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Abstract: Microfluidic paper-based analytical devices (WPADs) have been suggested as alternatives
for developing countries with suboptimal medical conditions because of their low diagnostic cost,
high portability, and disposable characteristics. Recently, paper-based diagnostic devices enabling
multi-step assays have been drawing attention, as they allow complicated tests, such as enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction (PCR), which were previously only
conducted in the laboratory, to be performed on-site. In addition, user convenience and price
of paper-based diagnostic devices are other competitive points over other point-of-care testing
(POCT) devices, which are more critical in developing countries. Fluid manipulation technologies in
paper play a key role in realizing multi-step assays via pPADs, and the expansion of biochemical
applications will provide developing countries with more medical benefits. Therefore, we herein
aimed to investigate recent fluid manipulation technologies utilized in paper-based devices and
to introduce various approaches adopting several principles to control fluids on papers. Fluid
manipulation technologies are classified into passive and active methods. While passive valves are
structurally simple and easy to fabricate, they are difficult to control in terms of flow at a specific
spatiotemporal condition. On the contrary, active valves are more complicated and mostly require
external systems, but they provide much freedom of fluid manipulation and programmable operation.
Both technologies have been revolutionized in the way to compensate for their limitations, and their
advances will lead to improved performance of uPADs, increasing the level of healthcare around
the world.

Keywords: microfluidic paper-based analytical devices (WPADs); point-of-care testing; multi-step
assay; fluid manipulation

1. Introduction

Paper-based diagnostic devices have been widely used for the past decades because of their
capability to enable cost-effective point-of-care testing (POCT). In addition, their simple operation
and capillary action without the need for external equipment for fluid transport have accelerated the
spread of such technology. Besides these characteristics, POCT has been highlighted as an appropriate
technology for developing countries with suboptimal medical conditions, as it enables cheap and quick
diagnosis. Many diagnostic products, such as the dipstick test and lateral flow assay (LFA), have already
been commercialized, which are of single-test type and do not require the injection of additional
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reagents. These single-step testing formats have been applied to conventional diagnostic applications,
such as glucose, lactate, and uric acid assays [1]. However, many cases are not amenable to biochemical
assays with simple paper-based devices. One of the main reasons is that many bioanalytical tests
require multi-step assays that usually accompany various reagents and multiple washing steps, as well
as the need to conduct liquid exchanges at specific locations and periods according to a protocol. Since
George Whitesides’s group first introduced technology to form hydrophilic channels by patterning
the hydrophobic material on a cellulose paper in 2007 [2], there has been a great advancement in
fabrication methods, fluid control, and sensing technology to enhance diagnostic performance. Based
on the technical maturation, relatively complicated assays, such as an enzyme-linked immunosorbent
assay (ELISA) [3] and nucleic acid sampling testing (NAAT) [4], have been made on a paper-based
platform. These developments can bring medical benefits to developing countries where medical
technology and expertise are lacking, which, in turn, can resolve the international imbalance of medical
benefits. Therefore, the realization of multi-step assays with paper-based diagnostic devices is very
important to enhance the quality of medical welfare around the world.

Paper-based diagnostic devices for multi-step assays can be separated into three techniques:
(1) creating channels on paper [5-7], (2) sensing technology [8-10], and (3) fluid manipulation
technology [7,11,12]. First, forming a hydrophilic channel is essential for accurately delivering reagents
and samples to the sensing area in the paper-based diagnostic device, and various methods for
fabricating hydrophilic channels on paper have been developed as follows: (1) photolithography [13],
(2) inkjet printing [14,15], (3) wax patterning [16,17], (4) plasma treatment [18], (5) paper cutting and
shaping [19,20], (6) screen printing [21,22], (7) laser treatment [23], and (8) flexographic printing [24,25].
Among them, wax patterning technology has been the most commonly used by easy fabrication
procedures. Applications using this technology have been expanded to various areas, such as medical
diagnostics [26], food [27], environmental applications [28], biodefense [29,30], and drug abuse
testing [31].

Second, the sensing technology for detecting analytes in samples is directly related to the
performance of the diagnostic devices [8-10]. Desirable requirements of the sensing modules
include high sensitivity and accuracy without external equipment, where the two factors usually
undergo a trade-off relationship, so it is important to optimize these performances in assay
conditions. The sensing approaches that are currently being used include (1) colorimetric
methods [32-36], (2) chemiluminescence [3,37], (3) electrochemistry [38], (4) fluorescence [39], and (5)
electrochemiluminescence (ECL) [40]. Since there are apparent pros and cons depending on the sensing
method used, it is important to choose a sensing scheme appropriate for diagnostic specifications and
applications. In addition, for more complicate analyses, including multiplex and multi-step assays,
the number of assay reagents and washing steps will be increased, which will require a smart sensing
technology to make possible multiplex detection. These technical streams will naturally make the
geometry of paper channels and fluid manipulation technology critical.

Fluid manipulation technologies enable reagents and samples to be delivered to the corresponding
regions in proper assay time. Fluid manipulation technology can be largely divided into passive and
active valves by the presence of external inputs [41], and the performance efficiency of paper-based
diagnostic devices can be increased by adopting appropriate valves according to the applications.
Passive fluid control methods are used to manipulate the flow rate within a paper channel. They do not
need external inputs or additional equipment. Thus, while passive valves are structurally simple and
easy to manufacture, they are limited to precise fluid control and sometimes consume larger reagents
and samples because of more complicated and longer paper channels. On the other hand, active
fluid control methods typically rely on external inputs, which sometimes include manual operation
by humans. Active valves have the advantages of versatile flow manipulation, programmability,
reproducibility, the fast response time of valve on/off, and multiple operations; thus, they have
more potential to satisfy the requirements of multi-step assays. However, in most cases, additional
mechanical or external systems are required, which can give rise to deterioration of the core values of
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paper-based diagnostic platforms, simplicity, and cost-effectiveness. In this paper, we analyzed the
research trends for paper-based diagnostic devices being researched and developed in terms of the
fluid manipulation of paper microfluidics. Furthermore, we discussed the benefits and limitations
of these technologies, as well as future perspectives, by introducing the application areas in which
multi-step assay technologies are applied.

2. Fluid Manipulation Technologies in Microfluidic Paper-based Analytical Devices (WPADs)

A fluid manipulation technology, which can control the flow of reagents and samples, is the
most important element in paper-based diagnostic devices with multi-step assays. This is because it
allows the required reagents to flow selectively as needed, and fluid control is essential for multi-step
tests using various reagents, such as antibody solutions, washing buffers, and substrate solutions.
In order to implement multi-step tests in a paper microfluidic device, it is very important to understand
the fluid’s behavior on paper. In paper microfluidic devices, the flow based on the capillary tube is
governed by the capillary pressure:

2ycos0
R
where P, is the capillary pressure, R is the radius of the capillary tube, y is the fluid surface tension,

Pe

and 0 is the solid-liquid contact angle. Based on combination with Hagen—Poiseuille’s law, based on
the assumptions of the fluid—laminar, incompressible, and Newtonian—the fluid in this paper follows
the Lucas—-Washburn equation [42,43] for a one-dimensional model in cylindrical tubes, which can be
derived from

YRcosOt 1/2
o ( 21 )
where L is the fluid column length, and p is the fluid dynamic viscosity. The capillary is the driving
force for fluid to move into the tube, and the velocity of the fluid is reduced as the fluid penetrates into
the capillary. More detailed discussions can be found in other reports [11,12,44,45].

