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ABSTRACT

Paper-based devices have a wide range of applications in point-of-care diagnostics, environmental analysis, and food monitoring.
Paper-based devices can be deployed to resource-limited countries and remote settings in developed countries. Paper-based point-of-care
devices can provide access to diagnostic assays without significant user training to perform the tests accurately and timely. The market
penetration of paper-based assays requires decreased device fabrication costs, including larger packing density of assays (i.e., closely packed
features) and minimization of assay reagents. In this review, we discuss fabrication methods that allow for increasing packing density and
generating closely packed features in paper-based devices. To ensure that the paper-based device is low-cost, advanced fabrication methods
have been developed for the mass production of closely packed assays. These emerging methods will enable minimizing the volume of
required samples (e.g., liquid biopsies) and reagents in paper-based microfluidic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0042816

I. INTRODUCTION

Several major pandemics have emerged over the last three
decades, namely, SARS (2003), H1N1 influenza (2009), Ebola virus
(2014), and Corona virus (2020).1 A lack of field-deployable labora-
tory instrumentation as well as trained experts in severely impacted
regions limits the effective surveillance and control of pandemics.2

Existing conventional laboratory should be miniaturized and trans-
lated to point-of-care assays for rapid deployment in pandemics.
Hence, developing affordable, portable, and mass-producible test
platforms in the point-of-need should be considered.1

Paper-based microfluidic devices have been developed
for point-of-need applications such as drug analysis,3,4 sperm
analysis,5 medical diagnostics,6–15 environmental analysis,16–18 food
monitoring,19–22 and tissue engineering.23 A number of practical

examples of employing paper-based devices for diseases detection
and diagnosis are as follow: bioplasmonic paper for rapid urinalysis
for early cancer detection,6 magnetically actuated valve integrated
with a microfluidic paper-based analytical device (μPAD) for detec-
tion of tumor markers,24 semi-quantitative detection of carcinoembry-
onic antigen,25 wax-printed μPAD for detection of prostate-specific
antigen,26 early detection of cardiac and coronary heart disease,27,28

analysis of glucose level in diabetic patients,29 and the ultrasensitive
multiplexed cancer detection with amplification-by-polymerization.30

A comprehensive review of end-applications of paper-based microflui-
dic devices is available in the literature.31–39 The attractive features of
the microfluidic devices include their low cost, portability, disposabil-
ity, ease of use, and simple fabrication.9,10,16,40–42 Moreover, these
devices often do not need any external power sources for sample
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processing.43 These paper-based devices are ideal for remote locations,
where access to critical medical resources is limited.10,16,44 Several
approaches have been developed for fabricating paper-based micro-
fluidic devices31,32,45–48 such as photolithography,49 inkjet printing,50

flexography,51 screen-printing,52,53 laser cutting/pattering,54–56 and
plotting.57,58 Each of these approaches offers a unique combination of
resolution, cost, and ease of fabrication. A thorough comparison of
the advantages and drawbacks of each fabrication method can be
found elsewhere.59

As a result of increasing population and industrialization, a
tremendous amount of industrial pollutants, fertilizers, and pesti-
cides are released in the environment. These chemicals not only
can be absorbed by food products and threaten public health but
they also can contaminate air, soil, and water reservoirs.17,60–65

These issues have triggered an arising concern regarding public
health and preserving the environment, as well as how to monitor
and control the short-term and long-term threats imposed by these
contaminations.20,21,66–70 For instance, according to the World
Health Organization (WHO), foodborne pathogens result in
2 × 106 million deaths annually.71 Thus, continuous monitoring of
the entire food production procedure in different stages of storage,
processing, transportation, and use should be considered to allevi-
ate the toxic contaminants in foods and beverages.22,72–76 Various
techniques are developed to monitor the safety of foods, such as high-
performance liquid chromatography (HPLC), gas chromatography

(GC), and quantitative real-time polymerase chain reaction (qPCR).77

However, despite being reliable and accurate, these methods are high
cost, complicated, time-consuming, and labor-intense processes.
Additionally, these instrumentations are not usually portable and
field-deployable to resource-poor regions that suffer from environ-
mental pollutions and food-related illnesses. Therefore, paper-based
devices can be developed to address these concerns and detect food
contaminations in the early stages. Furthermore, PADs can determine
the risk of exposure of the population to the hazardous pollutions in
the air, water, and soil, thus, timely decisions can be made to inter-
vene by the authorities.18,78 Figure 1 demonstrates key studies that
contributed to the development of paper-based devices.

To achieve global market penetration in paper-based assays,
the packing density of the assays (i.e., closely packed features)
should be maximized. This would lead to lower costs, less
medical waste, and low sample volume in multiplexed assays.
Paper-based microfluidic devices generally have larger dimen-
sions than the conventional devices due to sample evaporation
issues in open-channel systems.92 The majority of paper-based
microfluidic devices often need more reagents compared to their
counterparts composed of other substrates such as glass and
polymers.85,93–96 For instance, μPADs with open channels have
four times more evaporation rate than a closed channel device.97

Hence, a higher sample volume is needed to compensate for the
loss by evaporation.98 Moreover, there are further motivations for

FIG. 1. Timeline describing some of the milestone studies in paper-based devices and sensors. The wide range of applications that paper-based devices can contribute
is presented, demonstrating the potential of these devices for further development.3 7,18,79–91

Biomicrofluidics REVIEW scitation.org/journal/bmf

Biomicrofluidics 15, 011502 (2021); doi: 10.1063/5.0042816 15, 011502-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/bmf


using low volumes of samples such as tear,99 or blood plasma
obtained from a finger-prick blood sample, which can pass
through a blood cell retaining filter.100 Minimizing the reaction
zones and using closely packed features can reduce the consump-
tion of the samples and reagents.101

A few methods have emerged to fabricate closely packed
paper-based devices: leveraging the third dimension via 3D paper-
based devices, patterning hydrophobic barriers at high resolution,
and imparting paper with features such as shrinkability (Fig. 2). 3D
paper-based microfluidic devices have shortcomings in mass pro-
duction due to the manual manufacturing steps. Assays with
multiple-step tests and multiple assays in the same footprint of a
2D devices can be fabricated by assembling multiple layers of pat-
terned papers to form a 3D μPAD.102 Sticking paper layers via
adhesives or folding paper layers via origami are two commonly
used approaches for the fabrication of 3D paper structures. Since,
in 3D devices, channels can pass over other channels, different
samples can be delivered to desired reaction zones without

interfering with other channels. Thus, more channels can be
embedded on the substrate, without increasing the size of the
device considerably, resulting in more closely packed devices. 3D
devices allow for movement through the thickness as well as the
surface of the paper, minimizing the sample loss as a result of swel-
ling of paper.45 Processing time can also be decreased using 3D
architectures which connect inlets to reaction zones with shorter
paths, benefiting from channels crossing over each other without
mixing.37,85 Another advantage of 3D paper-based microfluidic
devices is the homogenous colorimetric assays at the test zones.
Since the vertical (up and down) transport of fluid between the
channels and test zones is coaxial, spots with homogenous color are
produced, which makes the interpretation of the results easier.103

The results can be easily interpreted because the equal length of the
channels allows reagents to be evenly distributed to the detection
zones so the output colorimetric intensity can be easily analyzed.
3D paper-based microfluidic devices, with their inherent design
capacity, offer multi-step and multiplexed assays in 3D and may
address the need for closely packed features (i.e., increasing packing
density). The capability of patterning paper at higher resolution is
the most direct solution to achieve smaller features, yet often with a
fundamental limit regarding the deposition and diffusion of hydro-
phobic ink across the thickness of the paper matrix. Furthermore,
emerging methods such as shrinking materials were explored104 and
more recently the fabrication of smaller structures was fabricated.43

Shrinkable materials allow for fabrication methods which easily
create larger patterns with lower resolution. They can be converted
to smaller and high-resolution patterns without the need for sophis-
ticated and high-cost equipment.101 Herein, we review various
methods that are promising for increasing packing density and gen-
erating closely packed features in paper-based assays (Fig. 2).

