilled
to room temperature, as depicted in Fig. 10.

The comparison of different patterning techniques
highlighting their principles, benefits, and drawbacks
are mentioned in Table 1.

2.2 Incorporating operational functionality

Although paper is a unique substrate for containing lig-
uids in specific areas and controlling fluid flow with-
out the use of external power, the above characteristics
of porous substrates only provide a limited amount of
control over fluid transport, particularly over flow rate
and direction. These limitations render inappropriate
handling of complex chemical matrices and ill-timed
performance of multi-step tasks. The early PADs had
limited influence in the analytical community because
they were incapable of performing complicated tasks.
To integrate enhanced capability for handling liquids
and enabling safe operation, various functionalities were
incorporated into the device.
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2.2.1 Flow rate control (programming and timing)

One of the earliest examples of fluid flow control was
made by Martinez et al. [42] in 2010, who created a
multi-dimensional 4PAD with ‘on’ buttons that could
be used only once to change the flow path. When
pressed, fluidic channels were connected between lay-
ers of porous material and tape that were strategi-
cally spaced apart. Until it was pressed, this computer-
ized valve could fully stop the flow. While single-use
valves have their drawbacks, this work showed how
programmable PADs might be useful for testing or
manually regulating the sequence of reactions. Other
researchers [43-45] published additional techniques for
managing fluidic transport by changing the shape of the
channel. When a channel junction changes from narrow
to wide, the flow rate decreases. Another way of flow
control was introduced by Toley et al. [46] by redirect-
ing the flow through an adjustable cellulosic shunt that
was put in the direction of flow and in direct contact
with the paper. By wicking fluid via a bridge made of
soluble sugars, Houghtaling et al. [47] used a similar
idea to digital ‘on/off’ switches, successfully shutting
off the flow. Afterward, a water-soluble pullulan film
was created by Jahanshahi et al. [48] that performed a
comparable function.

2.2.2 Multi-step processing

Automating multi-step procedures is the first step in
the trend toward making PAD tests more functional. By
adding numerous steady portions of paper for each step
of the reagent addition process, Fu et al. [49] and Lutz
et al. [50] examined the successive transportation of var-
ious chemicals to a detecting zone. To build an auto-
mated sandwich ELISA experiment, Apilux et al. [51]
defined numerous flow routes of variable lengths with
various chemicals in each path. Li et al. [52] use of mag-
netically timed ‘open/closed’ single-use valves allowed
them to show device control for multi-step tests. The
facial tissue that made up each valve was essentially
a porous substance attached with a cantilever. At the
beginning of time, either the valve was lowered onto
the stream, allowing fluid to flow through it, or it was
lifted just above stream, preventing flow. The cantilever
was activated by a resistor when the stream from the
inlet approached the resistor. The intended delay for
on-chip processes determined the length of the timing
channel. Furthermore, Fridley et al. [53] showed that
depending on the manner in which reagents are put in
devices, compounds dried in the paper are amenable for
multi-step processing. In their method, a single detec-
tion zone made by a PAD cut from nitrocellulose was
downstream of channels that carried dry chemicals and
each was a different size from the monitoring zone. All
three reagents in the porous substance attached at the
same time and were closest to the detection zone overall
arrived and reached the detection zone first. In an effort
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Table 1 Different fabrication techniques and their underlying principles, along with benefits and drawbacks

Method Patterning Agent Patterning principle Benefits Drawbacks

Photolithography Photoresist Physical blockage of Good resolution, Expensive agent and
paper pores convenient, narrow equipment, extra

width channels cleaning required

Wax Patterning Wax Physical blockage of Mass production, High printer cost,
paper pores simple and quick poor resolution

Wax dipping Wax Physical blockage of Mass production, Heating required
paper pores simple and quick

Inkjet printing AKD Chemical surface Agent is cheap, mass  Sophisticated steps,

Laser treatment

Plotting

FlexographicPrinting

Plasma Treatment

Screen Printing
Chemical Vapor-Phase
Deposition

FLASH

PDMS screen printing

Depend on paper
types
PDMS

Polystyrene

AKD

Wax
Chemical monomer
Photoresist

PDMS

modification

Physical blockage of
paper pores

Physical blockage of
paper pores

Physical blockage of
paper pores

Chemical surface
modification

Physical blockage of
paper pores

Chemical surface
modification

Physical blockage of
paper pores

Physical blockage of
paper pores

production
Good resolution

Cheap agent, easy
fabrication, flexible

Mass production, no
heat treatment

Inexpensive agent,
very flexible, no
heat treatment
required

Easy process
High resolution

Quick

Enhanced flexibility

requirement of
advanced printer

Require extra steps

can’t use for mass
production

Polystyrene solution
must be printed
twice, and various
printing plates are
needed

Customized masks
are required, slow
production rate

Low resolution
Expensive
Expensive, multiple

steps

Low resolution

EEEE EEEE HEEE

(a) ®)

(d) (e)

Fig. 10 Schematic depiction of PDMS-screen-printing method. a Chromatography paper b placing the screen on the paper;
c, d applying PDMS to the screen; e curing the PDMS-Screenprinted paper in an oven

to cut the price and size of the LFAs development pro-
cess, Anderson et al. [54] offered a revolutionary plat-
form centered on the adaptability and capacity of an
autonomous fluid handling system. The technology was
first successfully used to create an LFA for malaria,
but it was quickly expanded to allow for the devel-
opment of LFAs for SARS-CoV-2 and Mycobacterium
tuberculosis as well. This automatic system increased
both the number and quality of LFA assay development
efforts by cutting down on hands-on time, increasing
experiment size, and facilitating enhanced repeatability.

Another automatic flow shutdown system was created
using pullulan, a quickly dissolving polymer [48]. The
paper channel is partially replaced by a deflectable cap-
illary channel produced by a dissoluble film, enabling
automatic flow control. In order to accommodate time-
sensitive or multi-step reactions and tests, the user can
manage fluid movement using this time-dependent flow
shutdown technology.
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2.2.3 Switches and valves

Device construction must enable effective control over
fluid motion and multi-step protocols. A switch was
achieved in PAD by manually bifurcating the channel
in order to allow or prevent the capillary flow [34]. The
valves operate on the idea that exerting pressure on
two vertical fluidic channels changes their gap, allow-
ing fluids to wick along the connected channels. How-
ever, functioning without controller or actuator, valves
are challenging to integrate into paper-based devices.
Switches and valves were built on the same platform
and were utilized for more specific applications. The
idea behind paper-based microfluidic valves is com-
parable to that of electronic field programmable gate
arrays. Likewise, Martinez et al. [42] built a valve mech-
anism in 3-D puPADs by exerting pressure to close the
space between two fluidic channels that were verti-
cally aligned. Fluids can wick along the joined chan-
nels by sealing the gap. Then, Glavan et al. [55] and
Liu et al. [56] implemented the folding valve concept
into an open-channel device and a laminated device,
respectively. When channels in folding valves are folded
and unfolded, the direction of fluid flow changes; fold-
ing the channel past a 90-degree angle stops the flow. In
the literature, self-actuated type valves were also men-
tioned for sample in/ out tests. Newsham et al. [57]
examined and modeled multiple configurations of ther-
mally actuated valves to incorporate the valve into an
LFIA with exact control over various flow parameters.
To specifically characterize the microfluidic properties
of PAD, fluorescent nanoparticles were measured using
micro-particle image velocimetry. This method identi-
fied divergent bulk flow parameters that might explain
extra variability in LFTA signal generation. Li et al.
[58] demonstrated a self-powered rotating paper-based
microfluidic chip with an integrated movable valve to
detect thrombin. The sandwich was created by join-
ing the DNA sequence (DNA1) and a DNA sequence
((GOx)-DNA2 modified by the glucose oxidase enzyme
in order to get the supercapacitor signal. The (GOx)-
DNA2 may then be released and employed to catal-
yse the oxidation of glucose as thrombin binds with its
specific aptamer through strong binding affinity. The
required voltage may be generated to refill the paper
supercapacitor as a result of the (GOz)-triggered reac-
tion, and a multimeter can monitor its signal.

2.2.4 Electrode incorporation

The challenge associated with paper-based devices is
obtaining low limit of detection with reasonable effi-
ciency due to a dependency on color identification of
the human. Electrochemical detection ability of paper
devices bridges the gap between conventional paper-
based devices and advanced automatic devices. Devices
based on electrochemical detection provide great sensi-
tivity and selectivity while also being a good match for
low-cost detection. Making a paper-based device com-
patible with commercial readers like glucometers was a
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goal of the development process. The most significant
factors affecting the performance of an electrochemical
device are the electrode’s shape, material composition,
and fabrication techniques. Furthermore, various elec-
trode materials are discussed below.

Carbon electrodes

Due to ease of manufacturing, ease of chemical alter-
ation, and large possible opening in liquids, carbon is
a desirable electrode material. For these reasons, car-
bon was the first material to be used as a function-
ing electrode in ePADs [59]. Since then, other instances
of carbon electrodes and related fabrication techniques
have been demonstrated. The dual-based lab-on-paper
device created by Apilux et al. [60] demonstrated a
quick and easy way to quantify Au(III) using colorime-
try as indicated in Fig. 11.

1. Screen-printing

It is widely used method for fabricating carbon elec-
trodes [61-64]. Polymerizing photoreactive polymer-
coated screens around masks is commonly accomplished
through photolithography. Another technique involves
printing through a silk screen-adhered solid film with
a craft- or laser-cut pattern. For the electrocatalytic
detection of thiols, Dossi et al. printed an electrode
that was combined with cobalt phthalocyanine [65].
Graphene or nanoparticles have also been used in other
examples to increase the performance of screen-printed
carbon electrodes (SPCE) [66].

2. Stencil-printing

Screen printing and stencil printing are relatively simi-
lar processes [67]. This technique uses transparency film
or sticky tape to make masks instead of the usual screen
materials. Using craft or laser cutters, stencils are easily
made. In order to maintain pattern fidelity while stencil
printing as compared to screen printing, more dense ink
is required so the electrode material is dispensed via an
open hole as opposed to a mesh. Viscous ink improves
electrode conductivity but reduces the endurance of the
electrodes and the adhesion of the paper [68, 69]. The
improvement of ink viscosity and composition can help
either screen printing or stencil printing.

3. Pencil drawing

For inexpensive aqueous and nonaqueous media detec-
tion, graphite pencil leads are also used to make
electrodes on paper. Santhiago et al. reported using
the graphite pencil concept to create electrodes for a
paper-based device [70]. For precise detection, lead and
graphite were first polished before being put in touch
with the paper device. In early works, H-type pen-
cils were used to create the electrodes in order to get
a satisfactory electrochemical reaction. However, more
recent studies have discovered that soft lead, which has
a greater graphite-to-binder ratio, is the ideal material
for creating conductive electrodes on paper. Dossi et al.
[71] established the concept of pencil lead production
after recognizing the significance of binders composition
in electrodes. Different binder compositions and addi-
tives, such as decamethylferrocene or CoPC, were used
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Fig. 11 Depiction of the
basic design containing
three electrodes (working
electrode (WE), counter
electrode (CE), and silver/
silver chloride ink as the
reference electrode (RE))
screened on patterned

paper

Electrochemical Test
Zone

during the pencil lead’s fabrication to enhance perfor-
mance and serve as a mediator during electrochemical
detection, respectively.