Fluid manipulation technology can be divided into passive and active methods according to the
operation modes. In general, passive valves control fluids by changing the structure of the paper or
by chemically treating the paper, while active valves use external inputs, including mechanical or
electrical operation (Figure 1). A passive valve usually controls fluid flow by restructuring or chemical
treatment of the device itself. In general, geometry and chemical-based fluid manipulation technologies
are applied to passive valves. Passive valves are structurally simple and easy to fabricate but have a
disadvantage of difficulty in terms of control fluid flow. A typical geometry-based fluid manipulation
technology is to control the flow velocity by changing the position of the sudden expansion structure
on the strip with the same width [46]. When the sudden expansion structure is close to the inlet,
it shows a relatively short transport length compared to the far distance (Figure 1A, left). Such a valve
is structurally simple, which is advantageous for mass production and cost-effectiveness; however,
it presents difficulties in response speed control of the fluid because the fluid movement is controlled
by the structure of a predetermined paper strip. Another passive valve technology is chemical-based
fluid manipulation that works on the principle of fluid diodes using surfactants (Figure 1A, right).
This method also simplifies the manufacturing process because it uses properties that can flow into the
hydrophobic region as the surfactant dissolves [47].

In contrast, active valves primarily control the flow of fluid through geometry transformation
and electrical or mechanical actuation. Mechanical-actuation-based fluid manipulation is one of the
main active valve categories. For instance, solenoid-driven pressure valves delay or stop the flow of
fluid depending on the pressure applied to the paper [48]. Applying voltage to the solenoid actuator
causes the plunger head to pressurize the paper strip and stop the flow of fluid (Figure 1B). The active
valve has the advantages of fast response, reproducibility, and compatibility with biological samples
by no use of surfactants and chemicals. In addition, it does not require complicated and long paper
channels frequently shown in passive valves. Since the pressure-driven valve system utilizes an
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Arduino microprocessor, it enables programmable fluidic control and repeatable valve operations.
Despite its unique and versatile performance, a critical disadvantage is that the additional instruments,
the solenoid valves, and the microprocessor make the device larger and increase the cost.

A Passive
t=0s t=21s t=45s
.'/:?_
B Active
/ Before operation step Valving step \
Support
Linear
-/ solenoid
Plunger head l Press
PDMS cover i
P i - cover
SE S ‘—— Load cell cap

Load cell
Sample /

Figure 1. Representative methods for passive and active valves. (A) Passive methods. Geometry-based

fluid control: Fluid delay time increases as the sudden expansion position on the strip moves away
from the inlet. Figure reprinted with permission from [46]. Chemical-based fluid control: Principle
of fluidic diodes using a surfactant. Figure reprinted with permission from [47]. (B) Active method:
Solenoid-driven pressure valve pressurizes the paper, resulting in the disconnection of the fluid
channels. Figure reprinted with permission from [48].

A number of fluid control technologies based on the function of passive and active valves have
been developed. Among other technologies, flow rate controlling and switching technologies have
made a lot of progress. The controlling flow rate is a method of changing the velocity of a fluid on
paper through structural, chemical, and mechanical ways. A representative method is to induce a
programmable flow delay using dissolvable sugar (Figure 2A) [49]. This device uses various strips
coated with 10%-70% dried sucrose to control the flow rate as intended. When the dried sucrose
meets the fluid and dissolves, it increases the viscosity of the fluid and thus causes a fluid delay.
Using this delay effect, multi-step testing is possible by adjusting the fluid velocity of each reagent
on the paper. Unlike the flow rate controlling way, a switching method allows fluid to flow or not.
A typical case is a way that allows fluid to flow by pressing a folded switch on a cut piece of paper
to connect a separate fluid path (Figure 2B) [18]. This switching method enables multi-step assays
through sequential reagent flow by turning each reagent flow on/off. The following sections examine
in detail the functions and applications of passive and active fluid manipulation technologies.

2.1. Passive Fluid Manipulation

Paper-based analytical devices fundamentally exploit capillary action to transport the fluid.
Although the control of fluid by relying solely on capillary action in uPADs is so passive that it limits
the flexibility of fluid manipulation, it is still the most widely used method due to its simplicity,
affordability, and expandability. The chemical treatment and geometry transformation of papers can
be critical parameters in terms of fluid control in pPADs. A number of methods have been used
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to manipulate fluid delivery, including adjustment of the paper dimensions, control of the paper
permeability, switching strategies, and change of the surface chemistry of the fluidic path on the paper.

1cm

dyed fluid source

Figure 2. Classification according to the function of fluid manipulation technology. (A) Flow rate
control using dissolvable sugar, which can control fluid velocities by adjusting the concentration of
dissolvable sugar. Figure reprinted with permission from [49]. (B) Switching method using cut paper,
which enables fluid flow by pressing the cut paper and connecting the passage of fluid. Figure reprinted
with permission from [18].

2.1.1. Chemical-Based Fluid Manipulation

Chemical-based fluid manipulation is a method of changing the wicking properties of paper by
chemical treatment and can be divided into the fluid velocity control technique and the switching
technique. Table 1 summarizes various chemical treatment-based fluid manipulation technologies for
uPADs.

Table 1. Chemical-based fluid manipulation techniques for microfluidic paper-based analytical devices

(uPADs).

Method Function Application Ref.

. . . . Signal enhancement assay
Dissolvable material (Sucrose) Fluid velocity control (* PFHRP2 malaria assay) [49]
Dissolvable material (Trehalose) Fluid velocity control - [50]

. . . Enzymatic—colorimetric assay
Toner (laser printer) Fluid velocity control (glucose and alkaline phosphatase; ALP) [51]
Parraffin wax Fluid velocity control - [52]
Parraffin wax Fluid velocity control Enzymatic—colorimetric assay [53]
(glucose)
Colored wax Fluid velocity control Enzynilat'lc—colorlmetrlc assay [54]
(nitrite/oxalate assay)
. . . . ELISA
Inkjet printing Fluid velocity control (human chorionic gonadotropin; hCG) [55]
Dissolvable bridge (sugar bridge) Switching (OFF) - [56]
Dissolvable bridge (pullulan) Switching (OFF) Enzymatic—colorimetric assay (Malathion) [32]
Alkyl ketene dimer (AKD) Switching (ON) - [57]
Surfactant Switching (ON) Enzymatic—colorimetric assay (ALP) [47]
Surfactant Switching (ON) ELISA (Rabbit IgG) [58]
. o Enzymatic—colorimetric assay

Target responsive hydrogel Switching (ON) (Pb*, Cocaine, and adenosine) [59]
Target responsive hydrogel Switching (ON) Enzymatic—colorimetric assay [60]

(Cocaine, adenosine, uridine, and cytidine)