II. CURRENT APPROACHES

A. 3D fabrication of paper-based devices

1. Origami

Origami is a common fabrication technique that has been
used for devices including biosensors, batteries, and heart
stents.105–107 This technique provides a method for creating
compact and foldable 3D structures from 2D sheets.108,109 The 3D
structures are created through a precise folding process of the
sheets on predefined creases. Before origami was used as a fabrica-
tion technique for paper-based devices, 3D structures were typically
bonded with double-sided tape and alternating layers of patterned
paper. However, this method of fabrication could not be
mass-produced. Thus, the origami method allows ease of produc-
tion without double-sided tape assembly. The combination of
origami and wax printing allowed the device fabrication to be rapid
and low cost.102 Origami paper-based microfluidic devices were
developed with wax patterning for the application in potentiomet-
ric biosensing of proteins and detecting enzyme activities as well as
organophosphate pesticides in the enzymatic system. Finally, a
detection limit of 0.006 nM was reported for this device. These 3D
origami microfluidic devices eliminate the issue of reagent diffusion
through lateral flow in the channels, which prevents the incompati-
bility of reagents in different zones [Figs. 3(a) and 3(b)].110 The

FIG. 2. Emerging approaches to increase the packing density of paper-based
assays. (a) Increasing the packing density using the origami technique. 3D
origami-based devices, as a subset of 3D paper-based devices, are 3D
multiple-layer products fabricated by folding patterned papers in the same foot-
print of a 2D device. (b) Increasing the packing density in 2D by raising pattern-
ing resolution to create more closely packed features. Having more control over
the patterning resolution leads to the creation of hydrophobic boundaries with
more detail, which can prevent diffusion of samples out of the channel or diffu-
sion of patterning ink into the channel. Therefore, more channels with smaller
size features and higher precision can be patterned, resulting in more complex,
closely packed devices. (c) Increasing the packing density in 2D by shrinking
via chemical post-treatment.
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evolution from single-layer systems to multilayer 3D systems has
proven to allow the individual treatment of layers in the device, as
well as increasing sample dispersion and enclosing intermediate
layers to preserve reagents in the device.111 A self-powered paper-
based sensor was produced by printing and folding paper, which
did not need an external power source to operate. In this device,

aptamers were used as the probe, where the results were transduced
by a digital multimeter and an electrochemical readout.108 3D
origami microfluidic devices were used to rapidly separate pro-
teins and fluorescent molecules in bovine serum by the electro-
phoretic method.112 These multilayer devices were effective
because they allow convenient sample introduction, simple and

FIG. 3. Paper-based origami devices. (a) The folding procedure and sequence of the 3D potentiometric device. To improve the mechanical strength of the device, it was
fabricated using wax patterning. (b) A miniaturized electrochemical analyzer that is controlled with a USB, which can be integrated with the origami paper-based device for
potentiometric biosensing.110 Reproduced with permission from Ding et al., Angew. Chem. Int. Ed. 55, 13033–13037 (2016). Copyright 2016 John Wiley & Sons, Inc. (c)
The fabrication procedure of a folding paper-based DNA sensor device. Sheet A is the paper sheets that were patterned in bulk with a wax printer. Sheet B contains three
electrodes that were screen-printed on a wax-patterned sheet after baking was complete. The prepared sheets (A and B) were cut into rectangular sections (folding sheet,
C), these sections were integrated with a transparent device-holder that was clamped. Finally, 40 μl of supporting electrolyte was added for the electrochemical assay.113

Reproduced with permission from Lu et al., Electrochim. Acta 80, 334–341 (2012). Copyright 2012 Elsevier Ltd.
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fast product analysis by unfolding the paper, as well as a high res-
olution of 180 μm/layer. In another study, after wax printing and
subsequent baking step, the rectangular piece of cellulose paper
was folded into a desired 3D structure.113 This device used
AuNPs/graphene modified screen-printed working paper elec-
trode (SPWPE) not only as a simple and low-cost electrochemical
DNA sensor, which had sufficient analytical performance in
human serum, but it also had applications in monitoring envi-
ronmental parameters. Target DNA as low as 2 × 10−16mmol l−1

was detected by this device [Fig. 3(c)].
Wax patterning was utilized with origami for the fabrication

of paper-based 3D devices. This study reported the fabrication of
hemichannels and fully enclosed channels. Hemichannels can
halve the number of paper layers needed for a particular device
which can substantially decrease the complexity of the manufac-
turing process. The resistance of fully-enclosed channels to evap-
oration is four times more than that of open channels.97 A 3D
microfluidic device was fabricated using origami on a paper pat-
terned through wax printing (Fig. 4).114 The 3D origami-based
sandwich-type chemiluminescence immunodevice, integrated
with a representative luminuol-H2O2 CL which was catalyzed by
Ag NPs, allowed for separating plasma from blood samples as
well as detecting four tumor markers. Origami has been used for
developing paper-based sensors for electrochemical glucose moni-
toring.115 Wax printing and origami were used to create micro-
fluidic devices, where a smartphone was utilized to detect color
intensity changes to analyze the test results obtained from protein
and glucose concentration measurements.116 This device success-
fully detected 1.5–75 μM of bovine serum albumin (BSA) and 0–
900 mg dl−1 of glucose concentrations (Fig. 5).