4.Painting carbon electrodes

Painting carbon ink on electrodes directly, without
using masks, is one direct way of electrode produc-
tion. On apply a handmade CNT ink to the substrate
and then slice it into strips, all you need is a paint-
brush. To create a potentiometric sensor electrode for
the measurement of potassium, ammonium, and pH, an
ion-selective membrane is applied to the strips. Utiliz-
ing precut sheets of paper to outline the painting area
results in more repeatable electrode geometries [72].
The mixture of carbon black and readily available car-
bon inks made up the ink.

Metallic electrodes

Based on either electrode modification procedures or
innate electron transport processes, metallic electrodes
provide a wide range of choices for electrochemical
detection. The most widely utilized techniques for cre-
ating metallic electrodes are thin-layer deposition by
sputtering and evaporation.

1. Thin films

It is an indirect technique for making electrodes in
which metal is placed on paper after a mask has been
used. By depositing metals onto the paper using sput-
tering, evaporation, or spraying, the paper gains con-
ductive characteristics. Sputtering was used to deposit
gold on polyester to form a metallic electrode. This elec-
trode was used to quantify the discharge and separa-
tion of an ascorbic acid and uric acid mixture spec-
imen on paper at clinically significant concentrations
using amperometry. Then, using a metal mask and a
gold-sputtered technique, 200 nm thin film electrodes
were made in order to identify paracetamol and 4-
aminophenol from a particular test [73]. Sputter coating
is used to create platinum electrodes, which are subse-
quently adhered to solid substrates and put in close
proximity to the paper. The flow injection detection of
glucose in urine was carried out using sputtered elec-
trodes. In urine samples, hydrogen peroxide was dis-
covered amperometrically as a result of the reaction
between glucose and glucose oxidase.

~.
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2. Wires

Compared to electrodes made of carbon ink, microwires
are always thought to be a superior electrode choice.
Microwire electrodes have a lower resistance than con-
ventional electrodes, which improves the electrochem-
ical response during detection. Additionally, they are
simple to clean and/or adjust before incorporating
into equipment like gold. Microwires were cleaned with
piranha solution to enhance the electrochemical reactiv-
ity [74]. Employing thiol-based chemistry, which con-
nected an inner monolayer with a negative terminal,
the electrodes were subsequently altered to only react
to positive analytes.

3. Microelectrodes

Santhiago et al. [68] created the first microelectrode for
a paper-based device to carry out an operation identical
to stencil printing, but instead of printing directly onto
the paper, they used a laser to carve very small holes
into a translucent sheet, which they then filled with car-
bon paste as seen in the picture. For electrochemical
detection, elliptical microelectrodes were created using
laser ablation. On the back of the transparency, sev-
eral backfilled holes with a single electrical connection
were constructed in order to carry out microelectrode
array detection. With more microelectrodes in an array,
the limiting current value for sigmoidal voltammetric
curves rises.

4. Nanoparticle modification

A technique to alter the printed electrodes on the paper
involves the deposition of nanoparticles. Nanoparticles
can change a material’s conductivity, modifying chem-
ical functionality and expanding the surface area of
electrodes. On SPCEs that are available for purchase,
Pt nanoparticles were electrodeposited [75]. Pt boosted
the measured current response at the electrode sur-
face by catalyzing the oxidation of hydrogen perox-
ide. On the surface of the working electrode, gold clus-
ters were also formed using electrodeposition. With the
aid of gold-thiol chemistry, the gold enhanced the elec-
trode’s surface area and made it possible to attach cap-
ture aptamers. Au nanoparticles were placed on cel-
lulose fibres treated with graphene to boost the accu-
racy and durability of the framework for DNA detec-
tion [76]. Additionally, Au nanoparticles were deposited
on the fiber’s surface, forming an interconnected layer
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that served as the basis for a special working electrode
[77]. High conductivity and electrodes with a large sur-
face area are produced using these manufacturing tech-
niques.

2.2.5 Connections

In order to generate power, pPADs can use paper-based
batteries; nevertheless, according to WHO guidelines,
a flawless diagnostic device would operate without the
use of additional batteries [78, 79]. These fluidic batter-
ies are constructed so that the power supply is near the
test, making it simpler to connect them. The fluidic bat-
tery cannot operate until the sample is placed inside the
device. As a result, the sample can be utilized to power
any required assay-related components in addition to
conducting an assay. Due to integrated galvanic cells,
fluidic batteries may provide the appropriate voltage
or current. These cells can also be changed to incorpo-
rate the smallest amount of electrolytes and electrodes
required for a specific procedure [80].

2.2.6 Detectors and readout

The production of an effective paper-based device
requires patterning, but patterning by itself cannot pro-
duce a suitable device unless a decent detector is built
into the device. The analyte should be able to be quan-
tified by a paper-based instrument. A single analyte
was first detected by a device; however, as paper-based
microfluidic devices advanced, the idea of numerous
monitoring areas to capture many analytes within a
single device was introduced. After printing hydropho-
bic patterns onto the hydrophilic paper, sensing zones
can be created by spotting chemicals in the monitor-
ing areas. The main objective of creating accurate and
user-friendly devices is to eliminate the need for exter-
nal instrumentation. When a ‘yes/no’ response could
determine therapy, quantitative or semi-quantitative
detections or readouts are preferred for on-site diag-
nostics devices. The most popular method for non-
instrumented analysis is the employment of an exter-
nally or internally placed visual color intensity com-
parator. The technology is now compatible with smart-
phones and detectors like CCD, CMOS, flatbed scan-
ners, etc. that are reasonably affordable and simple to
use with only light to moderate training. Due to a num-
ber of factors, mobile camera technology has evolved
significantly in recent years. As a result, new opportu-
nities for using PAD technology to investigate detection
in various situations have arisen. The techniques for
quantitative feedback described in this study include
equipment-free methods, digital cameras, and mobile
phone cameras.

Smartphones and digital cameras

Smartphones have created a wide range of new options
for analysis in contexts with limited resources, whether
by on-site analysis or distant data transmission to a
single location. Information can be captured remotely
and kept for subsequent transportation to a central
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location because to the device’s enormous data stor-
age capacity, eliminating the requirement to carry sam-
ples. In addition to having a digital camera and a
light source, modern smartphones are also capable of
doing tasks that would often be performed by costly
spectrophotometers, fluorometers, or silicon photode-
tectors. Smartphones have been used to identify drugs,
biomarkers, explosives, dangerous metals, and bacte-
rial and phage infections. Smartphones operate more
quickly than flatbed scanners, however, because ambi-
ent light conditions change, image intensities are incon-
sistent. A smartphone intensity-correction app was cre-
ated to address this issue, or detection could also be
made by physically blocking ambient light while taking
images.

Handheld devices

In the past, POC applications, which can cost
over 10, 000, required bulky, benchtop instruments.
Although these paper devices are effective for POC
applications, they do not meet the ASSURED criteria
(device must be Affordable, Sensitive, Specific, User-
friendly, Rapid and robust, Equipment-free, and Deliv-
erable) of the WHO for the medical or environmental
community as mentioned in the preceding section due
to their pricey integrated pieces. Therefore, the detec-
tor cost-structure system must be substantially lower.
For simultaneous amperometric detection of glucose,
lactate, and uric acid, a low-cost eight-channel poten-
tiostat was developed [81]. The design of the gadget
for multiple electrochemical detections at once included
eight unique bespoke electrochemical wells. In a hand-
held potentiostat more recently, 48 channels were added
[82]. A portable potentiostat that can mix samples on
board, execute a variety of electrochemical assays, and
wirelessly send analytical data over speech through a
cellphone audio connection is made for environments
with limited resources. It was intended for this data
transfer to make older consumer phones compatible
with their system. It has also been stated that other
commercially available handheld instruments may mea-
sure water contamination electrochemically or explo-
sively using fluorometry.

3 Detection techniques

Microfluidic devices based on paper have been pro-
posed with several different detection techniques. These
detection methods have applications in environmental
testing, food pathogen detection, medical diagnostics,
power generation, etc.

3.1 Colorimetric detection

It is currently one of the frequently utilized methods
for detection in PADs because of the benefits of a visi-
ble interpretation, quick detection efficiency, practical-
ity for rural field applications, simple operation, and
good stability. In colorimetric detection, the analyte
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solution is passively transported by capillary action to
the test zone of the apparatus, where it reacts with
properly positioned reagents to generate a percepti-
ble color change. Basically, the digital/CMOS cameras,
scanners, or cell phones used in PAD colorimetric detec-
tion systems are used to capture the detection zone
images, which are then sent to a computer or a mobile
device for processing. For colorimetry-based analysis,
LFAs are the most popular PADs. Because LFAs are
simple to use, biodegradable, quick, and lab-free, they
are beneficial for POCT and allow for the quick sens-
ing of biomolecules like proteins in complicated sam-
ples without prior pretreatment. The majority of com-
mercial LFAs that rely on optical sensings, such as
HIV testing, pregnancy tests, and other bios studies,
have been developed using aptamer- or protein-labeled
gold nanoparticle (AuNP) conjugate probes. A PAD
for the identification of acetylcholinesterase activity and
inhibitor screening was created by Liu and Gomez [83]
based on colorimetric sensing. The fabrication of the
PAD used a direct wax printing procedure in which wax
was applied to the paper to form the hydrophobic bar-
rier. Cardoso et al. [84] proposed a variety of colorimet-
ric PADs for the measurement of numerous analytes,
like whiskey, BSA, tear glucose, urea, ketone bodies,
nitrite, glucose, bilirubin, etc [85, 86]. To detect Hg™2
ions, Meelapsom et al. [87] created an Ag nanoparticle-
processed multi-layered PAD employing thick paper
and an ink-jet printing technique. The Hgt? ions used
in the detecting procedure oxidized the Ag nanoparti-
cles, causing them to break up into smaller particles,
reducing Hgt? to Hg, and the detection zone’s color
is changed from deep yellow to vibrant yellow. It was
demonstrated that the gadget could detect particles as
small as 1 x 10~ ppm.

A PAD was created by Yamada et al. [88] to deliver
the findings of chemical analysis in the manner of ” text”
by combining the utilization of a conventional colori-
metric indicator with an inert colorant. Protein in urine
has been utilized as a proof-of-concept model analyti-
cal target. Human urine was used in user tests, and the
results showed that the created device’s accuracy was
on a level with a conventional dipstick.