# PfHRP2: Plasmodium Falciparum histidine-rich-protein-2.

Above all, in the aspects of fluid control techniques, a great deal of research, including a method to
delay the flow rate using dissoluble material (sucrose [49], trehalose [50]), has been conducted. A fluid
delay channel is fabricated by injecting a diluted trehalose or sucrose solution into the strip and drying
it. Then, when the injected sample reaches the dried dissolvable material, the dried material dissolves,
and a fluid delay effect occurs by the dissolving time and the viscosity change. As shown in Figure 3A,
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trehalose is thickly dried on the right fork of the Y-shaped device and thinly dried on the left one.
Subsequent injection of red dye into the inlet has resulted in a longer fluid delay time on the right
fork. In addition, research on increasing the fluid velocity by patterning the toner several times on a
paper strip through laser printing has been conducted [51]. On patterning the toner with hydrophobic
properties above and below the channel, the flow rate increases by preventing the evaporation of
a fluid, and it is also increased with the number of times of toner patterning. As Figure 3B shows,
the flow rates have increased in the order of channels printed 6, 4, and 0 times under a 53% humidity
environment after 25 min. Besides these technologies, methods of adding paraffin wax-coated layers
on three-dimensional (3D) fluidic channels have been developed [52,53]. Coating hydrophobic paraffin
on the channel can control the delay of fluid depending on the concentration. In Figure 3C, a fluid
delay effect is achieved by stacking each micropatterned layer and interposing paraffin wax-patterned
layers between them. In a similar way, Weng et al. studied the effect of fluid delay on the paper channel
according to the color and saturation degree of colored wax [54]. Cyan- and yellow-colored waxes have
a fine, porous-type structure when patterned on paper and have higher permeability than their black
and magenta counterparts. Based on these characteristics, this group confirmed that adjusting the
concentrations of colored wax controlled the flow rate delay effects (Figure 4A). As another approach
using the patterning technique, a method of controlling the flow of fluid by forming a barrier pattern
through inkjet printing on nitrocellulose paper has been studied [55]. Through various patterns, these
devices can control the activation time by dissolving the dried reagents. In the case of Figure 4B,
the sample flows to both the delaying and non-delaying channels, and the enzyme-linked detection
antibody located in the non-delaying channel reacts with the analyte of the sample. Afterward,
the enzyme-detection antibody complexes bind specifically to the capture antibody in the control and
detection zones. On the contrary, the substrate on the delaying channel is rehydrated and switched from
the sample fluid containing the previous complexes to the sample fluid, including the substrate (y+s),
which allows the substrate to react with the enzyme-detection antibody complexes. This principle of
operation enables sequential multi-step ELISA in a single step.

A

B ek | e
E layers
3 ] | time = 1.0 min % ey  different
concentrations
of paraffin wax
o o
=) <

T gy different
* o }

paper

1cm 3.0 min -

Figure 3. Fluid velocity control techniques by the coating of chemical materials. (A) Fluid manipulation
through the different thickness of the dissolvable barrier. Figure reprinted with permission from [50].
(B) Fluid control in enclosed channels by toner printing. Figure reprinted with permission from [51].
(C) Flow rate adjustment technique according to paraffin wax concentration. Figure reprinted with
permission from [52].
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Figure 4. Fluid velocity control techniques by an inkjet printing method. (A) Control of wicking time
according to the presence or absence of porous structures by wax types and contents. Figure reprinted
with permission from [54]. (B) Fluid manipulation technique for multi-step assays by the inkjet printing
method. Figure reprinted with permission from [55].

In addition to fluid velocity control technology, switching methods using the principle of linking
disconnected parts or blocking channels are also widely used in passive fluid manipulation technology.
Research on a soluble bridge using the dissolving property of pullulan film and dried sugar has been
carried out [32,56]. The soluble bridge is located between channels and acts as a temporal channel.
After application of the sample, the bridge begins to dissolve slowly and functions as an on/off switch,
when the volume of injected fluid reaches a certain amount (Figure 5A). However, this method has
difficulty in precisely controlling the time when the bridge dissolves and breaks off. As another
switching technique, a method to control the flow of fluids by alkyl ketene dimer (AKD), which is a
hydrophobic material, has been developed [57]. The channel is patterned with high-load AKD, and the
valve part that prevents the flow of fluid is patterned by low-load AKD. While high-load AKD retains
its hydrophobic properties even with ethanol injection, low-load AKD loses its hydrophobic properties,
allowing fluid to flow. Using this principle, it is possible to control the stepwise flow by opening the
valve with an eluent (55% ethanol) after the application of the sample (Figure 5B). However, it is not
guaranteed how the ethanol as an eluent will affect the sample.

Studies on fluid manipulation technology using surfactants have been conducted [47,58]. A fluid
diode technology based on surfactant uses hydrophilic channels with dried surfactant made by the
patterning of hydrophobic materials. When the sample is injected, the surfactant in the hydrophilic
region dissolves. Consequently, the surface tension of the fluid decreases, and thus, the fluid flows
into the hydrophobic region. The fluid diode has a specific structure in which the flow is blocked
when the sample is introduced from the cathode side, whereas the fluid flows when the sample
comes from the anode side (Figure 5C). The fluid control method with surfactants and dissolving
materials, such as sucrose, has the advantage of being simple in structure, but using materials, such as
ethanol, as mentioned in previous studies, may affect samples or downstream reactions. However,
if verified materials, such as tween, which is often utilized in immunoassay using various antibodies,
or sucrose, which is widely applied to dry and preserve antibody conjugates used in multi-step
reactions, such as ELISA, are used, accurate assays can be performed without any significant impact
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on downstream action [49,61]. In addition, optimizing the deposition concentration of the surfactant
or sugar has little effect on valve opening, on the solubility of each reagent, or on delivery capability,
thus showing sensitivity that is equivalent to the existing methods [58]. In addition, several attempts
have been made to control the flow of fluid through target-responsive hydrogels [59,60]. When aptamer
cross-linked hydrogels encounter a target sample, they undergo the gel-sol phase transformation and
flow. However, in the case of a fluid without the target sample, this phenomenon does not occur; thus,
the hydrogel interferes with the flow of fluid in gel form. Based on this principle, hydrogels can be

used as a switch to control fluid flow.

A time=0 time >0 time >> 0
Flow Direction i l =
H
C . tags - t=2ts o™ tsd4Ss ot 1oesdl~' < (\jq
@'
—_

" / . e

Figure 5. Fluid switching using chemical-based fluid manipulation technology. (A) Fluid switching
using pullulan film. As the water fills the air gap between the pullulan and the PET (polyester) films,
pullulan dissolves, and the capillary gap is destroyed, thus stopping the flow. Figure reprinted with
permission from [32]. (B) Fluid control method using the dissolution of the alkyl ketene dimer (AKD)
barrier by ethanol injection. Figure reprinted with permission from [57]. (C) Fluid diode technique

based on surfactant. Figure reprinted with permission from [47].

2.1.2. Geometry-Based Fluid Manipulation

Geometry-based fluid manipulation technology is a method of adjusting the flow of fluid
by altering the structural shape of the paper itself or by adding additional structures. There are
representative methods of cutting, structural change, and attaching additional materials in this
manipulation technology. Table 2 summarizes the studies on geometry-based fluid manipulation

techniques for uPADs.

— 5 M
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Table 2. Geometry-based fluid manipulation techniques for uPADs.

9 of 30

Method

Function

Application

Ref.