Wax printing and origami have been utilized to fabricate an
origami-based electrochemical device with high sensitivity, where

redox probes and antibodies were immobilized using graphene
sheets as matrices.117 In another study, gold NPs were grown and a
nanowires network of manganese oxide was electrodeposited on an
origami microfluidic device to develop a 3D network with a large
surface area. The employed enzyme label was glucose oxidase
(GOx), and the redox terminator was 3,30,5,50-tetramethylbenzidine
(TMB). This device sensitively detected PSA ranging from
0.005 ng ml−1 to 100 ng ml−1, and the detection limit was
0.0012 ng ml−1, which was validated with human serum analysis.
This combination benefits from the nanocrystals’ active surface
area and paper’s structural and electrical properties to achieve elec-
trocatalytic activities in electrochemical sensing of biomarkers.118

Hence, nanostructures can be effectively used to create origami
paper-based devices that can test human serum as well as biological
samples. Paper-based devices as low-cost platforms can be inte-
grated with a diversity of materials to broaden the scope of their
applications. For instance, graphite was used as a counter electrode
and to provide electrical contact to fabricate an origami paper-
based device using a wax printer and double-sided tape. This
device can precisely measure the concentration of p-nitrophenol in
water samples with a detection limit of 1.1 μM.119 Inkjet printing
and photolithography are methods that have also been combined
with origami for 3D microfluidic device creation.120,121

Paper-based devices fabricated by the origami technique can be
adhesive-free.121,122 For instance, a device was fabricated on a
single piece of paper with one photolithographic step and simple
folding. This allowed rapid fabrication without the need for tools
or alignment techniques, decreasing fabrication costs. The analysis
of the results was simple because the device can be simply unfolded
so each of the nine layers can be analyzed separately (Fig. 6).121

Since patterns are designed and already patterned on each layer of
paper, precise folding of paper along predefined lines can ensure an

FIG. 4. A microfluidic origami device. (a) Shape and size of 3D origami device. The device is composed of one test pad that is surrounded by four folding tabs: one
reagent tab, two waste tabs, and one filter tab. (b) The front and back surfaces of the 3D origami device.114 Reproduced with permission from Ge et al., Lab Chip 12,
3150–3158 (2012). Copyright 2012 Royal Society of Chemistry.
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FIG. 5. Paper-based origami devices. (a) Schematic of a paper-based 3D microfluidic device for multiplexed bioassays and sequential fluidic manipulation. The device
has two layers. In step 1, each reservoir in the top layer is preloaded with the priming and reagent solutions for colorimetric protein and glucose bioassays. In step 2, the
injection zones in the bottom layer were loaded with the test solutions. In step 3, the chemical reactions occur through the tip-pinch manipulation of the thumb and index
fingers. Once the device is unfolded, it is air dried and then the image readout is complete. (b) and (c) Paper-based 3D microfluidic devices after wax impregnating, which
demonstrates clear hydrophobic patterns that are present on the back view of the device (c). Scale bar = 10 mm.116 Reproduced with permission from Choi et al., Sens.
Actuators B Chem. 219, 245–250 (2015). Copyright 2015 Elsevier B.V.

FIG. 6. Origami-inspired paper-based microfluidic devices. (a) 100 μm thick chromatography paper that has photolithographically patterned channels, reservoirs, and a
folding frame. The channels are 900 μm wide while the reservoirs are 2.5 mm in diameter. (b) The top layer of the device after the paper is folded, depicting four inlet res-
ervoirs in the center of the device. There are also four flanking circular features that are located within the 3D device but are visible due to the transparency of the paper.
(c) The bottom layer of the folded device. (d) Aluminum housing that supports the 3D device. The four corners of the device were cut so the device could be clamped, as
seen in (d). The four drilled holes on the top of the housing system are utilized to inject solutions. (e) The unfolded, nine-layer paper device after the injection of four
1.0 mM, aqueous, colored solutions through the four injection ports in the aluminum housing device. The four colored solutions (rhodamine 6G, red; erioglaucine, blue;
tatrazine, yellow; and a mixture of erioglaucine and tatrazine, 1:10, green) traveled through their desired channels without mixing.121 Reproduced with permission from Liu
et al., J. Am. Chem. Soc. 133(44), 17564–17566 (2011). Copyright 2011 American Chemical Society.
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automatic alignment of patterns on sequential layers.123 In this study,
a sample containing 5.6 mM glucose, and a sample containing
4.5 μM bovine serum albumin (BSA) were tested.121 Lastly, contami-
nation and nonspecific adsorption were eliminated with this
origami technique because there is no need for adhesive tape.124

The origami fabrication approach provides a low cost, simple, and
rapid technique for creating 3D microfluidic devices.

2. Adhesives

Besides using origami to create 3D microfluidic devices,
adhesive tape has been used in device fabrication. The creation of
these devices involves assembling layers of plastic, patterned filter
paper with double-sided adhesive tape in alternating layers.125

The double-sided tape is used to keep the paper layers together as
well as to help drive the sample fluid from the patterned paper
layers to the detection zone. There are numerous ways to fabricate
a 3D microfluidic device using adhesive tape. A method for the
fabrication of programmable paper-based devices was shown
using alternating layers of paper and double-sided adhesive tape.
Implementing a single-use “on” button, the structure of the chan-
nels, the paths taken by the fluid flowing in the device, and the
overall function of the device can be determined by the user after
the device is fabricated. The 3D structure of the stacked paper and
adhesive tape can be manipulated with an object that has a
narrow tip to program the device. This approach can be consid-
ered as a simple and low-cost technique for controlling the move-
ment of fluids as well as prioritizing the test based on the
available amount of samples in 3D microfluidic devices. The pres-
ence of ketones, proteins, nitrite, and glucose can be measured
using this device, which was validated using solutions of BSA,
acetoacetate, glucose, and sodium nitrite.126

The alternating layers of paper and adhesive tape play sepa-
rate roles in the movement of fluids through the device. The
hydrophobic polymer that is patterned into the paper demar-
cates the channels for the fluid to move laterally; while, the
double-sided tape separates the paper layers and the holes in the
tape allow the fluid to flow vertically (Fig. 7).88 The double-sided
adhesive tape tends to leave a gap between the paper layers due
to the thickness of the tape; thus, this gap often needs to be
filled will cellulose powder to prevent the fluid from mixing
between paper layers. The use of adhesives to create paper-based
point-of-care devices is not only a low-cost, but also a fast tech-
nique for achieving test results. The device displayed in Fig. 7,
costs only $0.03, and the dyes are able to reach the detection
zones in roughly 5min.

A microfluidic device was created by using multiple layers of
patterned paper stacked together using a hydrophilic adhesive, pre-
cisely applied by screen-printing in the desired form. The device is
a colorimetric point-of-care liver function test operating with a
simple fingerstick specimen as an input sample. Aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) are mea-
sured in this device as two common enzymes that relate to injuries
of the liver.127 Double-sided adhesive tape combined with wax
printing is a common fabrication technique that allows for creating
3D devices for point-of-care testing as well as enzyme-linked
immunosorbent assay (ELISA).128,129 Furthermore, the fabrication

FIG. 7. 3D paper-based microfluidic devices. (a) Fabrication of 3D
micro-paper-based analytical devices (PADs) through the process of stacking
alternating layers of paper and water-impermeable double-sided adhesive tape.
The fluid is able to move laterally in the channels due to the hydrophobic
polymer that is patterned in the paper, and the fluid is able to move vertically in
the channels because of the holes that are present in the double-sided tape. (b)
The movement of the dyes (red, yellow, green, and blue aqueous solutions)
10 s after they were added to the reservoirs. (c) and (d) The results 2min and
4min after the dyes were added. The dyes crossed paths multiple times, but
they did not mix. The dotted lines in (d) correlate to the cross sections depicted
in (e)–(g). (e) This cross section shows the channel connecting the top and
bottom of the device. (f ) This cross section demonstrates the orthogonal chan-
nels in the top and bottom layers of paper that are present in the three layers of
the device. (g) Cross section of the device that depicts the distribution of the
fluid that is shown in (d). (h) The device effectively distributes a 100 μl fluid
sample into 1024 detection zones.88 Reproduced with permission from Martinez
et al., Proc. Natl. Acad. Sci. U.S.A. 105(50), 19606–19611 (2008). Copyright
2008 National Academy of Sciences, U.S.A.
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technique of wax printing and double-sided adhesive tape has a
wide variety of applications in metering the capillary driven flow
rate of the fluid in the device.130 Devices created with double-sided
tape and wax printing have been applied for quantifying metals

using colorimetry and electrochemical detection as well as detecting
human norovirus infection (Figs. 8 and 9).131,132 Infectious human
norovirus was detected by developing a paper-based analytical
device (PAD), slip-PAD. With this configuration, multiple fluids