For the colorimetric detection of Hgt2, Cd*t2,
Znt2, Nit24, and Fe'3 ions in drinking water or
effluent using chromogenic chemicals, Mujawar et al.
[89] proposed a PAD for recycling waste to cre-
ate low-cost analytical devices. The Fet? ions were
determined using an extremely reactive 2-hydroxy-1-
naphthaldehyde (HyNA) reagent in an optical assay
plate with conical wells. An excellent limit of detec-
tion and limit of quantification of total Fet? ions were
achieved. The proposed approach proved successful in
detecting and precisely determining Fet? ions in tap
and marine water samples. Chowdury et al. [90] pro-
posed a uPAD added with a nanosensor made of gold
and functionalized with a-lipoic acid and thioguanine
for detection of arsenic in hand tubewells water. By
raising the pH of the PADs to 12.1, a technique was cre-
ated to prevent the influence of the alkaline metals (Ca,
Mg, K, and Na) prevalent in Bangladesh groundwater.
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This test, which evaluates if the concentration of arsenic
in the water is beyond or under the WHO recommended
limit of 10 g/L, was the inaugural paper-based test to
be approved using water samples from Bangladesh. Liu
et al. [91] demonstrated an effective framework consist-
ing of a paper-based/PMMA chip with a colorimetric
sensor to measure SOy concentrations. The sample in
the suggested apparatus was kept on a small piece of
paper that had been treated with an acid—base marker
before being placed inside a PMMA microchip. It was
shown that the SO, percentage results taken for 15
industrial food samples using the suggested methodol-
ogy deviated from the values obtained using a recog-
nized macroscale approach by a maximum of 4.29 per-
cent [92]. Mahmoudi et al. [93] designed a colorimetric
PAD for rapid and hands-free telomerase activity sens-
ing by utilizing color shift in accordance with enzyme
activity. The telomerase was extended along with a
biotinylated probe and an oligonucleotide that was
complementary to the telomeres. The hydroxylamine
hydrochloride approach for enlarging the AulNPs allows
for a signal enhancement that results in color that is
apparent to the naked eye once the assembly has been
joined. With a measurement range of 6 to 25,000 cells,
visual telomerase activity identification was achieved
down to 6 cells when the analytical performance of the
enzyme extracted from breast cancer cells was assessed.
The hue of the porous sheet evolved from light-red to
light-red-blue to black-red with increasing telomerase
content. Fu et al. [94] suggested a colorimetric assay
for telomerase activity detection on functionalized cel-
lulose paper using methylene blue (MB) as a colori-
metric probe and was focused on telomeric elongation
and collecting amplification. The telomerase substrate
was placed onto sterile cellulose paper (TS). Telom-
erase will lengthen this primer, resulting in a long sin-
gle DNA that will further catch more probes and raise
the assay’s responsiveness. When MB-labeled oligonu-
cleotides hybridize with sDNA, the color will change.
Signal strength is correlated with sDNA content and
hence with telomerase activity. Oligonucleotides are
unable to hybridize with sSDNA when telomerase is not
present in the samples. Telomerase will stretch this
primer to generate a single DNA (sDNA), which will
further attract more probes and improve the sensitiv-
ity of the assay. The color will change when MB-labeled
oligonucleotides hybridize with sSDNA. The quantity of
sDNA and thus the activity of telomerase is associ-
ated with signal strength. In samples lacking telom-
erase, oligonucleotides are not able to hybridise with
sDNA.

3.2 Electrochemical detection

Dungchai et al. [59] merged the concept of electrochem-
ical detection with pPADs. The channels in chromatog-
raphy paper were created using photolithography and
carbon electrodes were printed using screen-printing
techniques. By sensing uric acid, lactate, and glucose
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in biological samples, Dungchai and coworkers fur-
ther demonstrated the device’s biosensory capacity. The
three different electrodes in this trial are changed with
lactate oxidase, glucose oxidase, and urease, respec-
tively, by adding enzyme solution into the correspond-
ing test region. Diabetes is a very common disease and
the glucose levels of the patient must be continuously
monitored in an easy way. In order to measure glu-
cose levels, Fernando et al. [95] created an electrochemi-
cal microfluidic paper-based analysis device (PAD) that
utilises sweat and saliva as a sample. The creation of
a three-electrode system uses pseudo-reference stainless
steel and a working electrode that has been anodized
using sodium potassium tartrate tetrahydrate. With
a limit of detection of 0.058 mmol dm-3 and a work-
ing range of 1 to 10 mmol dm-3, cyclic voltammetric-
based assessment of glucose using PAD achieved a lin-
ear response.

Fonseca et al. [96] gave the basic concept of mak-
ing disposable ePADs by employing screen printing and
inexpensive materials. All the devices were built uti-
lizing liner paper as a base and carbon ink that was
made with wood glue and graphite powder. The ePAD
was assessed as a biosensor and electrochemical sensor.
Moreover, Tomei et al. [97] fabricated a strip to identify
the level of glutathione in blood. A filter paper was used
as a substrate where WE and CE were screen-printed,
hydrophobic channels were wax printed and then the
solution was confined in an area to prevent diffusion of
electric contacts. The loaded cystamine on WE and the
glutathione, which was liberated by blood lysis, engage
in a thiol-disulfide exchange reaction, which is the basis
for the detection. Due to the electrocatalytic abilities of
Prussian Blue included in the WE, this reaction results
in cysteamine, a molecule readily oxidizable.

Ruecha et al. [98] proposed a label-free disposable
PAD to detect human interferon-gamma (IFN-y) by
making three electrodes on the Whatman filter paper
grade No. In order to screen print the working electrode
(WE) and the reference (RE) and counter electrodes,
the wax-patterned device was divided into two tabs
(CE) so that they can fold over one another. The work-
ing electrode was made with graphene ink and polyani-
line to immobilize human IFN-v monoclonal antibodies
covalently.

Wang et al. [99] developed an origami-style device to
detect breast cancer MCF-7 cell line. Three spatially
isolated sections of wax and a screen-printed WE of
carbon were printed on paper grade 2. The hydrophilic
zone in the reference region also has a carbon CE and
an Ag/AgCl RE. The produced Au@3D-rGO was then
coated with the MCF-7 cell-specific aptamer H1. To
make it straightforward to combine the full screen-
printed, three-electrode electrochemical cell, the dif-
ferent patterned pieces of the paper component were
wrapped in a two-step folded pattern once the solution
had been added. Likewise, Moazeni et al. [100] detected
the biomarker of tumor i.e., a-fetoprotein in human
serum by embedding finger-type silver-carbon electrode
pairs on paper substrate. The devices were created
using a top layer of a substrate treated with aldehydes
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and a lower flexible sheet of plastic. Diphenylalanine
nanostructures were positioned on the paper to inte-
grate different groups and help with the covalent immo-
bilisation of antibodies to the target compound. To
detect CEA in samples of human serum, another paper
employed the multilayer structure. On a section of the
device with structure, a molecularly imprinted polymer
(MIP), which was electro-synthesized in the presence
of the target analyte, was electro-synthesized and used
as the particular receptor for these target analytes. In
a different but identical portion of the device, a non-
imprinted polymer was created in the same way as the
MIP [101]. Also, for the rapid and easy identification of
infectious diseases, brought on by pathogenic microor-
ganisms by aiding affinity-based biosensors and ampli-
fication of the genetics were used in many papers. Like,
He at al. [102] created an origami style PAD to iden-
tify the salmonella pathogen Salmonella typhimurium
by combining wax and screen printing. By flipping the
various origami pieces, the device was used to execute
cell lysis, DNA extraction, and LAMP. When compared
to PCR results, the device could identify the pathogens
in whole blood with a sensitivity of 82 percent and a
specificity of 91 percent. Finding antibiotic resistance
is an intriguing strategy for managing infectious dis-
eases. Santhiago et al. [103] described the electrochem-
ical characterization of a 3-D PAD for p-nitrophenol
analysis. The filtration-integrated PAD was made using
regular printing paper that had been wax-printed with
a design to allow quick evaluate p-nitrophenol infor-
mation with a quick response code. The instruments
were used to measure the presence of p-nitrophenol
in water samples, with a recovery rate varying from
91.8 to 108.2 percent. Nowadays, cardiovascular dis-
ease (CVD) is the major cause of death worldwide.
As a result, for the diagnosis and monitoring of ill-
nesses, a sophisticated and reasonably priced POC-
detecting device is required. Bookaew et al. [104] made
an ePAD to simultaneously measure three key CVDs
biomarkers, including C-reactive protein (CRP), tro-
ponin I (¢Tnl), and procalcitonin, using a label-free
immunoassay. The sample inlet, all detection zones, and
their connecting channels were defined by wax on the
paper. They used square wave voltammetry to measure
the concentrations of the CVDs biomarkers (SWV).
When the cardiac marker was present, there was a
noticeable reduction difference in the response curve in
a concentration-dependent manner, even though there
was no discernible difference in the response curve when
it was absent.

Yakoh et al. [105] designed two models for fluid deliv-
ery in a uPAD that can successively store and trans-
port reagents to the required zone without an external
source. This 3D capillary-driven device was made of
origami folded paper and a portable pad for electro-
chemical detection of biological organisms to illustrate
the breadth of this technique. The single buffer injec-
tion was developed for ascorbic acid sensing utilizing a
flow-through arrangement. They extended the useful-
ness of the device to integrate experiments by adopting
a stopped-flow mode.
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3.3 Fluorescent detection

It is centered on the estimation of the amount of light
that a material emits after having first absorbed elec-
tromagnetic radiation. It typically encounters problems
in PADs because a commonly available paper with
chemicals that also self-fluoresce and generate a lot
of background noise. However, numerous fluorescence
sensors incorporated with any textile material have
been created and have poor sensitivity. Wang et al.
[106] illustrated a cloth/paper hybrid uPAD for iden-
tification of mercury(Hg*?) and lead (Pb*?) ions in
water. After adhering quantum dots to the cotton cloth,
ion-imprinted polymers were employed to alter the
fluorescence-detecting cloth-based component (IIP).
The limits of detection for the fluorescence signals
were achieved using fluorescence quenching action. Zhu
et al. [107] tested Alkaline phosphatase and butyryl-
cholinesterase simultaneously by 3D origami pPAD in
which sample-in-result-out platform fitted. These two
indicators were also used in a rationally designed cas-
cade catalytic reaction for sensing ALP and BChE.
Using appropriate metal molds and one-step mapping
with a black oil-based pigment, a 3D origami PAD with
4 levels and two parallel channels was created. Using a
smartphone camera and red-green-blue software, fluo-
rescent images on the detecting region can be obtained
after simply folding the paper and then again unfolding
nearby surfaces to begin the reactivity of charged chem-
icals. Under ideal circumstances, the suggested plat-
form was used to sense ALP and BChE in human serum
samples do not necessitate any preparatory procedures.
Shi et al. [108] proposed a simple method for creating
carbon nanodots that are nitrogen-doped in yellow flu-
orescence (y-CDs). The 4-amino salicylic acid was used
as the precursor compound in a one-step hydrothermal
process without further surface passivation or modi-
fication to create the sensor strip of paper compris-
ing y-CDs. These y-CDs have been used for intracel-
lular Al*3 imaging and paper-based Al*T3 sensing in
living cells without interference from autofluorescence
because of these outstanding features. In order to detect
Hg"? ions, Zong et al. [109] created the reversible
red fluorescent probe the (NDI-5), which was primar-
ily composed of the receptor bis[2-(3,5-dimethylpyrazol-
1 yl)ethyl]amine and the strong electron-withdrawing
unit naphthalene diimide. The probe NDI-5 showed
a rapid and selective ‘turn-on’ fluorescence response
to Hg"? ions because the coordination of Hg*? ions
can push the potential twisted intermolecular charge
transfer (TICT) in the entire molecule. For the semi-
quantitative testing of Cu™? ions, Liu et al. [110]
showed how to make dual-colored CD ratiometric flu-
orescent test paper. The visual assessment of Cut?2
ions using the ratiometric fluorescent test paper has
been effectively created in multiple key areas. (1) The
remaining p-PDA effectively binds Cu*? ions on the
surface of r-CDs. (2) The Cu™? ion functions as a link,
allowing the small b-CDs to be transferred onto the
surface of larger r-CDs by its double coordinating con-
nections with the surface ligands of both r-CDs and

795

b-CDs. (3) The b-CDs undergo a particular spectral
energy transfer to the r-CD-Cut? complex.