Changing
the area of the channel

Fluid velocity control

[44,46,50,62]

Signal enhancement assay

Shunt Fluid velocity control (malaria protein PFHRP2) [63]
. . . Colorimetric-enzymatic assay
Covered film Fluid velocity control (Malathion) [33]
Hollow channel Fluid velocity control Colorlmetrlc—enzymatlF assay [34]
(Glucose and protein)
Hollow channel Fluid velocity control - [64]
Hollow channel Fluid velocity control Color1metr1<:31enz.}zzriqat1c assay [35]
(Fe”*, Ni™)
. . Electrochemical detection
Hollow channel Fluid velocity control (FcMeOH) [38]
Hollow channel . .
(with triboelectric effect) Fluid velocity control ) [65]
Hollow channel Fluid velocity control Colorlmetrlc—enzymatlc assay [66]
(glucose, albumin, pH)
Pressurized paper Fluid velocity control Signal enhancement assay [67]
(progesterone receptor)
Signal enhancement assay
Pressurized paper Fluid velocity control (Escherichia coli O157:H7 and [68]
Salmonella typhimurium)
Pressurized paper Sienal enhancement
(with three-dimensional Fluid velocity control ghal enhancement assay [69]
. (C-reactive protein)
stacking)
Source pad of different sizes . . Signal enhancement assay
(* 2DPNs) Fluid velocity control (BSA-biotin) [20]
Source pad of different sizes . . Signal enhancement assay
(2DPNs) Fluid velocity control (malaria protein PfHRP2) (70,711
Three-dimensional device Fluid velocity control Enzymatic assay (glucose and [72]
protein)
Three-dimensional device Fluid velocity control Colorlmetrlc—en;ymatlc assay [73]
(protein)
. . . . . Immunoassay
Three-dimensional device Fluid velocity control (malaria protein PFHRP2) [74]
Three-dimensional device Fluid velocity control Colorimetric—enzymatic assay [75]
(glucose)
Vertical paper legs of . .
different lengths (2DPNs) Fluid velocity control - [76]
Three-dimensional device Fluid velocity control Colorimetric-enzymatic assay [77]

(glucose, albumin)

# 2DPNs: Two-dimensional paper networks.

Cutting the paper strip is a typical method in geometry-based fluid manipulation. A lot of studies
have been conducted regarding how to control the flow rate by adjusting the width and length of the
paper channel [44,46,50,62]. Figure 6A shows that the flow rate decreases as the width of the paper
becomes wider. This is because the longer the width and length of the paper, the greater the resistance
and the slower the fluid velocity. Other researches have attempted to increase the flow rate by adding
a layer with hollow regions cut out in the form of a channel to a layer with an existing hydrophilic
channel [34,35,38,64—66]. As shown in Figure 6B, the flow rate of the single drop of liquid injected into
the hollow channel is about 7 times higher than that on a normal paper channel by forming a rapid,
pressure-driven flow of about ~0.2 mbar [34].
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Figure 6. Geometry-based fluid manipulation technology using the cutting method. (A) The dependence
of flow rate on the length and width of the paper strip. Figure reprinted with permission from [50].
(B) Hollow channel inducing fast pressure-driven flow according to the pressure of a single drop of
liquid. Figure reprinted with permission from [34]. (C) Autonomous sequential fluid delivery in a
2DPN (two-dimensional paper network). The sequential fluids lead to continuous flow in the 2DPN.
Figure reprinted with permission from [76].

The advantage of this approach is that the fast flow rate can reduce assay time and increase the
size of the fluid network. In Figure 6C of the study, two-dimensional paper networks (2DPNs) have
been applied to control the flow of fluid by varying the length of the leg in charge of each inlet [76].
When paper strips with different lengths are inserted into the fluid source wells, the fluid source of the
wells is continuously reduced, and the shorter paper strips have briefer contact time with the fluid
than the longer ones. This method has an advantage in that it is possible to make stepwise assays by
making legs easily using cut paper and placing each leg into different reagent pads.

The methods using the structural change of paper or a combination of various kinds of papers and
attaching additional materials have been frequently applied in uPADs. These methods have a principle
that adjusts the flow rate by reducing the pore size and cross-sectional area on the paper by applying
pressure to the paper [67-69]. If the pore size and cross-sectional area are reduced, the fluid resistance
increases and, consequently, the flow rate decreases. As shown in Figure 7A, it is confirmed that the
fluid transports differently depending on the pressure applied to the paper strips. The advantage of
this approach is that a permanent fluid delay effect can be obtained by simply applying pressure to
the paper. In another way, the use of a shunt, a method for controlling the flow rate by distributing
the flow of fluid, has been studied [63]. This technique can distribute the flow of fluid by placing
absorbent pads in the position where the fluid is to be delayed in the porous channel. In this study,
it has been shown that the fluid delay time could be varied from 3 to 20 min by varying the thickness
and length of the shunt (Figure 7B). Although this has a simple fabrication process, it has a limitation
in terms of requiring a large quantity of sample due to the absorbent pads. In addition, a study has
been conducted on how to control the flow rate by adding flexible films on the paper channel [33].
By sandwiching paper channels between two additional films, it prevents evaporation of the sample
and thus accelerates the flow rate in comparison with channels without films. The advantage of this
method is that the increased velocity of the fluid can reduce the diagnostic time.



Micromachines 2020, 11, 269 11 of 30

A Distance B Control Delay/Shunt
- o Liquid-air-solid
U d jiges==cs R W14 Fluid qume;acseo nwad
npressed | n : f source o posolte : d\am\e\
T ———— 1S © 90(0“
7.8MPa | | ' ’"‘] } po
e e e . =
15.7MPa ¢ ; !
I H £
- - : ,i F ~,
235MPa || ey 3 o
31.4MPa | E i3 ~
i —— — .
Pressed region 5mm

Arrival of yellow

Arrival of red

18 min

Figure 7. Geometry-based fluid manipulation technology using a method that changes structures and
attaches additional materials. (A) A fluid velocity delay technique according to the pressure applied
to the paper strip. Figure reprinted with permission from [67]. (B) A fluid delay technique using an
absorbent pad (shunt). Figure reprinted with permission from [63]. (C) A 2PDN device that controls
the flow of fluid through the change of acceptable fluid volume according to the size of the source pad.
Figure reprinted with permission from [70]. (D) An origami device that changes the flow of fluid in a
three-dimensional structure. Figure reprinted with permission from [73].

Research has been conducted on technology that can control the maximum flow rate according
to the source pad size [20,70,71]. Larger source pads can accommodate larger amounts of liquid
and, therefore, have longer fluid transport distances and times (Figure 7C). Through this technology,
stepwise assays can be applied to two-dimensional (2D) paper network chips, and reagent flow can be
controlled by adjusting the size of the source pad. In contrast, methods of controlling the flow of fluid
by stacking paper layers in a three-dimensional structure have been studied [72-75,77]. These methods
use the principle of controlling the direction of fluid movement in the three dimensions by vertically
connecting layers with hydrophobic regions (Figure 7D). This shows the characteristic of being able to
assay target biomolecules by distributing the sample from one inlet to several outlets [72].