FIG. 8. A microfluidic paper-based analytical device and the fabrication procedure. A wax-pattern was printed onto the paper, and the hydrophobic barriers and hydrophilic
channels were defined. One side of the device had clear packing tape to prevent samples from leaking. To finish the device, patterned paper, double-sided adhesive tape,
a screen-printed electrode, and 6 mm punched double-sided adhesive tape were assembled through a folding process.131 Reproduced with permission from Rattanarat
et al., Anal. Chem. 86(7), 3555–3562 (2014). Copyright 2014 American Chemical Society.
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can be delivered sequentially without the need for peripheral appa-
ratus. These devices are able to amplify the signal by release and
mix of integrated reagents in one step. Mouse IgG was targeted,
where signal probe (AuNP)-labeled detection antibody and nitro-
cellulose membrane were employed. The limit of detection was
9.5 × 104 copies ml−1 for human norovirus.132 Additionally, vertical
flow assays (VFAs) are created with an interesting feature.
Although the sophisticated process of sequential manual loading of
reagents is one of the VFAs drawbacks, the wicking properties of
paper were actuated by pressing them to program the delivery
order of reagents so that reagents can be loaded simultaneously.
The device performed C-reactive protein (CRP)-detection used for
the prediction of cardiovascular disease risk in 15min. The detec-
tion limit was enhanced from 0.01 to 0.005 μg ml−1.133

Wax patterning was used with double-sided adhesive tape to
fabricate a device that did not require any external electronic
readers to quantify the results. Instead, changes in wetting proper-
ties of paper were used for the quantification of hydrogen perox-
ide (Fig. 10).134 Spray adhesive has been used with wax printing to
glue the 3D layers together which provided a simple, cost-effective
approach enabling large-scale fabrication at high-throughput
(Fig. 11). Using the horseradish peroxidase and glucose oxidase as
reagents in colorimetric protein and glucose assays, devices pro-
duced by spray adhesive had a similar quantitative performance to
that of 2D microfluidic devices.135 Requiring specialized equip-
ment precludes ubiquitous use of fluorescence assays in deprived
areas. To surmount this predicament, a device was developed to
have an internal fluidic battery which allowed LEDs to be powered
and the fluorescence assay to be quantified. This system can be
used with a smartphone to rapidly analyze the results. For
instance, the β-D-galactosidase enzyme was quantified down to

700 pM.136 There are many advantages of using adhesive tape in fab-
rication including that the holes in the tape can be easily patterned
using manual or automated methods, the adhesive tape is not applied
directly to the active zones of the device, and the strength of the
adhesive can be easily varied.137 Furthermore, the adhesive fabrication
technique allows for forming a complex microfluidic path for fluids
to move vertically and laterally through multiple paper layers. These
complex paths result in the fluid combining with different reagents in
different layers subsequently reaching the complex array of detection
zone leading to colorimetric results (Fig. 12).138 These devices are low
cost, portable, easy to use, and have a high throughput which makes
them ideal for point-of-care diagnostics.

3. Physical methods

3D printing is useful for the creation of 3D microfluidic
devices because it has the ability to print complex structures and
shapes and combine different materials during fabrication.139 In
paper-based 3D printed devices, practically, paper only fills the
channels that are 3D printed using different materials, such as
PDMS, or a 3D printer is used to pattern hydrophobic barriers on
the paper substrate, using a pen plotter, marker, to define the
pattern of channels. Long chains of β linked d-glucose units (poly-
saccharide) are the building blocks of cellulose powder
(α-cellulose). With a size of 74–125 μm, cellulose powder is an
organic material which can wick fluids by capillary force, similar to
ordinary paper sheets, if filled up in a channel. Therefore, filling
3D printed microfluidic channels with cellulose powder not only
eradicates the need for an external power source to transfer the
sample in the device but also can allow multiple usages of the fabri-
cated device since the powder can be washed out of 3D printed

FIG. 9. Fluid control in paper-based microfluidic devices. (a) The operating principles for sequential fluid manipulation in the 3D slip-Pad. Fluids are wicked onto
adjacent paper layers by sliding the slip-top section to the right. This causes the sequential delivery of fluids to the detection zone through 3D paths. The back
regions represent the hydrophobic wax barrier and the white regions show the hydrophilic fluidic channel. (b) The release and mixing of integrated reagents on multi-
ple layers. The blue and yellow dyes were pre-integrated by drop-drying on layers 2 and 4; the mixing of the two dyes resulted in a green color shown in the
device.132 Reproduced with permission from Han et al., Sci. Rep. 6(1), 1–7 (2016). Copyright 2016 Author(s), licensed under a Creative Commons Attribution 4.0
International (CC BY 4.0) License.
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PDMS channels after each test, and be filled with new powder for
the next test.139 The 3D printing process is convenient to changes
the design. Although the actual 3D printing process may not
always be fast, this method decreases the need for third party man-
ufacturing, outsourcing any modifications/fabrication, as well as
decreasing manual time-consuming labor to create devices. The
relationship between channel depth and flow time allows the flow
speed of the fluids to be easily controlled, the main drawback of
additive manufacturing is the resolution of the channels. The
minimum size of the hydrophobic channels was determined to be
about 118 μm while this number is 493 μm for hydrophobic barri-
ers between channels, which is close to the 500 μm depth that is
the typical resolution of channels (Fig. 13).139 3D printing was used
for fabricating microfluidic devices for blood typing assays. A
REPRAP PRUSA i3 printer with an infusion pump created hydro-
phobic patterns on different types of paper to fabricate PADs. The
use of 3D printers has been implemented to create high-resolution
hydrophobic barriers on paper for point-of-care microfluidic
devices.140 Ultimately, 3D printing has numerous advantages
including low waste, low cost, efficiency, ease of scalability, and
convenience for the fabrication of paper-based devices.