3.4 Chemiluminescence detection

Another sensitive and effective detection method for
PADs is chemiluminescence sensing. The method shines
in terms of its ease of use, fast response, and interop-
erability with micro technologies, enabling numerous
applications, even for those who are not trained [111].
However, the sensing must be done in the dark, which
makes it more difficult to make the device. Portable
chemiluminescence readers are also required for this
procedure. The chemiluminescence (CL) technique and
1PADs were integrated for the first time by Yu et al.
[112] to create a unique CL PAD biosensor. The oxidase
enzyme reactions and the chemiluminescence reaction
between a rhodanine derivative and produced Hs Os
in an acid medium are the foundations of this lab-on-
paper biosensor. This CL PAD biosensor was skillful
in quantitatively determining uric acid with accurate
and satisfying results. Then, the same researcher [113]
created a PCAD to sense both glucose and uric acid
in fake urine simultaneously. They discovered that by
varying the ranges that the samples traveled, it was
feasible to simultaneously measure uric acid and glu-
cose. Al et al. [114] invented a portable PAD for on-
site screening of dangerous mercury ions (Hgt?) in
cosmetics with a limit of detection of 0.04 g ml. It is
founded on the fundamental ability of quantum dots
of carbon (CQDs) to function as an excellent emit-
ter for the bis(2,4,6-trichlorophenyl)oxalate (TCPO)-
hydrogen peroxide (H203) CL reaction. Zangheri et al.
[115] created a biosensor that uses a CL-lateral flow
immunoassay (LFTA) technique to detect salivary corti-
sol quantitatively using a smartphone app. The biosen-
sor works by using a peroxidase-cortisol conjugate
in a direct competitive immunoassay and detecting
the result by incorporating the chemiluminescent sub-
strates enhancer/H305/luminol. It provides quantita-
tive analysis between 0.3 and 60 ng/ml for the thera-
peutically appropriate range of salivary cortisol detec-
tion.

3.5 Electrochemiluminescence

Electrochemical processes are the basis for electro-
chemiluminescence sensing methods, which produce
luminescence. When electrochemically produced inter-
mediates go through exergonic processes, they enter an
electrically excited state. As they unwind and become
more tranquil, the molecules in this condition produce
light, enabling monitoring systems without a photo-
detector being necessary. The ability of electrochemi-
luminescence sense to be enforced to both lumines-
cence and electrochemical sensing techniques is its most
notable characteristic. In comparison to chemilumines-
cence, electrochemiluminescence also has some benefits,
including a decreased background, the ability to man-
age reagent synthesis, and greater selectivity through
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potential control [116]. Delaney et al. [117] firstly
merged paper microfluidics with electrochemilumines-
cent (ECL) detection by paring inkjet-printed paper
with screen-printed electrodes, that may be read with-
out a conventional photodetector. For the first time,
Wu et al. [118] created a paper-based electrochemilu-
minescence (ECL) origami device (PECLOD) and com-
bined the rolling circle amplification (RCA) method
with oligonucleotide functionalized carbon dots (CDs)
to create a cascade signal amplification method for the
sensing of IgG antigen. The RCA product’s tandem-
repeat cycles could serve as an excellent model for the
regular construction of CDs, which would then dis-
play many CD tags for ECL readout per protein recog-
nition event. The recently suggested wax-printed 2D
#PADs based on immediately screen-printed electrodes
on paper was the first to incorporate electrochemilumi-
nescence (ECL) immunoassay [119]. Four tumor mark-
ers were identified using a standard tris -(bipyridine)-
ruthenium - tri -n- propylamine ECL system in actual
clinical serum samples. Eight working electrodes were
consecutively inserted into the circuit with the help
of a simple mounted and a section switch included
into the analyzer to start the ECL response in the
scanning band between 0.5 to 1.1 V at ambient con-
ditions. Yan et al. [120] included electrochemilumi-
nescence immunoassay capabilities into wax-patterned
PADs that were based on screen-printed electrodes. At
room temperature, the ECL reaction was started with
the help of a homemade device holder. This paper-based
ECL 3D immunodevice was utilized to perform a stan-
dard tris(bipyridine)ruthenium-tri-n-propylamine ECL
system for the diagnosis of carcinoembryonic antigens
in actual clinical serum samples.

4 Theoretical Analysis

The fluid moves in the porous substrate can be cat-
egorized into two processes, the wet-out process, and
the fully wetted flow (as shown in Fig. 12). The wet-
out process: the fluid is moving forward the dry porous
media. It is modeled using the Lucas-Washburn equa-
tion. In the fully wetted flow, the fluid moves along the
wetted porous media and is described by Darcy’s law.

4.1 Lucas-Washburn equation

Lucas and Washburn proposed this model to explain
the behavior of liquid wicking in porous materials. The
porous microstructure of paper can be compared to a
collection of cylindrical tubes where capillary action
drives the liquid flow [121]. It is a process of momentum
balancing between the hydrostatic pressure, capillary
force, and viscous force.

According to L-W equation: Inertia force = surface
tension + gravity force + viscous force
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p7rr2% <h(t)6];§/t)> = 2mro cos ¢ — wr2pgh(t) — 8mnh(t)

where o is surface tension, r is the radius of the menis-
cus, p is the density of the liquid, ¢ is the equilib-
rium contact angle and h are distance the liquid front
has traveled. The Lucas-Washburn model considers a
few key assumptions, including that (i) evaporation
does not take place (ii) gravity and inertia forces are
neglected, (iii) the fibrous porous material is homoge-
nous, (iv) boundaries have no impact on capillary flow,
and (v) wicking liquid is laminar, incompressible, and
low viscous. In consideration of these assumptions, Eq.
(1) will become,

2mro cos ¢ =8mnh(t) M:Siit)

o 4ac0s¢§t1/2 @)
\/ ner

Where ¢ is the liquid absorption period and h is the
length of the paper’s wetted area after time. Since
o,¢,mn, and r are all constants and the wicking length
(h) is proportional to the square root of time the fluid-
front velocity drops over time due to the flow resistance
provided by porous media’s surface [49]. The aforemen-
tioned assumptions place restrictions on Eq. (2). As a
result, many changed models are created to provide bet-
ter explanations.

4.1.1 L- W model considering gravity force

In some circumstances, it can be challenging to utilize
the standard L-W equation to determine the perfor-
mance of device as different diagnostic tools and exper-
imental paper strips operated vertically. The force of
gravity commences existing as a result of fluid flowing
vertically. The gravitational force eventually becomes
a significant role in the liquid immigration process as
the liquid rises, which causes a substantial difference
between the theoretical and experimental liquid front.
A general correlation between the liquid front and time
is created to address this issue [122, 123].
From Eq. (1) we obtain

217 cos ¢ = wrpgh(t) + Sth(t)%(:)

The equation can be further written in the scaling form:

o L nh
rh g 72

Therefore, the driving capillary pressure gradient is bal-
anced by both the force of gravity and viscous friction.
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Fig. 12 Representation of
physical mechanisms
governing the behaviour of

liquids in porous materials Paper strip
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Substituting the radius r; of the leading meniscus
(deduced from the condition (%) =0atr =r)in

the previous equation
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we obtain the value of h(t) at r =

(t) ~ (”)/ 3)
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The connection demonstrates that the h has a linear
relationship with ¢!/3 as shown in Eq. (3).

4.1.2 The modified model considering evaporation

When the temperatures are high and the relative
humidity is low, the assumption that there is no evap-
oration occurs may cause an overestimation of liquid
flow over an extended period in an open environment.
By ignoring the gravitational influence, one can exam-
ine evaporation, which is consistent with observations
on the wetting process [48, 124]. Empirical correlation
from the ASHRAE handbook to calculate the rate of
water evaporation at each relative humidity,

(0.089 + 0.0782A 1)

Mg

Mey = (ps - pp) X

797

a

Ilif

Fiber bundle

Wetting

Wicking

where, pg,Dp, htg, and m, are the saturation pressure,
partial pressure of water vapor, latent heat of vapor-
ization, and air flow rate respectively. The partial pres-
sure of water vapour in the air and the water saturation
pressure at a fixed pressure and temperature are used
to define the relative humidity. The relative humidity

Pp
m) = —
(m) b
Therefore, we obtain
. .0782
ml = (1—7) % py (0.089 + 0.0782 X hyg) (@)

Mg

The integral formula can be used to determine the total
evaporation mass at every instant in the evaporation
model:

¢
Mey = 2/ m,,whdt (5)
0

where, h is the expected wicking height of the liquid.
The expected wicking liquid mass m. at any instance
is the difference between the theoretical value m, and
the evaporation mass me.,

[4 ¢ -
Me = Mo — Mey = PWO Mtl/z — 2/ m/evwh dt
nr 0

Wicking mass of liquid m, can be attained by the wick-
ing liquid density and its volume,

me = pwdeh
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Therefore, the wicking liquid height can be given by

o Mmev 4acos¢Ct1/2 2m.,
- pwde ner pde  Jo

By taking a time derivative, the Eq. (6) is recast as:

tﬁdt (6)

dh -
o= Rt=Y% _ Sh (7)

Boundary condition: h =0, at t = 0

!

_ 2my,

 ple
0 cos ¢(
S=\—
ner
The solution to Eq. (7) is therefore

. Vi,
h =2Se f / B dt (8)
0

The liquid-wicking process exhibits a dynamic char-
acter due to evaporation. Equation (8) represents the
wicking distance with due accounting of evaporation
from the surface. This adjustment may be needed
depending on the particular experiment.