2.2. Active Fluid Manipulation

A lot of studies have also focused on active fluid manipulation, which is different from the
passive fluid manipulation approach described in Section 2.1. While passive fluid manipulation is
primarily utilized for uncomplicated assays, active fluid manipulation technology, which allows the
fluid or sample to flow freely to the desired point at the desired time [78], can be applied to sequential
multi-step assays. This active fluid manipulation approach makes simultaneous multiplex assays and
multiple detection zones more affordable in pPADs. This technology can be classified into wettability-,
geometry transformation-, and mechanical actuation-based methods.

2.2.1. Wettability-Based Active Valves

Fluid control methods that use the chemical transformation of materials coated on the paper,
for example, using the characteristics of corona discharge and electrowetting, have been developed
and are summarized in Table 3.
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Table 3. Wettability-based active fluid manipulation techniques for pPADs.

Method Function Application Ref.
Corona discharge —_ . . . s
treatment Switching (ON) Colorimetric—enzymatic assay (nitrite) [79]
Electrowetting Switching (ON) Lateral flow assay (S. cerevisine rRNA) [80]
Electrowetting Switching (ON) Colorimetric—enzymatic assay (KIO3) [81]
. . Switching (ON, OFF),
Electro-osmotic pumping Fluid velocity control - [82]
Temperature Switching (ON) Enzymatic assay (Fe3* and SCN") [83]
# NAAT (methicillin-resistant
Temperature Switching (ON) Staphylococcus [84]
Aureus; MRSA bacteria)
Temperature Switching (ON, OFF) Signal enhancement assay [85]

(Escherichia coli)

# NAAT: Nucleic acid amplification test.

Some studies have been conducted on how to control fluids by converting the hydrophobic region
into a hydrophilic property through corona discharge [79]. This method forms fluidic channels by
coating octadecyltrichlorosilane (OTS) on all parts except the valving region and channel. Subsequent
corona discharge treatments in the valving region allow this area to regain its original hydrophilic
properties, enabling the flow of fluid (Figure 8A). A fast valve activation rate of about 1 s is an advantage,
but the limitation is that it can be difficult to find the correct valve position and apply corona discharge.
In addition to the corona discharge application, studies on valves using electrowetting, a phenomenon
that can control the surface tension of a liquid by electricity, have been conducted [80,81]. The reason
why surface tension of water changes on the application of electrical force is that the polarity of the
water molecules creates a more attractive force for the conductive material flowing with electricity,
which increases the surface tension. Koo et al. printed hydrophobic conductive electrodes (valves)
on paper, together with hydrophilic conductive electrodes. The sample flows through a paper strip,
passes the hydrophilic electrodes, and stops at the hydrophobic electrode. Then, applying a voltage
across the electrode destroys the fluorinated monolayer of the hydrophobic electrode, causing the fluid
to flow (Figure 8B).

Recently, a study on a fluid control method using electro-osmotic pumping has been conducted [82].
Applying a direct current voltage to electrodes on both sides of the wet paper causes the liquid to
move toward one pole. This highlights the principle that the charge of the electric double layer at the
solid-liquid interface is accompanied by the liquid when it is moved by the electric field (Figure 8C).
This technology has advantages in that flow rate control, automatic control, and reversible (ON-OFF)
actuation are possible. As another approach from the aforementioned method, research has been
carried out on temperature control-operated valve systems [83-85], which is a method in which the
flow of fluid is controlled according to the temperature change by using the characteristic that wax
melts with temperature. In Figure 8D, the injected sample (blue liquid) flows to the outlet through the
open valve over the wax patterned line (D,®). Heating the wax causes it to penetrate the channel and
close the valve (®). At this time, the injected red liquid only flows to the closed valve and stops (®,®).
When the heat is applied again, the wax melts, and the red liquid flows downwards (®) (Figure 8D).
The characteristics of these valves are repeatable and can be automatically operated.
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Figure 8. Wettability-based active fluid manipulation technology. (A) When corona discharge is

applied to the valve part coated with octadecyltrichlorosilane (OTS), wettability changes, and the valve

part regains its hydrophilic properties, and then the fluid can flow. Figure reprinted with permission

from [79]. (B) When voltage is applied to the hydrophobic electrode printed by the inkjet technique,

fluid can flow by restoring the hydrophilic properties due to the destruction of hydrophobic structures.

Figure reprinted with permission from [80]. (C) Fluid velocity is controlled by using electro-osmosis

when applying the electric field in paper-based devices. Figure reprinted with permission from [82].

(D) Wax-ink printing and localized heating via thin-film resistors to sequentially release liquids through

a nitrocellulose membrane. Figure reprinted with permission from [85].

2.2.2. Geometry Transformation-based Active Valves

A variety of techniques, including rotational valve, folding, push-button, sliding action, and paper
switch, have been studied, and examples are shown in Table 4.

Table 4. Geometry-based active fluid manipulation techniques for pPADs.

Method Function Application Ref.
Cut switch Switching (ON) - [18]
Folding Switching (ON) Cell lysis and DNA extraction (Escherichia coli) [4]
Folding Switching (ON) Photoelectrochemical detection (Target-ssDNA) [86]
. o Electrochemical ELISA
Folding Switching (ON) (malaria protein PfHRP2) [87]
. o Chemiluminescence (CL) detection
Folding Switching (ON) (Listeria monocytogenes hlyA gene) 571
. 1 Electrochemical enzymatic assay
Folding Switching (ON) (methyl parathion) [88]
Folding Switching (ON) Electrochemical ELISA (p24 antigen) [89]
Folding Switching (ON) Colorimetric-enzymatic assay (Phe) [90]
Folding N Electrochemical enzymatic assay
(pop-up) Switching (ON) (Glucose and beta-hydroxybutyrate; BHB) 1]
Folding . Colorimetric-enzymatic assay
(pop-up) Switching (ON) (acetylcholinesterases; AChE) 291
Folding Switching (ON) Colorimetric-enzymatic assay (protein A) [92]
Push-button Switching (ON) Colorimetric-enzymatic assay [93]

(glucose, ketones, nitrite, and protein)
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Table 4. Cont.
Method Function Application Ref.
Sliding action Switching (ON) Colorlmetmc—enzymatl.c assay (glucose [94]
and protein)
Sliding action Switching (ON) Electrochemical detection (MnOy") [95]
Sliding action Switching (ON) NAAT (Escherichia coli malB gene) [96]
Sliding action Switching (ON) Electrochemical detection (Ricin) [97]
-1 . — Electrochemical detection
Sliding action Switching (ON) (hepatitis B virus; HBV DNA) [98]
Sliding action Switching (ON) Electrochemical ELISA (Trefoil Factor 3) [99]
Sliding action Switching (ON) Signal enhancement assay (human norovirus) [100]
Sliding action Switching (ON) ELISA (C-reactive protein; CRP) [36]
Rotational valve Switching Signal enhancement assay [101]
(circular disk) (ON, OFF, diversion) (Escherichia coli O157:H7)
Rotational valve o . . .
(hollow rivet) Switching (ON) ELISA (carcino-embryonic antigen; CEA) [102]
Rotational valve o Colorimetric—enzymatic assay
(comb binding) Switching (ON) (Fe* and nitrite) [103]
Rotational valve Switching (ON) Fluorescence-based molecular-imprinting [39]

(circular disk) detection (4-nitrophenol and 2,4,6-trinitrophenol)

Rotational valves on paper-based analytical devices have been implemented using rotatable
disk-type packaging [101], hollow rivets [102], comb binding [103], and rotational paper-based
microfluidic chips [39] as ways to bridge separated paper channels. As a representative case using
rotational valves, a rotatable disk-type device has a bottom piece with a test strip and a top piece with a
pad on which the reagent is dried. After dropping the sample on the test strip, it performs the assays by
turning the bottom piece in the directions of S1, S2, S3, and 5S4, in that order, for stepwise reagent flow
(Figure 10A). This rotational valve has the advantage of being relatively simple to operate but has a
limitation in that each step must be manually operated. Researches on the technique of transferring one
fluid flow to another channel by paper folding have been also conducted [29,37,86-92]. The “pop-up”
device shown in Figure 10B has a structure wherein the sample zone touches the detection zone
and performs electrochemical detection when the popped up paper is folded. This method has an
advantage now that the working time of the valve is relatively simple to operate.