Two separate physical methods were developed for 3D micro-
fluidic device fabrication: cut and stacking on omniphobic paper as
well as embossing (Fig. 14). These devices allow fluid to flow and
behave similar to fluid flow in open-channel microfluidic devices.
These devices have appealing features of using paper (e.g., cost-
effectiveness) and enable pressure-driven open-channel fluid flows.
Embossing is a fabrication method in which the paper is com-
pressed between two roller dies with complementary shapes. As the
paper is compressed between the two dies, the desired pattern is
embossed into the paper. To improve the embossing process,
decrease the needed force for embossing and prevent tearing the
edges, the paper is often wetted with ethanol. Embossing is a rapid
fabrication method and can be easily scaled up for mass produc-
tion. 3D printing, laser cutting, and selective etching are a number
of conceivable methods for producing embossing dies.141 The cut
and stacking method can be used to shape different paper layers
that are connected using double-sided tape by a programmable
knife. Cut and stacking has several advantages over embossing. For
example, cut and stacking does not require any molds and the
process has a higher success rate, 98%, compared to embossing
(85%). The final construction for cut and stacking consists of

FIG. 10. Paper-based devices used for quantification of hydrogen peroxide. (a) By measuring the needed time for the sample to flow in the z-direction, this device can
quantify the concentration of hydrogen peroxide. (b) The concentration of hydrogen peroxide can be quantified using this analog device by counting the number of bars
that become colored. (c) 3D representation of the digital device. To conduct the test, the sample should be pipetted on the top; then, the device is inverted to make the
detection layer visible. Seven bright green layers indicate the end of the assay. (d) Analog device assay procedure diagram. After putting the sample at the top, it wicks
into the device. The number of colored bars indicates the test result.134 Reproduced with permission from Lewis et al., Angew. Chem. Int. Ed. 51(51), 12707–12710
(2012). Copyright 2012 John Wiley & Sons, Inc.
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FIG. 11. Wax-printed 3D microfluidic devices. (a) Schematic for the fabrication of microfluidic devices of any size and configuration, which requires paper, a wax printer,
scissors, and spray adhesive. This technique enables a high throughput of devices by assembling entire sheets of patterned paper with adhesive. (b) 8 cm wide × 8 cm
long × 0.1 cm thick microfluidic device, which distributes four different samples from the top of the device into (c) the bottom of the device, which has separate grids con-
taining 256 output regions. This device has six layers and the four samples (1 ml each) filled the hydrophilic regions on the top of the device.135 Reproduced with permis-
sion from Lewis et al., Lab Chip 12, 2630–2633 (2012). Copyright 2012 Royal Society of Chemistry.
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predictable, uniform, and tunable geometries that are stacked to
create the final device; thus, the depth of the channels can be con-
trolled by the number of stacked paper layers. In this method, the
flat surfaces that are fabricated make the assembly of the devices
fast, the adhesive layers allow for direct sealing of channels without
adapters, and these devices can also withstand bending.141

Ultimately, cut and stacking is ideal for the fabrication of 3D
devices since the depth of the channels can be easily controlled by

using paper with different thicknesses and this method can also be
combined with origami to create complex fluid devices that provide
versatility.

A glass fiber membrane was used instead of cellulose paper
due to its fine fibers of glass with a fine capillary structure. It is also
more hydrophilic than cellulose paper that allows the liquid to
move rapidly throughout the microfluidic channels. The glass fiber
membrane is also biochemically inert and has outstanding

FIG. 12. Multilayer 3D microfluidic devices. (A) Microfluidic chip design that has four paper layers and three tape layers. The hydrophobic walls (black areas) of the paper
layers were printed with a Xerox Phaser 8560 wax printer. The blank regions (colored areas) were created with hydrophilic paper to drive the flow of samples vertically and
horizontally. The tape layers were patterned by holes which connected channels of the different paper layers. (B) Photograph of top of the 3D paper-based chip which has
four sample inlets (a–d), which perform four assays. (C) Photograph of the bottom of the chip dipped in metal-contaminated water. There was a color change in each of
the detection zones [brown color, pink-red color, yellow-red color, and reg magenta color in the presence of Cu (II), Ni (II), Cd (II), and Cr (VI), respectively]. In each of the
four detection regions (a–d), which correlate to four samples, 4 × 4 metal identifications occur in each region.138 Reproduced with permission from Wang et al., Anal.
Bioanal. Chem. 406, 2799–2807 (2014). Copyright 2014 Springer Nature Switzerland AG.
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electrical, mechanical, and electroosmosis properties. Besides, the
brittleness of glass fibers results in more precise cutting without
being torn. This technique utilizes a common cutter to develop
microfluidic channels with high resolution, comparable to that of
conventional photolithography. A glass fiber membrane was
pressed with polyvinylchloride (PVC) layer and then adhered onto
the adhesive surface of a reusable cutting mat. The desired micro-
fluidic pattern was computationally designed and an x–y knife cut
the glass fiber membrane. It is beneficial to use a knife rather than
a plotting pen because the knife is able to rotate freely. This free
rotation results in the precise cutting of patterns including small
diameter holes and corners (Fig. 15).142 The angle and the down-
ward force of the blade can be adjusted and allows for the pattern
to be created in as little as 10 s. Additionally, the resolution of this
technique is comparable to photolithography, whereas this method
uses less complicated and low-cost equipment. This technique is
favorable for patterning because it is simple, low-cost, highly repro-
ducible, mass-producible, and it allows the fast flow rate of liquid
in the channels resulting in high loading capacity. Overall, using
different materials to evaluate the performance of this device, the
following detection limits are obtained: 0.25 mgml−1 for protein,
0.05 mgml−1 for glucose, 0.25 mgml−1 for nitrite, and 0.5 mgml−1

for ketone bodies.142

The laser cutting technique typically involves a laser that
removes the outline of hydrophilic paper from the structure and
creates a hydrophobic barrier. Laser cutting was used to pattern
chromatography paper backed with aluminum foil. This allows for
small precise features to be created with the laser. In this technique,
the laser cuts through the chromatography paper layer but not the
aluminum foil. Therefore, the aluminum foil acts as a support for
the device and allows for the paper to be precisely cut with micro-
scale features as well as narrow hydrophobic barriers which are
formed by air where the material is removed. This method achieved
channel barrier widths as small as 39 ± 15 μm (Fig. 16).44 The laser

cutting method with chromatography paper is beneficial because
the miniaturized device needs small sample volumes and fewer
chemical reagents for bioassays. In addition, less material is needed
for fabrication. These features along with lower packing cost make
this approach a cost-efficient method which creates precise, narrow
hydrophobic barriers, and can easily be mass-produced.

A method was developed to combine embossing and photoli-
thography on Parafilm to create a 3D microfluidic device. Parafilm
is a thermoplastic that is solid at room temperature and melts
around 60 °C. The polycarbonate (PC) film placed between
Parafilm and paper acts as a channel mask by preventing the
melted Parafilm to penetrate the paper. Therefore, the hydrophobic
boundaries of channels can be defined. The process can be per-
formed through the use of a hot plate, ultraviolet (UV) lamp, or an
oven which negates the need for high-cost equipment.
Furthermore, with this method, direct photolithography on paper
and subsequent immersing in photoresist step are avoided which
prevents corrosion of the paper. The use of parafilm makes the fab-
rication of complex structures simpler and provides a method for
constructing 3D microfluidic devices without the need for adhesive
tape or cellulose powder (Fig. 17).143