4.2 Darcy’s Law

It was first used in 1856 to describe the fluid flow
through a fully saturated porous substrate by Henry
Darcy [125]. This model was created using the momen-
tum equation to address the issue of liquid flow in pre-
wet porous media under steady-state conditions. By
examining how water moves through sand, the viscous
pressure loss is written as:

VP =—"1y (9)

NS

where v is the average velocity vector, ( is the substrate
permeability, n fluid viscosity, and VP is the pressure
drop per unit length also known as Laplace pressure.
Using the paper substrate, calculate the fluid’s imbibi-
tion rate (), the above equation is further expanded to
yield:

. GVP
v =
nh(t)
where (; = % is the interstitial permeability and the
porosity € = 1— plh, v is the weight, p and h are the den-

sity and thickness of the paper respectively. Darcy’s law
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finds out the flow rate @ under a pressure differential
VP, by using the Navier-Stokes equation:

_hgpovp= -t (10)

©= nL ¢vh

In this expression, VP = P(0) — P(h), where P(0) is
the pressure at © = 0, and P(l) is the average capillary
pressure. A hydrodynamic load term with a general flow

resistance Rpyq is also included in the flow domain for
the model system under consideration

vP
Rpya

Q=

The above equation is analogous to Ohm'’s law of an
electrical circuit, I = %7 where I is the electric cur-
rent, R is the electrical resistance and VV is the poten-
tial drop. In hydrodynamic systems the volumetric flow
rate, @ is the volume per unit of time, while in electric
system current is the charge per unit of time. Also, VP
is analogous to potential drop.

Since capillary force is the primary factor influencing
analyte transport in PADs, low spontaneous imbibition
rates may reduce the detection sensitivity. For building
sensitive and precise PADs, a quantitative understand-
ing of internal spontaneous capillary flow progression is
necessary. Wang et al. [126] examined the capillary flow
in a porous substrate both experimentally and numeri-
cally. The authors computationally analyzed the exper-
imental data in order to enhance the prediction of spon-
taneous imbibition. The quasi-static pore-network mod-
eling of a real filter paper used to establish the equilib-
rium two-phase flow material parameters reveals that
neither the single-phase Darcy model nor the Richards
equation adequately anticipates spontaneous imbibi-
tion. A new numerical simulation using the finite ele-
ment method called PORE-FLOW was presented to
describe these imbibitional flows in wicks with complex
forms [127]. Additionally, two-dimensional (2D) wicking
in modified cylindrical wicks with two different cross-
sectional areas is predicted using the simulation. Later,
the wicking behavior of a few further types of changed
wicks with noticeable changes in their cross-sectional
areas was statistically examined. It was found that the
history of the liquid ingested was related to the height
of the liquid front as a function of time. The Richards
equation, which accounts for the dynamic capillarity
effect, shows the capacity to predict when wetting sat-
uration will begin. Liu et al. [128] used three-width
strips of filter paper to measure the liquid mass and
height through experimental and numerical investiga-
tion. To calculate wicking height and mass, a modified
model that takes the evaporation impact into account
was developed. It was found that after initially declin-
ing sharply, the wicking speed stabilized at a lower level
and remained steady. With a wider strip, more wicking
mass could be achieved, but reagent loss increases in
proportion.
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Ouyang et al. [129] advanced the use of the numerical
simulation method to examine PAD fuel cells. To show
how the paper-based microfluidic fuel cell functions as
a whole, both transient and steady-state modes were
used. Moreover, the effects of several structural charac-
teristics on cell performance, such as electrode spacing,
the distance between the electrode and the inlet, chan-
nel thickness, and electrode length, were also explored.
Results demonstrated that decreasing cell output power
to varying degrees, as major structural factors are
increased. Modha et al. [130] described the behavior
of paper-grooved channels and evaluated how well they
function as ‘delay’ mechanisms for a multi-fluid paper-
based sensor. Moreover, the author also performed In-
silico simulations that can accurately anticipate imbi-
bition in both natural paper and grooved channels.
Elizalde et al. [131] hypothetically investigated capil-
lary imbibition in substrates that mimic paper in order
to more clearly visualize fluid transport in the con-
text of the macroscopic shape of the flow domain. A
model that predicts the cross-sectional profile required
for a specific fluid velocity or mass transfer rate has
been created for uniform materials with arbitrary cross-
sectional shapes. The capillary flow in a closed system
is described by two theoretical models that are provided
[132]. Both the first and second models account for lig-
uid imbibition into the paper matrix and flow through
non-absorbing surfaces (flow in the gap). Significant
conformity between the experimental results and the
model solutions was found. The provided volume to the
flow on the non-absorbing surface was shown to have an
impact that improved the forecasts. The influence was
found to be minimal at low flow rates but strong at
high flow rates. This work demonstrates that the flow
dynamics are influenced when a casing is added to a
device, despite the fact that several experiments on flow
in PADs were carried out on open systems. Employing
various width sheets of filter paper, Patari et al. [124]
conducted experimental and computational research on
the wicking height and mass. Given that there is a lin-
ear relationship between wicking height and mass, it is
convenient to evaluate the effective porosity. The pro-
posed model with evaporation was required in order to
explain the foundations of flowing fluid in testing paper
and to provide relevant and useful benchmarks for the
creation of PAD. Rosenfeld et al. [133] described an
analytical and experimental investigation of a brand-
new PAD for sample focusing by isotachophoresis. The
author demonstrated that peak enhancement by signif-
icant sample focusing (on the order of 1000-fold) may
be accomplished in a matter of minutes, despite the fact
that dispersion was far more significant in paper than in
glass. A handy figure of merit was provided by our ana-
lytical approach for assessing the effectiveness of ITP
focusing. They demonstrated that, despite the stated
improvements, the device’s efficiency was only about 10
percent, meaning the amount of sample accumulated
was well below the theoretical upper limit. In micro-
gravity, the phenomenon of absorption in a porous sub-
strate underneath the presence of capillary forces was
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studied [134]. The impact of non-stationary and convec-
tive factors on the imbibition process is examined in the
analysis of the momentum conservation equation. The
outcomes of numerical modeling of the recurrent imbi-
bition process under the influence of capillary forces in
microgravity in an irregularly shaped porous material
are reported. The mathematical model of the imbibi-
tion phenomenon was presented by More et al. [135]
to compare the saturation level for different time and
distance levels that have been discussed between homo-
geneous and heterogeneous porous medium for various
types of sands. Numerous natural and industrial pro-
cesses can be benefited from spontaneous imbibition.
Using the phase-field method, numerical simulations of
counter-current absorption in porous media with vari-
ous pore structures were carried out [136]. According to
the simulation results, heterogeneous porous medium
produced more oil than homogeneous porous media
did. According to evidence, counter-current imbibition
was significantly influenced by the differential between
capillary driving pressure and capillary back pressure,
which were both directly related to the pore struc-
ture and pore size distribution of porous media. Wang
et al. [137] used numerical simulation to examine the
paper-based microfluidic fuel cells in both transient and
steady-state modes. Additionally, the effects of several
structural characteristics on cell performance, such as
electrode spacing, the distance between the electrode
and the inlet, channel thickness, and electrode length,
were also explored. The findings accelerated the devel-
opment of microfluidic fuel cells by serving as both a
theoretical foundation and a point of reference for the
next optimization efforts.

5 Applications

5.1 Medical diagnosis

Point-of-care (POC) diagnosis is crucial for both the
diagnosis and treatment of diseases. The objective of
POC is to offer a solution when a sample is delivered
to the equipment to make an informed decision. The
main goal of paper-based microfluidics is to give devel-
oping nations a platform for low-cost illness diagnos-
tics and environmental monitoring. It emerged as less
priced, simple to use, and portable analytical test equip-
ment. The development of medical science is aided by
cutting-edge research in the field of PAD that provide
quick, effective POC diagnostics. Due to the appeal-
ing features of PADs (low cost, no external pumping
system needed, multiplexed assays, etc.) and their clin-
ical applications, their range has expanded to POCs
in resource-poor environments, home medical care, and
severe disease biomedical diagnosis. However, the tech-
nology is semi-ready, and it still needs further develop-
ment to achieve proper quantitative analysis. Here are
some of the most important applications of PAD in the
medical field:
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Fig. 13 Schematic diagram of the RBC agglutination to increase the effectiveness of filtration to separate blood plasma
from entire blood. a Due to their deformability, RBCs can pass freely via filters. b RBCs cannot pass through filtration with
pores smaller than 2.5 mm, while the flow of segregated plasma is severely hampered by small pores. ¢ Large multicellular
aggregates made of agglutinated RBCs might be removed utilising filters with large-diameter pores, allowing for faster flow

rates of segregated plasma through the filters

5.1.1 Plasma separation

Since most medical diagnoses require a blood test as a
prerequisite or necessary step, blood is the most impor-
tant clinical analyte. The accurate interpretation of
blood can deliver extensive information about a can-
didate’s physiological state, enabling effective patho-
logical diagnosis. The examination of blood, which is
a complicated mixture of red blood cells, white blood
cells, plasma, and other necessary components, is chal-
lenging. Because it transports all the vitamins, proteins,
and minerals throughout the body, it controls all hemo-
static and physiological parameters and could be used
as a diagnostic analyte. First, the serum must be iso-
lated from whole blood to be clinically diagnosed. For
diagnosing either erythrocyte-related information or a
routine concern of the other blood constituents exclud-
ing the erythrocytes, the separation of plasma from
that of the whole blood is always the first step. Due
to the presence of erythrocytes during the diagnosis, it
is frequently difficult to detect a complex analyte like
blood utilizing colorimetric, fluorescence, and chemilu-
minescence methods. These red blood cells may agglu-
tinate and interfere with biochemical processes, as well
as convert chemical signals to optical signals when used
with color-based or optical-based sensing technologies.
Erythrocytes influence the rheological dynamics of the
blood in electrochemical detection situations. There-
fore, separating the plasma from the erythrocytes is a
step that must be taken while diagnosing blood. The
use of RBC-specific adherent membranes, which per-
mit plasma to pass through the paper, is the most used
method for separating RBCs [138]. To separate RBCs
from whole blood, electrochemical techniques [139] and
agglutination reagent [140] have attracted interest as
they could directly operate the whole blood sample as
shown in Fig. 13. A cheap paper-based platform was
created by Kar et al. [141] to extract blood plasma
from a whole blood sample. They created a paper gad-
get based on the elegant separation method and the
straightforward origami method, where the complete
device is built by folding a single sheet of flat paper.
This technique can be used to quickly identify sick
states in blood samples without the use of experienced
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workers or specialized lab settings. Another device for
separating plasma from whole blood and determining
glucose concentration was described [142]. This device
does not require a membrane to separate the plasma
from the whole blood sample and will be helpful in cre-
ating POC testing equipment that can identify analytes
in small sample quantities. A BPS PAD was created by
Burgos et al. [143] to identify and measure the S100B
biomarker in peripheral whole blood. The VF2 collect-
ing pad, which conducts vertical and lateral plasma sep-
aration was added with the complete blood sample. As
a result of the cells creating and becoming trapped in
the VF2 matrix due to hypertonic circumstances, the
addition of NaCl to the VF2 pad causes RBCs to aggre-
gate and increased plasma wicking.