In a manner similar to the paper folding method, Martinez et al. have developed a device with
a push button and a 3D device structure that intersects paper layers with fluidic channels and tapes
layers with holes [93]. When the hole is pressed by the button, the gap between the paper and the
tape layers is reduced, and the fluid starts to flow (Figure 9A). This principle allows the switching of
fluids to be a programmable operation but can be used only once. There have been many studies on
sliding action valves [36,94-100], which is a method of flowing fluid in a way contacting the paper
channels of two layers each other by sliding one of the different layers with paper channels. Han et
al. flowed the sample and buffer, simultaneously, with the sliding of the top layer using 3D slip-PAD
(paper-based analytical device) (Figure 9B), which allows starting the flow at the desired time with the
sample and reagents prepared. Finally, the paper switch technique has already been discussed in the
fluid manipulation chapter, explaining the switching function [18]. Manually pressing the cut and
folded paper switch connects the disconnected passage of the fluid (Figure 2B).
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Figure 9. Geometry-based active valves using the push button and sliding action methods. (A) Working
principle of the push button method. The three-dimensional stacking of perforated tape and
wax-patterned paper allows fluid to flow by closing the gap when pressure is applied to the perforated
area. Figure reprinted with permission from [93]. (B) Operation of the sliding action method. This device
performs the assay by applying the buffer and sample to the sliding strip in advance and then sliding
them. Figure reprinted with permission from [100].
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Figure 10. Geometry-based active fluid manipulation technologies using a rotational valve and folding
methods. (A) Operation of the rotational valve. Each reagent flows toward the test strip step-by-step by
sequentially returning the top piece on the test strip located at the bottom piece. Figure reprinted with
permission from [101]. (B) A paper-based “pop-up” electrochemical device. By folding a device with
a pop-up structure, the analysis is performed as the sample port contacts the detection zone. Figure

Open Closed

reprinted with permission from [91].
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2.2.3. Mechanical Actuation-Based Active Valves

Fluid manipulation methods using mechanical movement include expandable materials, magnetic
valves, pressure valves, and reconfigurable flow switches, and their examples are given in Table 5.

Table 5. Mechanical actuation-based active fluid manipulation techniques for uPADs.

Method Function Application Ref.
Switching (ON, OFF),
Pressure valve Fluid velocity control ELISA (mouse IgG) [48]
. Switching Signal enhancement assay
Expandable material (ON, OFF, diversion) (malaria protein PfHRP2) [104]
. oo Enzyme-based colorimetric
Magnetic valve Switching (ON, OFF) detection (ALP) [105]
Magnetic valve Switching (ON, OFF) - [106]
Reconfigurable Switching Colorimetric—enzymatic assay [107]
flow switch (ON, OFF, diversion) (glucose, protein, and nitrite)

Research has been conducted to control the flow of fluid using expandable material (sponge) [104].
When the sponge gets wet with the fluid flowing through the actuation channel, it expands so that
the channel associated with the sponge transfers the flow of fluid to another channel or stops the
flow. The advantage of this approach is that it can perform various functions (Off to On, On to Off,
and diversion switch) (Figure 11A). An electromagnetic valve on paper-based analytical devices has
also been studied [105,106]. The cantilever valve is made by applying ferromagnetic nanoparticles. In
the case of a normally open valve, the cantilever valve remains folded, and when the electromagnet is
operated, it is pulled toward the electromagnet to connect the separate channels. In this way, the flow
of fluid can be automatically controlled (Figure 11B). This valve can be operated several times and is
programmable [106].

A novel technique based on the pressure valve has been introduced as an example of an active
valve in the fluid manipulation section [48]. Like a pressure valve using a solenoid actuator that can
press the paper directly, it has the ability to decrease the flow velocity or blocking the flow according to
the strength of the pressure (Figure 1B). The feature of this technology is that the valve can be operated
repeatedly, and it is programmable and reversible. In addition to the above-mentioned techniques,
research on the flow switch using the reconfigurable property of paper has been conducted [107].
The reconfigurable flow switch is a valve that uses the property of unfolding when liquid is injected
into the folded part of the paper. When the liquid is injected into the actuator (folded paper) with the
input and output channels structurally separated from each other, the tip pushes the input channel up
and makes contact with the output channel (Figure 11C). This method is called single-pole single-throw
(SPST) and can also be applied as single-pole double-throw (SPDT). The valve has the advantage
of being able to operate only with paper and liquids, but it might have limitations in terms of mass
production and complexity of the device.
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Figure 11. Mechanical actuation-based active valves, including expandable valves, magnetic valves,
and reconfigurable flow switches. (A) Working principle of expandable valves. An expandable device
expands according to the fluid flow and moves fluid channels to perform ON, OFF, and diversion
functions. Figure reprinted with permission from [104]. (B) Operation of magnetic valves. This valve
allows the fluid to flow by operating the cantilever valve with ferromagnetic nanoparticles, where an
electronic device is located at the bottom. Figure reprinted with permission from [105]. (C) Operation
of a reconfigurable flow switch. When the liquid is injected into the crest of the actuator made by
folding the paper, it spreads out as it was before. It connects the input and output channels initially
separated from each other. Figure reprinted with permission from [107].

3. Applications

3.1. Nucleic Acid Amplification Testing (NAAT)

Molecular diagnostics is a technique used to analyze biological markers in the genome using
gene amplification techniques, such as polymerase chain reaction (PCR). This method identifies a
disease infection by extracting DNAs and RNAs containing the pathogen’s genetic information from
the saliva and blood of the infected person and then amplifying them. The most popular method for
molecular diagnostics is PCR, but it is limited because it requires expensive equipment with thermal
cycling. However, with the development of isothermal amplification technology, DNA strands can
be amplified without the thermal cycling process. The isothermal amplification method includes
loop-mediated isothermal amplification (LAMP) [108], helicase-dependent amplification (HDA) [109],
recombinase protein amplification (RPA) [110], and rolling circle amplification (RCA) [40]. Recently,
several attempts have been made to transfer isothermal amplification of nucleic acid technology to
the paper microfluidics platform for POCT [4,84,96,111-113]. These uPAD studies are summarized in

Table 6 by comparing them with conventional methods.
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Table 6. uPAD technologies for nucleic acid amplification testing.