4. Non-contact methods

Microfluidic devices should use a small sample volume to
reduce the number of chemical reagents needed and the cost of the
device. Therefore, fabrication methods have been developed to gen-
erate narrow hydrophobic barriers with high resolution in micro-
fluidic devices. A laser-based direct writing (LDW) technique was
developed for creating patterns in nitrocellulose. This technique
utilizes photopolymerization to create patterns. The microfluidic
channels are formed with a hydrophobic photopolymer barrier
which outlines the flow regions in the hydrophilic paper. Unlike
other paper-based techniques, laser direct writing is a non-contact

FIG. 13. 3D printing in the fabrication of paper-based devices. (A) (a) Substrate fabrication process which involves creating a 3D model of the microfluidic device using 3D
modeling software. The 3D model is transmitted to the 3D printing software using an STL file format. Once the substrate is printed, the surface is covered with PDMS until
it penetrates into the flaws of the substrate (2min). The excess PDMS is wiped off and the covered substrate is then dried in the oven at 60 °C for 1 h to create a sealed,
thin, hydrophobic layer. (b) The second step of the fabrication process is to fill the hollow channels on the substrate with a mixture of cellulose powder and de-ionized
water. The substrate is then dried in an oven at 60 °C for 30min. After this step is complete, the fabricated device is ready to be used. (B) (a) and (b) The resolution of
hydrophilic and hydrophobic channels under the microscope at 100× magnification.139 Reproduced with permission from He et al., Micromachines 7(7), 108 (2016).
Copyright 2016 Author(s), licensed under a Creative Commons Attribution 4.0 International (CC BY 4.0) License.
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method procedure to minimize cross-contamination. Therefore,
there is no need to use cleanrooms, specialty reagents, or high-cost
equipment which makes this a mass-producible patterning
approach. Channels were fabricated with a thickness of 60 μm; a
thickness that had not been achieved by any other patterning
methods.144 This method involves a laser beam focusing on the

nitrocellulose substrate, mounted on an x–y–z plane, with a spheri-
cal lens. The x–y plane allows the user to control the 2D pattern;
while, the z-axis positions the substrate in the optimal position
under the focal point of the lens. The substrate is scanned with the
laser which results in light-induced cross-linking of the photopoly-
mer.144 Any unpolymerized photopolymer on the substrate is
washed off using immersion in a solvent; the user-defined pattern
remains on the substrate. Laser direct writing offers any desired
pattern that can be created based on modifications of the laser
parameters including laser speed and power. This technique is ideal
for creating low-cost and precise point-of-care microfluidic devices.

LDW technique used for 2D devices is also used for 3D device
fabrication. By controlling the laser patterning variables, the hydro-
phobic structure can be created partially inside a single paper layer
or all the way through several paper layers. The drawbacks of fabri-
cating 3D devices by assembling several 2D layers are (i) the
tedious error-prone process of aligning layers in the microscale and
(ii) interruption of flow paths as a consequence of inadequate
contact between hydrophobic sections of layers. However, techni-
ques that create 3D devices, such as LDW, are able to eradicate
these concerns. Changing the patterning parameters of LDW
allows for the formation of various thicknesses of the polymer
backing layer. As the laser output power increased from 10mW to
100 mW, the depth of the polymerized layers increased from
450 μm to 1050 μm. The control of the polymerized layer depth
can be used to decrease the paper volume, reduce the required
sample volume, increase detection limit, and alleviate the evapora-
tion of sample which is one of the unsolved drawbacks of paper-
based devices. This technique does not require any additional pro-
cessing equipment, alignment, or assembly steps. Furthermore,
laser direct writing can create low-cost and precise 3D fluidic
devices (Fig. 18).145

Photolithography was the first method to fabricate μPAD.7

Using photolithography on chromatography paper is convenient
for small-scale prototypes. In this method, firstly, the paper is
immersed in a photoresist to absorb it. The characteristics of pho-
toresists change in the case of exposure to UV light. For instance, a
photoresist material which cannot be dissolved in a certain solvent,
becomes soluble after being exposed to UV light, or vice versa.
Subsequently, the photoresist-saturated paper is exposed to UV
light through a patterned photomask with the desired arrangement
of the μPAD channels. Afterward, the cured paper is washed with a
solvent to remove the unpolymerized, soluble photoresist. Finally,
the remaining unsolved photoresist forms hydrophobic barriers on
the paper which defines the channel walls. Unpolymerized photore-
sist that was under the shadow of the photomask is washed out by
solvent. Therefore, the remaining paper defines hydrophilic zones
for channels, reaction zones, and reservoirs.7 Two different photo-
resists have been used: SU-8 (photoresist base on bisphenol A
diglyceryl ether resin) and SC [cyclized poly(isoprene) derivative].
SC is a cheaper photoresist and convenient to use; while, SU-8
requires extra processing steps during photolithography
(Fig. 19).146 The feature size of the pattern is limited to the wave-
length of light used in photolithography; this means that a smaller
wavelength of light can create smaller features. Afterward, the
paper plates are dried and are ready to be used. Photolithography
is a common patterning technique for microfluidic devices because

FIG. 14. Embossed paper-based microfluidic devices. (A) Embossing process
for 3D microfluidic devices. (a) A sheet of paper is sandwiched between two
plastic molds and pressed together. (b) Cross section of embossing procedure.
(B) (a) Schematic of a three-dimensional paper microfluidic device fabricated
using the cut and stacking method that is complete by stacking two layers of
paper patterned with channels on top of a later of nonpatterned paper. The
channels are 2 mm wide and 80 mm long. The device allows an acid and base
stream to cross each other without mixing. (b) The fluid inlets connect to the
backside of the device which is indicated by the darker color of the channels.
(c) Phenol red (yellow) and bromophenol blue sodium salt (brown) pH-indicator
solutions flowing through the channels in the microfluidic device. (d) When the
yellow pH-indicator is exposed to a basic gas (NH3), it changes to red and
when the dark brown solution is exposed to acidic conditions (HCl) it changes
color to orange. The black dotted circles represent gas inlet attachments.141

Reproduced with permission from Thuo et al., Chem. Mater. 26(14), 4230–4237
(2014). Copyright 2014 American Chemical Society.
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it can be completed rapidly (15min) and is ideal for small-scale
prototypes.146

B. 2D high-resolution printing/patterning methods

There are numerous patterning techniques that are used to
create microfluidic devices for the application in point-of-care diag-
nostics. Some of the techniques include photolithography, plotting,
plasma treatment, inkjet etching/printing, and wax printing. The
main principle behind these techniques is to form a
hydrophilic-hydrophobic pattern on paper-based substrates using a
physical method or chemical modification of the medium. There
are limitations to many of these methods, for example, photolithog-
raphy and wax printing require specialty equipment. Other paper-
based methods result in microchannels with low resolution and are
not ideal for mass production.142 Aside from the resolution of each
technique, it is important to understand the substrate itself and the
fact that the fiber orientation along the long axis (the surface) of
the paper is often different from the fiber orientation throughout
its thickness. The difference in fiber orientation on the surface and
the thickness of the paper causes the liquid sample to be unevenly
transported in all directions (x, y, and z). It was also determined
that fiber orientation affects the imbibition speed. Ultimately, the
wicking speed proved to increase by 30% with the flow that is par-
allel to the fibers rather than when the flow is perpendicular to the
fibers.1 This demonstrates that the orientation of the fibers should
be considered during the design of paper-based assays since fiber
orientation directly influences wicking speed as well as fluid trans-
port through the device.