5.1.2 Blood typing

The classification of blood due to the presence of anti-
bodies and hereditary antigenic compounds on the sur-
face of red blood cells is known as blood typing. For
several medical operations, including blood transfusion
and transplantation, it is important to know your blood
type [144]. The situations of hemolytic transfusion reac-
tions and other deadly outcomes can be avoided with
the accurate identification of blood groups. The earli-
est techniques for blood typing relied on laboratory-
based equipment, which does not adhere to WHO’s
ASSURED recommendations. Gel columns [145], thin-
layer chromatography (TLC)-immunostaining [146], are
the traditional blood-typing methods. In order to deter-
mine the blood type using agglutinated and nonagglu-
tinated red blood cells. Khan et al. [147] proposed an
inexpensive, appealing paper-based alternative. A piece
of paper that had been treated with an antibody was
the subject of an investigation by Jarujamrus et al. [148]
The network of paper fibers becomes tangled with a
mass of agglutinated cells that are produced when anti-
bodies are desorbed from cellulose fibers. The assay
performance influencing variables have been investi-
gated, including antibody stability, papermaking addi-
tives, and paper structure. Larpant et al. [149] simulta-
neously suggested a simple and low-cost PAD for pheno-
typing RBC antigens. Using this Rh typing method, five
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Rh antigens on RBCs can be recognised and observed
under a microscope in less than 12 min. The suggested
Rh phenotyping is dependent on the hemagglutination
in the sample zones following immobilisation of the
antibodies directed at each Rh antigen.

5.1.3 Detection of hormones in non-invasive body fluids

Non-invasive fluids are defined as substances that exist
out of the human body. These include human breast
milk, saliva, perspiration, and urine. These fluids have
also been used for monitoring blood sugar, diagnos-
ing celiac disease, evaluating alteration in body fluids,
measuring pH and sodium levels in saliva and sweat,
determining body fluid dynamics, and more ( [150-152],
etc.). A DNA aptamer-based sensor was developed [153]
to identify dopamine in urine. Duplex aptamer disso-
ciation served as the method’s foundation, in which
dopamine in the urine caused the sensor to alter con-
formation and become released from the capture probe.
Schonhorn et al. [154] created a sandwich immunoas-
say for the pregnancy biomarker (human chorionic
gonadotropin) hCG detection in urine. The experi-
ment involved a three-dimensional patterned piece of
paper with unaltered and hydrophobic wax-printed sec-
tions. The detection limit for this colorimetric approach
was 6.7 mIU/ml, and the detection range was 0-250
mIU/ml. Within 10 min, the test’s findings were ready.
A unique molecularly imprinted polymer (MIP) grafted
PAD for the sensing of 17-E2, which are essential
for female menstrual and estrous cycles, was created
by Xiao et al. [155] by using 12 mL of acetonitrile
as the solvent, and using the molar ratios of 12:12:1
for the crosslinker, functional monomer, and template
molecule. The detection limit for 17-estradiol in sam-
ples of human milk and urine using this method was
determined to be 0.25 g/1.

5.1.4 Detection of hormones in invasive body fluids

These bodily fluids are the liquids that remain in the
body. These consist of pleural fluids, blood plasma,
blood serum, cerebrospinal fluid, and ascitic fluid [156].
Other applications of invasive body fluids include glu-
cose monitoring [157], proteome analysis [158], the cre-
ation of wearable electrochemically active biosensors
[159], the detection of antibodies [160], postmortem
toxicology profiles, the diagnosis of Alzheimer’s disease
using specific peptides [161], and the identification of
biomarkers for various diseases. A device was created
by Rattanarat et al. [162] to detect dopamine in serum
samples using electrochemical paper that had been
treated with sodium dodecyl sulfate. With a dynamic
detection range of 1-100 uM and a detection limit of
0.37 M, this three-layer device was a simple, afford-
able technique. Shao et al. [163] created a low-cost kit
for quick PCT detection because procalcitonin (PCT)
is frequently utilized as a detector for bacterial infec-
tion. This approach was created for quick on-site detec-
tion with quick results by combining a double antibody
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sandwich immunofluorescent test with the traditional
LFA.

The WHO designated the onset of a novel coro-
navirus disease to be a public health emergency of
global concern in January 2020. A general strategy
to stop the spread of the COVID-19 outbreak is to
isolate the infected individuals using efficient diagnos-
tic techniques; the commonly used diagnosis technique
currently in use is RT-PCR. Paper-based devices, as
opposed to RT-PCR, are analytical tools that may per-
form rapid and accurate biomolecular detection with-
out the need for laboratory-grade equipment or trained
personnel. A low-cost and easily available serological
technique to detect SARS-CoV-2 humanized antibodies
was developed [164]. In this study, a common serologi-
cal assay technique, ELISA, was combined with paper-
based devices and the synthesized SARS-CoV-2 nucle-
ocapsid antigen was deposited on the PAD. The recom-
binant antigen on the device might bind to the target
antibodies in the human serum and create an immuno-
logical complex. It only took 30 min to complete the col-
orimetric reaction using the tetramethylbenzidine sub-
strate and horseradish peroxidase (TMB/HRP), which
is substantially faster than a typical ELISA experiment
(usually 1 to 2 h). Yang et al. [165] suggested a pos-
sible RNA-based POC diagnostic tool for COVID-19
detection that integrates a paper-based POC diagnos-
tic tool and LAMP assay technology. Nasal swabs can
be used by home quarantine patients to collect their
infected specimens. The colorimetric outcome of the
LAMP reaction can then be seen on paper with the
addition of certain reagents. The user could submit the
output to cloud storage through the Internet by using
a mobile phone camera to record the colorimetric shift.

Using the Francisella novicida Cas9 enzyme [166],
created a CRISPR-based diagnostic paper test strip
for the detection of the N501Y mutation. This assay
has the potential to be tailored to additional inter-
esting mutations in addition to being able to identify
SARS-CoV-2 infection with this mutation. Yakoh et al.
[105] presented a paper-based electrochemical biosen-
sor, outlining a label-free technique for S protein anti-
gen detection. An origami platform was created using
chromatography paper as the substrate, and carbon-
based electrodes were printed on it. SARS-CoV-2 IgM
was then immobilized at the working electrode that had
been modified with graphene oxide for antigen binding.

Additionally, paper microfluidics and ELISA tests
were coupled to allow for the detection and quantifica-
tion of multiplex antibodies from an individual health
serum sample. Gong et al. [167] carried this out uti-
lizing a porous material and wax fabrication method
for printing. It executes all the necessary ELISA test
phases as well as the instrument-free sampling and
monitoring of serum samples. A paper-based biosen-
sor with gold-hybridized zinc oxide nanowires (ZnO
NWs) was presented [168], in which the working elec-
trode was a critical component (WE). In less than
30 min, our biosensor could distinguish between IgG
antibody concentrations against the SARS-CoV-2 spike
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glycoprotein S1 unit utilizing impedimetric signal vari-
ations. For the quick and accurate sensing of SARS-
CoV-2 spike antigen, Liu et al. [169] created a novel
lateral flow strip-integrated nanozyme and enzymatic
chemiluminescence immunoassay-based chemilumines-
cence testing. The paper test is based on a potent Co-
Fe@hemin-peroxidase nanozyme that catalyses chemi-
luminescence equivalent to native peroxidase HRP and
boosts immune reaction signal.

5.1.5 Detection of other biomarkers

Monitoring of protein- and DNA-based indicator is one
of the most rapidly expanding areas of research for POC
detection. For the unique detection of active pharma-
cological components in antituberculosis (TB) medica-
tions, color bars were used [170]. Similar to this, Koes-
djojo et al. [171] proposed a method for anti-malarial
medication. To increase the enzymatic filtration of the
HIV DNA tenfold in a short period of time, a PAD
for the detection of HIV DNA was developed. Moni-
toring of protein- and DNA-based biomarkers is one of
the most rapidly expanding areas of research for POC
detection. The enzymatic preservation, element blend-
ing, and repressor polymerase amplification of HIV
DNA processes are all combined on the paper by PAD.

The Zika virus (ZIKV) was tested on a platform cre-
ated [172] using RT-LAMP, and the entire procedure
was carried out on a microfluidic chip made of wax-
printed paper. The paper fibers in the device could
pretreat large size molecules when a volume of blood
serum or urine was introduced. Furthermore, proteins
and other cell pieces were left behind due to the signif-
icant negative polarity of the cellulose fibers in paper,
while the viral RNA with negative charges migrated to
the end of the channel. On a straightforward hot plate,
the target nucleic acids were amplified, and the results
of the amplification can be determined by gauging the
intensity of the pH indicator dye that was added. The
most frequent infection that causes gastroenteritis in
children, rotavirus A, has also been detected using
LAMP-based paper devices [173]. It simply took 30 min
to finish the thermal RNA amplification and nucleic
acid extraction on a plain paper disc. Rotavirus A
positive amplification result is instantly visible to the
unaided eye as rose-red on the paper.

5.2 Environmental monitoring

Environmental deterioration has recently become the
top worry for environmentalists. Ample resources, such
as power and water, are needed for both home and
industrial activities due to the continuously growing
population and progress of the human race. The side
products and leftovers of industrialization are released
into the ambiance at the same time in the form of
hazardous gases and effluents. Therefore, it is urgently
necessary to control and regulate the toxins, particu-
larly in the ambiance fluid. Nie et a. [67] presented the
first instance of a paper-based sensor designed for the
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sensing of heavy metal in 2010. To move the sample
through the device, they used screen-printed electrodes
made from paper, on which microchannels were created
using patterning methods. Mensah et al. [174] devel-
oped solid-contact ion-selective electrodes (SC-ISEs)
based on a porous site to quantify Cd*?2, Agt, and K.
To accomplish the specificity for the ions, PAD was
equipped with a membrane that contains ionic sites,
and traditional ionophores for Cd*2, Ag*t, and K.
Yu et al. [175] created a device based on the lamina-
tion approach to detect lead. A spatula was used to
apply conductive electrodes to the paper after it had
been cut out using a C'O4 laser to seep the ink into the
paper. The electrode layer of PAD was then positioned
between two more paper layers that had been sand-
wiched together and layered with the biodegradable
polyester polycaprolactone (PCL). The resulting lam-
inated electrodes were then permanently put together
to provide a durable and practical device. Wang et al.
[176] created a paper-based multianalyte detection sys-
tem in 2018 using nitrocellulose paper (0.45 m pore
size). The three-electrode cell used in the paper-based
electrodes was created using the magnetron sputter-
ing technique, which spat a thin layer of gold onto the
paper. PAD’s capabilities were initially tested for the
purpose of detecting Cut?, which was then used to
refine the voltammetric parameters. Studying the inter-
ference from Pb*T2, Cdt2, Znt2, Bit3, Cl, Nat, and
K™ revealed that the Cut? signal decreased by up to 10
percent, reaching a value of 15 percent in the presence
of Pbt?, while still demonstrating the device’s good
performance. A separate methodology was proposed by
Shimizu et al. [177] for quantification of phosphate over
paper. The Murphy and Riley approach was used by
the authors, and they took advantage of the P-Mo com-
plex’s creation in a solution before introducing the ana-
lyte and the reagents to the paper electrode. It has been
demonstrated that using this method enables simulta-
neous increases in the active regions and unhindered
redox processes. For the monitoring of paraoxon-ethyl
in soil and fertilized soil samples, Cioffi et al. [178] cre-
ated an electrochemical biosensor based on office paper.
The sample required 100 L of aqueous solution (2 per-
cent ethanol) for the treatment, accompanied by a vor-
tex and filtration with an MF-Millipore Membrane Fil-
ter. The bio detector was able to detect quantities of 10
and 25 ng/mL in soil with recovery values of 84 percent
and 97 percent, respectively, based on a signal-to-noise
ratio of 3 in standard solutions.