Detection Limit

Method Analyte Detection Limit (WPAD) (Conventional Method)
Methicillin-resistant 5 x 10% genomic #1LAMP,
Temperature Staphylococcus aureus; ies [84] 10 . ies [114]
MRSA bacteria copies genomic copies
o #2 SERS, 8 CFU
. -1 7
Folding Escherichia coli 33 CFU mL™" [4] mL-1 [115]
Sliding action  Escherichia coli malB gene 500 cells mL~1 [96] LAMP, 1.02 copies [116]
#3 0
- . - > 1 QCM, 10” CFU
Sliding action Salmonella typhimurium 10 CFU mL™" [111] mL-1 [117]
Folding Influenza A (HIN1) 106 copies mL~1 [113] RT-PCR,

384 copies mL~! [118]

. Human papillomavirus 4 . .
Folding (HPV) 16 DNA 10* copies [112] qPCR, 1.65 copies [119]

#1 LAMP: Loop-mediated isothermal amplification; #? SERS: Surface-enhanced Raman scattering; ¥ QCM: Quartz
crystal microbalance.

Isothermal amplification comprises three steps: sample preparation, nucleic acid amplification,
and detection. Tang et al. implemented the whole operation process of HDA within an integrated
paper-based platform [111]. After sample injection, the DNA extraction process starts by manually
pressing the button. The strip is then moved over the thermal pad by a sliding action to carry out the
amplification process. Finally, colorimetric detection is performed by moving the amplified sample to
the test strip with another sliding action of the strip (Figure 12A). Connelly et al. implemented the
LAMP amplification method on the sliding strip. After the sample injection into the reaction disc,
the strip is placed in the wash port [96]. Then, the wash buffer is introduced, and the strip is moved
again to the port for injecting the amplification master mix. As a final process, signals are obtained by
exposing the strip to UV after injecting SYBR green I (Figure 12B).
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Figure 12. Nucleic acid amplification testing using paper-based analytical devices. (A) The whole
operation process of the fully disposable and integrated paper-based sample-to-answer device. Figure
reprinted with permission from [111]. (B) Operation processes of stepwise LAMP using a sliding strip
device. Figure reprinted with permission from [96].
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3.2. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA is a method of detecting and quantifying specific antigens or antibodies in biological
samples, such as blood, urine, tissues, and cells. ELISA can be divided into direct ELISA, indirect
ELISA, and sandwich ELISA according to the detection method. Sandwich ELISA is widely used
because it shows higher specificity than the other methods. The processes of sandwich ELISA include
stepwise reactions with several materials, such as the analyte, the enzyme-coupled detection antibody;,
and the substrate. The intermediate washing steps are also essential. Several studies have been
conducted to implement ELISA in paper-based devices [36,55,58,120-122], as shown in Table 7.

Table 7. uPAD technologies for enzyme-linked immunosorbent assay.

Detection Limit

Method Analyte Detection Limit (WPAD) (Conventional Method)
. - Human chorionic 1 Electrochemical immunoassay,
Inkjet printing gonadotropin; hCG IngmL™ [55] 20 pM in human urine [123]
. . Sandwich immunoassa
.. _ . -1 Y,
Inkjet printing Alpha-fetoprotein; AFP 1ng mL™" [120] 34ng mL-1 [124]
Surfactant Rabbit IgG 4.8 fM [58] ELISA, 34 ng mL~1 [125]
Folding Malaria protein PFHRP2 4ng mL~! [87] ELISA, 2.5 pg mL~! [126]
Human Sandwich immunoassa
Folding immunodeficiency virus 300 fg mL~! [89] e 1 ¥
. 107" g mL™" [127]
p24 antigen
Sliding action Trefoil factor 3 12.5ng mL~1[99] ELISA, 3 pM [128]
Immunonephelometric assa
L1 . : . - 1 P \/
Sliding action C-reactive protein; CRP 1ngmL™" [36] 0.17 mg L-17129]
_ #
Rotational valve Carcino-embryonic 1 dsDNA templated CUN.P.S
(hollow rivet) antigen; CEA 0.3ng mL™" [102] coupled with a CEA-specific
’ aptamer, 0.0065 ng mL~! [130]
Pressure valve Mouse IgG 50 ng mL~1 [48] Sandwich immunoassay,

15.6 ng mL~! [131]

# CuNP: Copper nanoparticle.

Our group recently developed a paper-based ELISA system using pressure valves [48].
The pressure valves of the system operate by a linear push—pull solenoid, which enables active
control of the fluid flow on the paper strips. Based on this solenoid valve, ELISA with complicated
multi-step procedures is successfully conducted. In the first step, when a sample is injected into
the sample pad, the analyte of the sample reacts with the pre-dried detection antibody behind the
sample pad (Figure 13A). The bound analyte-detection antibody then binds to the pre-dried capture
antibody in the test zone. The next step is to wash off the unbound antibodies in the test zone by
opening Valve 1 (shown as V; in Figure 13A) to flow the washing buffer. Finally, colorimetric detection,
depending on the concentration of analytes, is carried out by opening Valve 2 so that the color reaction
of the enzyme in the test zone is induced. Verna et al. detected C-reactive protein (CRP) with ELISA
using a paper-based 3D sliding strip [36]. This platform first injects the sample into the inlet and
then moves the sliding strip to the inlet for alkaline phosphatase (ALP)-conjugated antibody injection.
After the introduction of the ALP-conjugated antibody, the sliding strip moves to the inlet where
5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) is injected. BCIP/NBT
is introduced, and the results are finally analyzed by removing the sliding strip from the device
(Figure 13B).
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Figure 13. Applications of ELISA in a paper-based assay system. (A) Paper-based ELISA with
pressure-driven valves (PDVs). Figure reprinted with permission from [48]. (B) C-reactive protein
(CRP) detection device using a sliding strip 3D microfluidic paper-based analytical device (WPAD).
Figure reprinted with permission from [36].

3.3. Signal Enhancement Assay

A signal enhancement assay is a method to improve the detection signal and sensitivity. Because
it requires several amplification steps (e.g., reagent injection and washing), it should be accompanied
by fluid manipulation techniques for application in paper-based diagnostic devices. Thus far, several
studies have been done on paper-based signal enhancement assays (Table 8).

Table 8. uPAD technologies for signal enhancement assay (gold enhancement).