Wax printing is a patterning technique that is used for creating
microfluidic devices because it is simple, low cost, environmentally

friendly, a quick process, and can easily be mass-produced.147,148

Cellulose paper is typically used for wax printing; however, Lu et al.
utilized a nitrocellulose paper substrate that was made from pure
cellulose-nitrate. A nitrocellulose substrate is advantageous because it
has high protein binding capabilities. Due to its porous structure,
this substrate can immobilize proteins effectively which can have
applications in dot ELISA (enzyme-linked immunosorbent assay),
and test strips based on gold nanoparticles. It also has a very small
and uniform pore size (0.45μm) which allows for the wax penetra-
tion process during baking to be slower and controlled more pre-
cisely, resulting in microchannels of 100μm in resolution. The
smooth and uniform surface, as well as the small pore size of nitro-
cellulose, leads to a channel flow that is highly stable and reproduci-
ble.149 The process of wax printing only involves two main steps:
printing and baking. To begin, the wax microstructures are printed
onto the nitrocellulose membrane using a wax printer. Then, the
wax-printed substrate is baked in an oven for 5min. This baking
allows the printed wax to melt and penetrate through the nitrocellu-
lose membranes to create hydrophobic patterns.149 Tenda et al.
applied an adapted version of wax printing for the fabrication of
microfluidic devices which involves the use of hot lamination to
create melt printed wax features instead of hot plate heating.
Typically, a hot plate or oven is used for the baking process;
however, the printed wax vertically penetrates the substrates, but it
also horizontally diffuses which blurs the originally sharp printed
pattern.98 Tenda et al. discovered that using hot lamination with wax
printing eliminates the evaporation of sample fluid and increases
control over sample uptake. Regardless of the baking method used
for wax printing, the overall patterning technique is advantageous
due to its short processing time, simple fabrication technique with
only two steps, and its potential for mass production at a low cost.

FIG. 15. Characterization of the microfluidic system on a glass fiber membrane. (a) The star-shaped eight branch complex format of microfluidics and (b) microarray
format of the microfluidic system.142 Reproduced with permission from Fang et al., Lab Chip 14(5), 911–915 (2014). Copyright 2014 Royal Society of Chemistry.
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Ultimately, the devices created were able to evaluate samples of
extremely small volumes which demonstrates that these devices can
be extended into the sub-microliter range.98

Wax printing has proven to be an effective method for fabricat-
ing devices for a wide variety of applications including electrochemi-
cal three-dimensional immunodevices. Multiplex immunoassays
attracted attention recently owing to their ability to detect diseases in
early stages, to determine the extent to which the disease is devel-
oped, and to evaluate the effect of remedies on the patient. Wang
et al. developed a novel combination of electrochemical immunoas-
says with microPADs. The emanated three-dimensional microfluidic
paper-based electrochemical device (3D-μPED) encompasses of a
wax-printed layer, as well as a screen-printed electrode layer.
According to Wang et al., the latter layer can be used multiple times
with more than one wax-printed layer which paves the path for cost-
efficient devices. They also utilize carbon nanotubes in order to
enhance the electrical conductivity of electrochemical cells on these
devices (Fig. 20).150

Zhang et al. depicted a slightly different wax patterning method
known as movable type wax patterning (MTWP). This technique is

inspired by a Chinese printing method and only requires a hot plate
and homemade small movable components. MWTP is a system of
typography and printing which utilizes movable components to
reproduce elements onto paper. There are three main steps in this
process: assembling small movable homemade iron components into
the desired pattern when the magnetic field is off, using a hot plate
to heat the patterned components to molten wax when the magnetic
field is on, and lastly, printing the hot stamp with the support and
patterned metal components onto the surface of the paper
(Fig. 21).151 In this paper, to fabricate 3D assays, layers were stacked
by two pieces of hollow iron slices and iron clamps. This method
provides a simple, low cost, and adjustable approach for fabricating
microfluidic devices that do not require expensive equipment or spe-
cialized skills. In another study, Zhang et al. combined wax printing
with screen-printing which proved to be another simple and inex-
pensive technique for device fabrication (Fig. 22).152 Wax patterning
has also been combined with other techniques such as laser cutting.
As an example, Mosadegh et al. fabricated devices with this method
that analyze in vitro cellular motility and viability, specifically in the
laminar ventricle tissue of the heart.153

FIG. 16. Laser cutting technique, utilizing chromatography paper backed with aluminum foil, which can be used for the mass production of microfluidic devices with
compact and microscale features.44 Reproduced with permission from Mahmud et al., Analyst 141(23), 6449–6454 (2016). Copyright 2016 Royal Society of Chemistry.
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Merging electrochemiluminescent (ECL) technology with
paper-based platforms leads to useful performance outcomes. Zhang
et al. created a low-cost paper-based ECL device by wax printing
that is able to perform environmental monitoring as well as medical
diagnoses through the detection of Pb2+ and Hg2+. This device can
detect Pb2+ and Hg2+ down to 10 pM and 0.2 nm, respectively.154

Yan et al. proposed a wax-printed paper-based ECL immunodevice.
The high level of sensitivity and selectivity of this device stem from
ECL immunoassays, where the simplicity and inexpensiveness of the
device are brought about by the use of paper.155 Another application
of ECL proposed by Wang et al. They detect four tumor markers
concurrently and eliminate the need for expensive electrochemical
workstations by a screen-printing of electrode arrays (Ag/AgCl elec-
trodes) on a wax-printed paper.156

C. Alternative approaches

Microfluidic devices for the application of Point-of-Care (POC)
are created through different processes such as patterning paper with
hydrophobic ink to create hydrophilic channels and test zones that
are bounded by the hydrophobic ink. The major limitation of these

devices is the imprecise patterning technique. The current fabrication
technique results in the hydrophobic ink diffusing across the paper
and blurring the printed patterns. This results in MicroPADs that
have lower resolution patterns and ultimately prevents the creation
of patterns that are smaller than 1mm.101 An ideal fabrication
method would allow for the creation of the MicroPADs with high-
resolution patterns. This would be beneficial because it would
expand the capabilities of these devices; ultimately, allowing for the
creation of high-resolution patterns as well as the fabrication of
smaller devices with more precise patterns.