A unique paper-based immunoassay was created for
the accurate measurement of ethinyl estradiol (EEZ2)
in water samples [179]. The silica nanoparticles were
utilized to enhance the coating of biomolecule immo-
bilization, enabling an improvement in their assimi-
lation into the device and resulting in signal amplifi-
cation. In order to capture and preconcentrate EE2,
river water specimen were integrated to the amended
layer of hydrophilic microzones as shown in Fig. 14.
Paper microzones were then placed over the decreased
graphene sheet on a carbon electrode that had been
screen-printed. To desorbate the bound EE2, sulfuric
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Fig. 14 Schematic diagram of the electrochemical paper-based immunocapture assay to determine the quantity of
ethinylestradiol (EE2) in samples. a Paper microzones, b paper altered with anti-EE2 specific antibodies and silica nanopar-
ticles (SNs) and then the addition of river water sample, ¢ collect paper microzones to collect with the layer of reduced
graphene on electrode d On the edge of reduced graphene, paper microzones were applied, e bound EE2 was dissolved by
applying a weak acid solution to the paper, f electrochemical detection by square-wave voltammetry (SWV)

acid solution was placed to the paper microzones. The
recovered EE2 was electrochemically detected using
square-wave voltammetry, and the oxidation current
that resulted was comparable to the EE2 level in the
sample.

A paper-based instrument was created to detect the
presence of diclofenac (DCF) in samples of spiked tap
water [180]. A circular design was initially wax printed
on paper before being heated to 100°C for one minute
of curing. The reference and counter electrodes of the
commercial connector were gold-plated pins spanning
a piece of black plastic. The wires served as electrodes
and a handy connection for the industrial interaction
that was attached to the power supply unit. A clip was
made by fusing the reference and counter electrodes
together. By creating an 8 electrochemical cell frame-
work for multiple observations, the idea’s adaptability
was shown.

5.3 Energy devices

Paper is a desirable material for energy storage devices
due to its availability, minimal cost, readily disposed
of, and environmentally acceptable due to the nonhaz-
ardous waste they produce. The most often used paper-
based energy components include capacitors, cells, tran-
sistors, power stations, detectors, RFID tags, solar
panel arrays, digital displays, and medical surveillance
systems. Guo et al. [181] proposed a paper-based self-
charging power unit that combines a paper-based tribo-
electric nanogenerator and a supercapacitor, to simulta-
neously harvest and store energy from body movement.
However, these devices need to scale up for the genera-
tion of power in large quantities. Below are some of the
most recent developments in creating energy devices
based on the idea of paper-based microfluidics:

5.3.1 Batteries

POC devices must meet the ASSURED criteria of
the WHO and be self-powered, integrated with power-
generating units, and should be used without the use
of any additional equipment. Thom et al. [78] demon-
strated the first microfluidic device that could produce
its own electricity when a sample was added. The device
possesses fluidic channels with fluidic batteries built
right in. These batteries were fabricated by stacking
the various layers of the paper, with the electrodes,
electrolyte, and salt bridge loaded into the appropriate
paper sheet in a dry state.

Lee [79] created paper-based batteries by using cop-
per as the current collector, magnesium foil for the
anode, and filter paper coated with copper chloride for
the cathode. A maximum voltage and power of 1.56
V and 15.6 mW were delivered by the battery when
a sample of urine, salvia, or tap water was added.
Paper-based batteries are appropriate for single-use
ones since these batteries are activated upon the appli-
cation of reagent, and the power output of batteries
tends to decrease as reagent decays over time. Based
on the idea of origami, Liu et al. [182] developed a
self-powered ePAD that can detect glucose. The device
integrates with a primary battery and can directly acti-
vate analyte solutions. A simple origami bacteria bat-
tery that can fold and unfold to accommodate vari-
ous power requirements was proposed [183]. The device
is filled with water or wastewater that has a very lit-
tle amount of bacteria dissolved into it. As the lig-
uid moves through the fluidic channels, it eventually
reaches the batteries and produces electricity. Al-air
battery is one of the great options among many various
metal-air batteries available in the market. Shen et al.
[184] integrated the idea of paper-based microfluidics
with aluminum-air batteries in 2019 to eliminate the
need for costly air electrodes or external pump devices.
They sandwiched a piece of graphite foil coated with a
catalyst between an anode made of aluminum foil and
a cathode made of graphite foil. As shown in Fig. 15, an
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Fig. 15 Schematic representation of an aluminum foil
anode, a catalyst-coated graphite foil cathode, and a thin
sheet of fibrous capillary paper are sandwiched in a paper-
based Al-air battery

absorbent pad was also employed with a paper channel
to ensure a uniform flow of electrolytes.

Al-air battery on paper microfluidic channel demon-
strates much-increased capacity when compared to tra-
ditional Al-air battery. A paper-based Al-air battery
with a maximum power density of 21 mW/em? was also
reported by Wang et al. [185]. One flexible zinc-air bat-
tery containing a brand-new hollow channel construc-
tion was described by Yang et al [186]. To lower the
internal resistance of ZABs, one hollow channel struc-
ture was successfully constructed and incorporated.
The maximum power density of the hollow channel-
based ZAB was 138 mW/cm?, 283% greater than that
of traditional P-ZABs. When the device was bent from
0° to 180°, it was capable of controlling a calculator.
Wang et al. [80] created a 5-cell battery with an effi-
ciency of up to 97% after discovering that Al corro-
sion could be stopped in an alkaline environment using
paper-based delivery. This battery pack was success-
fully scaled up and used to illustrate how to charge
portable electronics.

5.3.2 Fuel cells

It is a device that generates electricity through a
chemical process. In contrast to batteries, cells do not
deplete or require a recharge. The identification and
application of sustainable and environmentally friendly
energy supplies are required due to the rapid increase
in energy consumption. Applications for wind energy,
photovoltaics, and other renewable energy sources are
constrained by their low efficiency. As a more effi-
cient means of converting a fuel’s chemical energy into
electric power, fuel cells have emerged as a superior
alternative for generating energy. These microfluidic
fuel cells include chemical sensors in addition to being
employed with communication and transportation sys-
tems. Zebda et al. [187] proposed an enzyme-based
micro fuel cell in which electrodes were positioned along
the catholyte and anolyte streams of the fuel and oxi-
dant streams in the Y-direction. While glucose oxidase
worked at the anode to oxidize glucose, laccase worked
at the cathode to reduce Oz. Noh and Shim [188]
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reported another enzymatic fuel cell by immobilizing
enzyme (glucose oxidases) molecules to the electrode
surface in order to further lower the cost and extend
the life of the fuel cell up to 16 days. The power density
and open circuit voltage produced by the conversion of
glucose into gluconic acid and hydrogen peroxide are
0.78 mW cm? and 0.48 V, respectively. Using graphite
electrodes attached to conductive wires through silver
adhesive paste on a Y-shaped filter paper strip, Arun
et al. [189] created a capillarity-mediated fuel cell. Inlet
channels were soaked in a solution of sulfuric acid (oxi-
dant) and formic acid (fuel). Formic acid produced 32
mW cm? of electricity for more than 15 h by utilizing
1 mL of fuel. On the anode, formic acid broke down
into CO5 and electrons, which were then transmitted
to the cathode by the external circuit. Based on the
idea of reversed electrodialysis, Chang et al. created a
multi-layered paper device for energy harvesting. This
approach uses asymmetric ion transport through ion-
selective membranes to extract energy from two solu-
tions with varying salt contents. A voltage differential
across the membrane is caused by the concentration
difference, which generates electricity. Wax was used to
define the flow, and the paper was coated with Ag/AgCl
ink to create the electrodes. When a potassium chloride
concentration gradient (0.1 mM/100 mM) was applied
across the membrane of the device, which uses an ion-
selective membrane placed between two layers of wax-
printed paper, the device produced a power density of
275 nW c¢m?. In order to control the capillary flow on
paper, Wang et al. [137] proposed coupling the microflu-
idic channel outputs with a photothermal module for
water evaporation. As a proof of concept, prototype
paper-based microfluidic fuel cells coupled to a pho-
tothermal module are created. Their peak power den-
sity can rise when exposed to simulated sunlight. The
recent research opens a new avenue for controlling the
functionality of PAD, a problem that has long existed in
this field. It not only provides a realistic way to improve
the efficiency of solar-powered paper-based microfluidic
fuel cells.