Method Analyte Amplification Ratio Ref.
Dissolvable material (Sucrose) PfHRP2 malaria 2.6-fold [49]
Shunt Malaria protein PfHRP2 Not marked [63]
Pressurized paper Progesterone receptor 4.3-fold [67]
. Escherichia coli O157:H7
Pressurized paper and Salmonella typhimurium 10-fold [68]
Pressurized paper . .
(with 3D stacking) C-reactive protein 3.47-fold [69]
Source pad of different sizes .
(2DPNs) BSA-biotin 7.3-fold [20]
Source pad of different sizes . .
(2DPNs) Malaria protein PfHRP2 4-fold [70]
Source pad of different sizes . .
(2DPNs) Malaria protein PfHRP2 3.2-fold [71]
Temperature Escherichia coli 6-fold [85]
Sliding action Human norovirus 3-fold [100]
Expandable material Malaria protein PfHRP2 Not marked [104]

Lutz et al. performed stepwise signal enhancement through paper strips using dissolvable
materials (sucrose) [49]. As shown in Figure 14A, four strands of strips are dried with 0%, 30%, 54%,
and 65% sucrose, respectively. When the sample pad filled with sample, washing buffer, and gold
enhancement reagent is folded and contacted with the strip, the velocity of the fluid is controlled
according to the concentration of sucrose, and fluids reach the detection zone in the following order:
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sample, washing buffer, and gold enhancement reagent. Using this principle, they performed the
PfHRP2 malaria assay. Park et al. enabled salmonella diagnosis through a step-by-step reaction
using a pressed paper [68]. When the device is dipped into the sample, the analytes react with
the antibody-conjugated gold nanoparticles (Figure 14B). Immuno-complexes are then captured by
antibodies in the test line and give a colored reaction. The sample passing through the pressed region
reacts with the pre-dried gold enhancer solutions i, ii, and iii and binds with the gold nanoparticles in
the test line, resulting in an amplified signal. Through this method, amplified signals can be obtained
from a mixture of E. coli O157:H7 and Salmonella typhimurium.
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Figure 14. Applications of signal enhancement in paper-based analytical devices. (A) Stepwise signal
enhancement method through paper strips using dissolvable material (sucrose). Figure reprinted with
permission from [49]. (B) Stepwise operation of the pressed paper-based dipstick. Figure reprinted
with permission from [68].

Another approach to enhance sensitivity is to integrate an online sample stacking, enabling the use
of a less sensitive detection modality [132]. Liet al. demonstrated a low-voltage paper isotachophoresis
device for focusing on DNA samples [133]. By the 2-mm-long, 2-mm-wide circular paper channel
formed by concertina folding a paper strip and aligning the circular paper zones on each layer, they
could concentrate DNA with more than two orders of magnitude within 4 min. This electrophoretic
approach makes possible the precise separation of mixed samples by adjusting the potentials applied
at separation channels, not to mention the improvement of the limit of detection. While these studies
usually utilize a relatively simple structure [134-136], they have the potential to realize in situ multiplex
separation and detection among mixed samples with low cost, low-power requirements, and hand-held
testing manners.
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3.4. Colorimetric Enzymatic Assay

Colorimetric detection is the most widely used technology for paper-based analytical devices,
which involves visual observation of the color change owing to the reaction of various reagents.
This method enables either qualitative or quantitative analysis by taking advantage of the fact that
it can be measured with the naked eye or with the help of simple visual readers. In particular, a
colorimetric enzymatic assay using reactions depending on the concentration of analytes and enzyme,
such as a glucose colorimetric assay, is a representative method in uPADs [34,60]. Glucose oxidase
(GOx) and horseradish peroxidase (HRP) are commonly used to catalyze the reaction for glucose
detection. The glucose catalytic reaction at the presence of glucose oxidase generates hydrogen peroxide
(H203) and gluconic acid. Peroxidase then catalyzes the reaction of H,O, with a color indicator,
resulting in a color change. In this process, potassium iodide (KI) is the most commonly applied
color indicator, resulting in a reaction showing brown coloration as Kl is oxidized. In addition to the
application based on glucose assay, colorimetric enzymatic assay in uPADs is widely used in various
fields, such as pesticide assay [32,33], ion detection [79,103], and protein analysis [94]. These uPAD
studies are summarized in Table 9 by comparing them with conventional methods.

Table 9. uPAD technologies for colorimetric enzymatic assay.

Method Analyte Detection Limit (WPAD) Detection Limit

(Conventional Method)
Dissolvable bridge (pullulan) Malathion 6 nM [32] Enzyme assay,
Covered film Malathion 75 nM [33] 0.3 nM [137]
Target-responsive hydrogel Cocaine 7.3 uM [60] 1\;[382 ;Ir)lfi?loﬁgg]y
Hollow channel Glucose/BSA 0.7 mM/18 uM [34] ELISA,
Sliding action BSA 4.8 nM [94] 32 ng mL™! [139]
Corona discharge treatment Nitrite 7.8 umol L~1 [79]

Griess assay,
0.02 uM [140]

Rotational valve

2 -1
(comb binding) Fe“" /nitrite 8.9/0.28 mg L™ [103]

Renault et al. developed hollow channel paper devices for glucose and protein assays (Figure 15A).
When the hydrophilic channel and the hollow channel are overlapped in a three-dimension, and the
sample is injected into the inlet, the analyte reacts with the enzyme (KI, HRP) at the outlet, resulting in
a color-producing reaction [34]. This combined structure increases the velocity of the fluid by about
7 times as much as that of regular paper channels. Han et al. tested the color reaction of Fe?* and
nitrite using plastic comb binding spine (PCBS)-based valves [103]. Although the inlet and detection
zones have a gap distance between them, the analyte reacts with the reagents in the detection zone by
connecting the strip between the inlet and the detection zone using a PCBS-based valve (Figure 15B).
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A

Figure 15. Paper-based colorimetric reaction method. (A) Components and resulting images of
colorimetric glucose and protein assay using a hollow channel paper analytical device. Figure reprinted
with permission from [34]. (B) Colorimetric tests using plastic comb binding spines (PCBS). Figure
reprinted with permission from [103].

4. Challenges and Perspectives

In recent years, many advances have been made in fluid handling in the field of paper microfluidics.
Advances of fluid manipulation technology have led to improved performance and diverse applications
of microfluidic paper-based analytical devices. In this paper, the fluid handling technologies were
classified into passive and active methods according to the operation principle, which has advantages
and disadvantages, respectively. Passive valves have the advantages of being able to reduce the cost
and being more portable because the valve is configured in the device itself without any additional
equipment. Based on the benefits, the approach is expected to evolve toward a way that can support
faster response and higher integration with compact fashion. Active valves are advantageous for
more accurate and programmable fluid manipulation because of the excellent responsiveness of the
valves. However, since active valve methods are accompanied by additional equipment, cost-effective
and straightforward modules will be desirable. In terms of practical utility and commercialization,
the delicate calculation will be required between the cost increase by additional active valve modules
and the expected values by reduction of reagents and performance enhancement. What is clear is
that if the value of lateral flow assays—a simple, convenient, and cheap diagnosis—itself is fading
away, it will face practical limitations no matter how sophisticated the active valve technology is.
As such, it would be desirable to conduct technical development within the scope of the original value
of paper-based platforms.

The potential requirements of fluid manipulation technologies for multi-step assays in paper-based
analytical devices can be summarized as follows: (1) compact form, (2) instant response, (3) repeatable
use, and (4) automated operation. The development of paper-based multi-step assay technologies
through fluid handling techniques can bridge the current disparity in medical advancements globally.
For instance, complicated assays for many viral and infectious diseases can be performed on-site in
undeveloped countries if the assays currently being performed in the laboratory are implemented
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in paper-based technology. Therefore, it can accelerate the time to commercialization if it (1) meets
the ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free,
and Deliverable) criteria of the World Health Organization (WHO), which is the standard of point-of-care
testing and, at the same time, (2) solves the challenges with full automation and obtains high sensitivity
of paper-based diagnostic technology capable of multi-step assays. In addition, providing medical
benefits to developing countries can greatly contribute to the diagnosis of diseases caused by super
bacteria or viruses and can help prevent disease spread.
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