5.4 Food quality

One of the essentials of life is food, and the nutritional
content of the food is quite important for ensuring a
healthy lifestyle. As a result, access to high-quality,
safe foods is a must for human existence. Both phys-
ical and mental health can be maintained with food.
Food safety has become one of the most critical chal-
lenges in the world due to the introduction of numer-
ous chemical dangers to improve the flavor or aesthetic
look of food, satisfy high market demand, and reduce
costs. The issue of poor food quality is more serious in
developing nations, especially in rural regions. There-
fore, diagnosis technology must be affordable, portable,
and small. The amounts of nitrite, a preservative used
to give the meat a fresh appearance and extend shelf life
were determined [190]. A wax stamping technique was
used to create a paper-based microplate. The Griess



Eur. Phys. J. Spec. Top. (2023) 232:781-815

reagents, which generate a pink color when reacting
with nitrite ions in food, were then put in each micro-
zone as colorimetric markers. The amount of nitrite
present in the meat directly correlated with the inten-
sity of the resulting pink color. By analyzing the coffee-
ring effect of the produced colors on the well plates,
Trofimchuk et al. [191] improved the limit of detection
for a similar device. As low as 1.1 mg/kg was deter-
mined to be the detection limit of this test for nitrite
in pork, demonstrating the potential uses of regularly
checking the nitrite level in meat samples. For the col-
orimetric detection of amylose content in rice, Hu et al.
[192] created PADs. Their suggested technique of detec-
tion was based on the interaction between amylose and
iodine, which might result in an amylose-iodine com-
plex with an obvious blue color. They demonstrated
that this method may be used to evaluate rice prod-
ucts with an accuracy of 6.3% and amylose levels rang-
ing from 1.5 to 26.4%. Nogueira et al. [193] used a redox
titration technique to colorimetrically identify the alco-
hol concentration of whiskey samples on PADs. In this
reaction, the amount of oxalic acid consumed during
the back-titration was used to indirectly quantify the
amount of ethanol in whiskey while taking the stoi-
chiometric ratio into account. They have demonstrated
that their suggested detection approach, which has a
detection limit of 2.1% at the point of need, is afford-
able and only needs a tiny amount of reagent to pre-
cisely assess the concentration of ethanol in an alco-
holic beverage. For the simultaneous spot test analy-
sis of boric acid, maltodextrin, and hydrogen peroxide,
Patari, and Mahapatra [194] designed a paper test card.
Using a laser printer to print toner ink, hydrophobic
channels with a 14 mm diameter were created on What-
man Grade 4 filter sheets. A camera was used to take
pictures of the reaction zone to assess the color vari-
ation of the area. The reaction zone will turn orange,
bluish chocolate, and brown depending on the presence
of boric acid, maltodextrin, and HyOs. A puPAD the
concurrent calorimetric measurement of urea, HsOs,
and pH was published by Guinati et al. [195]. To ensure
that the paper was completely cut without any sur-
face damage, the EVA-coated polyester Gazela lamina-
tor model was used to laminate the paper at 140°C.
Then a layout of the ‘PAD’ was created to be cut out
using a craft cutter printer, which can produce gad-
gets quickly, cheaply, and with a minimum amount of
technical equipment. The software version was used to
analyze the digital photographs after they had all been
digitized at a resolution of 600 dpi. Despite the numer-
ous benefits provided by paper-based devices, there is
still much room for technology development. Colori-
metric detection methods are commonly used in PADs,
which makes getting quantitative results difficult. Fur-
thermore, when it comes to PAD-based energy gener-
ation, the technology is semi-ready and needs to be
scaled up.
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6 List of PADs successfully demonstrated
for diverse applications

The devices are small, light, portable, and cost little to
manufacture, use, and dispose of. Low reagent and ana-
lyte consumption is a unique benefit of microfluidics. A
wide range of practical applications has been found for
them in a variety of research fields: chemistry, biochem-
istry, genomics, forensics, toxicology, immunology, envi-
ronmental studies, and biomedicine. Microfluidics have
been used successfully in the past in the clinical analysis
of blood, the detection and identification of infections,
proteins, and environmental toxins, genetic research,
and in the pharmaceutical sector. The analytical and
diagnostic capabilities of these simple devices may revo-
lutionize medicine and pharmaceuticals. Therefore, pro-
viding a list of PADs (specifically for clinical and home
applications) which has been successfully demonstrated
at least at the laboratory level.

7 Limitations

The outstanding qualities of paper-based microfluidic
devices made them suitable for an endless number of
applications. However, due to the characteristics of
paper, fabrication processes, analytes chosen, and sens-
ing techniques used in the devices, uPADs do have some
limitations. In addition, major drawbacks of paper-
based devices include sample retention in fluidic chan-
nels and significant sample evaporation during opera-
tion, both of which reduce device efficiency. The amount
of sample needed increases because only about half
of the entire introduced sample volume reaches the
detecting zone. The effectiveness of some pattering
techniques is greatly influenced by the environment in
which the device will be used, and the effectiveness
of some hydrophobic chemicals is insufficient to create
robust hydrophobic barriers that can tolerate samples
with different properties. When a liquid with low sur-
face tension comes into contact with wax channels, the
liquid starts to penetrate even in hydrophobic parts,
whereas the hydrophobic channels or AKD only func-
tion properly for particular liquids with surface tension
higher than a critical value. This phenomenon occurs
as wax creates hydrophobicity by obstructing the pores
of paper and lowering the surface energy of paper to
effectively direct liquids. Without highly skilled and
experienced people, comparison-based detection meth-
ods cannot produce accurate results. Various detec-
tion techniques are unable to pick up contamination in
samples with low contamination levels. These are the
present drawbacks of paper-based microfluidic technol-
ogy that must be overcome.
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Table 2 List of ‘uPADs’
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Field-up application

Short description

Medical diagnosis
Medical diagnosis

Food quality control
Food quality control
Food quality control
Medical diagnosis

Medical diagnosis
Food quality control

Medical diagnosis

Medical diagnosis

Medical diagnosis
Medical diagnosis

Medical diagnosis

Medical diagnosis
Medical diagnosis
Food quality control
Medical Diagnosis
Medical diagnosis
Medical diagnosis
Medical diagnosis
Food quality control

Medical diagnosis

Food quality control
Medical diagnosis

Food quality control

Medical diagnosis
Medical diagnosis
Medical diagnosis

Energy generation

Food quality control
Energy generation

Food quality control
Food quality control

Antibody screening tool that shows whether a patient has a contagious disease infection and an
immune reaction to it [196]

Devices used to identify uropathogenic E. coli rely on the ability to detect nitrite, which is
produced when E. coli reduces nitrate. [197]

Pesticide detection sensor made of paper for crop samples [198]

3D PAD for identifying the milk allergen casein [199]

Colorimetric PAD to detect Salmonella [200]

A pop-up, DNA-based, label-free ePAD for HBV (a biomarker of liver disorders) detection [201]

A vertical flow-based paper sandwich-type immunosensor for sensing of influenza HIN1 viruses
[202]

Instrument to measure aluminium in water without pre-treatment or pre-concentration of the
sample [203]

PAD for detection of malaria [204]

Device for medical diagnosis and sweat analysis that simultaneously measures glucose, lactate,
pH, chloride, and volume [205]

Platform for electrochemical immunosensing for pmol/L Ebola virus detection [206]
Human chorionic gonadotropin (a pregnancy indicator) detection via a PAD [207]

PAD to immobilize different antibodies or anti-immunoglobulin E onto screen-printed carbon
electrodes [208]

PAD for COVID-19 diagnosis [209-211]

Biosensor for POC sensing of dengue virus [212]

PAD to track total ammonia in fish pond water [213]

Electrochemical and self-powered paper-based device for glucose sensing [214, 215]
PAD for eliminating the necessity for a micropipette in quantitative analysis [216]
PAD to extract blood plasma from a whole blood sample [138]

A disposable ePAD for quantification of albumin in a urine sample [217]

3D PAD to simultaneously detect multiple chemical adulterants in milk [195, 218]

An intelligent paper-based UV monitor that can detect the solar UV intensity in real time for
human health and safety [219]

For estimation of the peroxide value in vegetable oils using colorimetric PAD [220]
Using exhaled air, an ePAD wearable sensor can detect hydrogen peroxide in real time [221]

Escherichia coli and Staphylococcus aureus, the two main pathogenic bacteria that cause milk
poisoning, can be found using a colorimetric PAD [222]

PAD for blood typing. [129, 147, 185]
Detection of 17-E2, which is crucial for female menstrual and estrous cycles [155]
Peptide-based Alzheimer’s diagnostic device [161]

A power unit that incorporates a paper-based supercapacitor and a triboelectric nanogenerator
(TENG) to concurrently harvest and store energy from the movement [181]

Device to detect the presence of diclofenac (DCF) in samples of spiked tap water [179]
Paper-based batteries with maximum voltage and power of 1.56 V and 15.6 mW [78]
Device to detect the amount of nitrite, a preservative used in meat [190, 191]

Device based on redox titration technique to calorimetrically identify the alcohol concentration
of whiskey samples [193]
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8 Conclusion

Paper is meeting the optimum foundation material
requirement for bringing this technology from the lab to
the market due to the development of new fabrication
protocols for PADs. Litmus paper is among the first
papers to be used in chemical analysis. Despite being
widely used, litmus paper was a revolutionary invention
at the time because it made possible accurate pH mea-
surements. Analytical devices began to be developed
slowly with one of the most notable developments being
the LFA, which was first industrialized as an over-the-
counter pregnancy test in 1975 [223]. In 2007, White-
sides’ group published a paper that ignited the field [1].
The paper-based devices meet WHO specifications for
diagnostic devices used in developing countries. Accord-
ing to WHO, the device should be ASSURED, that is,
affordable, sensitive, specific, user-friendly, rapid and
robust, equipment-free, and deliverable. Paper enables
fluid flow without pumps, purication, electrode stabi-
lization, and other applications. Paper devices can be
equipment-free if consider integrated devices or colori-
metric detection, with the exception of capillary forces
that render external pumping obsolete. The devices
are portable because the paper is thin, and it is also
widely available worldwide. Consider that fully inte-
grated, reusable, sensing platforms will soon be avail-
able as paper-based electronics advance. This review
discusses the fabrication methods and detection modes
in detail. We also discussed recent advances in uPAD
for POC diagnostics, food quality control, power gener-
ation, and environmental control with theoretical anal-
ysis of fluid flow in paper. With minor changes to the
device design and fabrication methods, PADs can be
effectively implemented for the analysis of basic and
extensive systems. There are several issues that remain
despite advancements in paper-based microfluidic tech-
nology. Fabrication of pPADs requires the printing of
hydrophilic paper by using methods like photolithog-
raphy, screen printing, etc to control the flow of lig-
uid in the appropriate manner. Although these pat-
terning methods can efficiently define the flow in a
porous substrate, various other fabrication techniques
are also required for the successful mass production of
these devices. Therefore, large-scale printing methods
should be investigated to fabricate yPADs with multi-
layer complex structures that can be made at low cost,
high resolution, and with easy process steps. It will be
difficult to achieve the big goals discussed above. The
field must continue to develop in the future, focusing on
both basic and applied research areas while also consid-
ering the elements needed for industrialization. Mate-
rials science has a chance to contribute more to fun-
damental research by improving techniques for control-
ling the reactivity of devices using materials building
and surface alteration. Although several papers manu-
factured from different natural or synthetic fibres have
been created, PADs are still widely applied in biosen-
sor applications. Fiber-based materials have mechani-
cal stability, a hydrophobic interface, porosity, and the
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capacity to change the texture through interaction with
biorecognition molecules. Some examples of these mate-
rials include Teflon, glass fibres, graphene and graphene
oxide, polypropylene, poly(lactic acid), and carbon nan-
otubes. The ongoing exploration of hybrid devices that
combine various materials and flow patterns and a
detailed understanding of circulation in these systems
will enable the creation of new systems from first prin-
ciples instead of using a considerably slower empirical
approach. It is critical from a translational perspective
to keep broadening the PAD usage field with an empha-
sis on applications where PADs actually bring value
that is unique from other technologies. By approaching
it from this angle, you’ll be able to enter the market-
place more quickly and potentially effect real change.
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