The method for creating smaller devices with higher resolution
patterns, involves the shrinkage of paper. Since paper is not typically a
simple material to shrink, there are only a few methods that have been
extensively researched. The first method is performed through multiple
cycles of soaking paper in liquid ammonium and drying. This techni-
que has been used to successfully create miniaturized paper currency
but is not as effective as other methods. 55% reduction in surface area
is reported for this method.157 The other method used for paper mini-
aturization, studied by Strong et al., involves soaking paper in aqueous
solutions of periodate. This method is known as periodate oxidation of
cellulose which modifies the surface of the paper and enables

FIG. 17. Low-cost photolithography and embossing technique for microfluidic devices. (a) and (b) Photolithographically patterned Parafilm where the photosensitive blue
ink painted Parafilm and a transparent film with the desired pattern are exposed to a UV light. (c) Embossing of Parafilm: filter paper, photolithography patterned Parafilm,
and aluminum foil are assembled and sandwich between two glass slides. (d) The sandwich is pressed together and heated to 120 °C for several minutes. (e) and (f )
Filter paper is removed from the assembly, and the finished patterned Parafilm is complete.143 Reproduced with permission from Yu et al., Lab Chip 15, 1642–1645
(2015). Copyright 2015 Royal Society of Chemistry.
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molecules to be covalently linked to the surface.157 It was found that
exposing the paper to varying concentrations of periodate over a
period of 96 h resulted in the surface area of the paper being reduced
to anywhere between 60 to 80% (Fig. 23). The average wicking velocity
in these miniaturized devices was decreased by a factor of 2 due to a
decrease in pore size as well as an increase in hydrophobicity com-
pared to standard devices.101 Paper miniaturization via periodate oxi-
dations was attributed to the reorganization of oxidized cellulose
chains into non-linear conformations. This ultimately results in buck-
ling and shrinking of the oxidized cellulose fibers.157

III. THEORETICAL ASPECTS OF HIGH-RESOLUTION
PRINTING ONTO 2D PAPER SUBSTRATES

To develop new fabrication approaches and more cost-efficient
novel flexible materials, a better understanding and a higher level
of control in the deposition physics and fiber orientation through
the thickness of paper should be developed to eliminate uncon-
trolled penetration and diffusion of hydrophobic liquid before it is
dried out. In this context, Reis et al. computationally studied the

impact of liquid droplets on porous surfaces.158 Absorption and
impact dynamics of a droplet, in the liquid phase, colliding with a
porous medium have been studied through a numerical model by
Reis et al.,158 with the focus being on the finite volume approach.
In this respect, influences of capillary forces and surface tension,
the transportation of the free surface inside the porous substrate,
and the connection between the fluid flow inside and outside the
porous substrate are meticulously considered to acquire a precise
description of fluid flow dynamics. In order to chase the position
and the shape of the liquid region, the marker-particles method is
employed. Also, the pressure-velocity coupling is solved by the
SIMPLEC. Overall, experimental data and the computational
model are acceptably conceded in the case of verification by com-
paring the predictions of the model with data from experimental
studies, considering various aspects of their behavior. Another
group, Choi et al., developed a level-set method for droplet impact
and penetration into a porous substrate.159 The effects of parame-
ters such as porosity and drag force, brought about by the porous
solid matrix, are incorporated by applying the averaged conserva-
tion equation of mass and momentum. These parameters are

FIG. 18. The laser direct writing for fabricating 3D microfluidic devices begins with a stack of paper. The paper is impregnated with a photopolymer and then exposed to a
UV laser beam with Gaussian intensity to irradiate the material. The desired pattern is then traced onto the material with the high-intensity laser. The multilayer stacks are
placed in a solvent for the development of the final 3D structure.145 Reproduced with permission from He et al., Lab Chip 16, 3296–3303 (2016). Copyright 2016 Royal
Society of Chemistry.
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integrated by the conservation equations in the external fluid
region over the corresponding conditions of stress and velocity on
the porous medium. Correlation of droplet’s distribution and pene-
tration with particle size, initial droplet radius, porosity contact
angles, and impact velocity is examined. A comparison is drawn
between the initial droplet penetration depth and the numerical
results. The same group improved their method and studied
droplet impact on a porous surface in the presence of evapora-
tion.160 In order to track the spreading of the droplet in the pres-
ence of the effects of evaporation (that is coupled to mass and heat
transfer), porosity of the medium and capillary forces, a level-set
formulation is developed. Furthermore, the solution of the local
volume averaged conservation equations of momentum, energy,

mass, and vapor fraction for the porous part implemented concur-
rently with the conservation equations for the external fluid region.
Concomitant temperature, flow, and vapor fraction fields are dem-
onstrated. Moreover, how deformation and evaporation of droplets
are affected by porosity, impact velocity, and particle size is numer-
ically computed (Fig. 24).

IV. ONLINE DESIGN PLATFORMS FOR CREATING
CLOSELY PACKED FEATURES

Designing lab on a chip (LoC) systems including paper-based
diagnostics systems is not only a time and skill demanding process
but also a laborious process which would greatly benefit from

FIG. 19. Paper plates created using photolithography for multizone assays. The procedure to pattern an SC (cyclized poly(isoprene) derivative) photoresist includes these
steps: to begin, the sheets of paper were first impregnated with the SC photoresist. The photoresist was allowed to dry and was exposed to UV light through a transpar-
ency mask. After UV exposure, the paper was developed using the appropriate solvent, and then the photoresist was dried at 25 °C for 1–2min. (a) 96-zone plate after a
range of volumes (1–55 μl) of solutions of different dyes were applied to alternating zones. This depicts the fluidic isolation of the various zones. (b) A 96-well plate that a
volume of 55 μl of fluid was restricted from flowing over the hydrophobic barriers. (c) Alternative design for the 96-well plate that contains connection channels between
zones. Every nine zones are connected with channels to a central zone. The Coomassie Brilliant Blue G250 solution was applied to the top row and the Amaranth solution
was applied to the bottom row. The Amaranth spreads evenly while the G250 interacts better with the paper. The middle row, the reagents were able to interact in a third
zone. (d) A time-lapse of the mixing of two solutions and the reaction in (c); the color change occurs only minutes after the application of the two different solutions.146

Reproduced with permission from Carrilho et al., Anal. Chem. 81(15), 5990–5998 (2009). Copyright 2009 American Chemical Society.
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online platforms that could automate the iterative design process
and enable widespread design and use of such devices.
Furthermore, the reproduction of state-of-the-art microfluidic
devices presented in the literature is often difficult because of insuf-
ficient open-source images and data accompanying the design. In
some cases, despite the available online computer-aided design
(CAD) files, repurposing of the design for a particular new applica-
tion requires intensive further characterization to compartmentalize

the design, since CAD software considers the design as a whole,
instead of a combination of distinct subsystems.

Sanka et al. presented an interactive, open-source, and web-
based microfluidic system designer tool running in the browser.
The assortment of libraries offered in this platform is comprised of
commonly used LoC components, including but not limited to
mixers, distributers, cell trappers, and so forth.89 Figure 25 depicts
a number of available components in their online platform.

FIG. 20. (A) Wax-patterned paper sheet for the three-dimensional microPAD. (B) The 3D-microPAD with (a) being the paper working zones and (b) the paper auxiliary
zones. (C) schematic of the screen-printed electrodes (c) represent the carbon working electrodes, (d) Ag/AgCl reference electrode, (e) carbon counter electrode, ( f ) silver
conductive channel, and pad (g) transparent polyethylene terephthalate substrate. (D) Once stacking is complete, the paper working zones and paper auxiliary zones are
aligned with the screen-printed working electrodes, count, and reference electrode.150 Reproduced with permission from Wang et al., Biosens. Bioelectron. 32(1), 238–243
(2012). Copyright 2012 Elsevier B.V.

FIG. 21. Movable Type Wax printing procedure for a 24-zone microfluidic device. (1) Assembling of the device, creating the desired pattern when the magnetic field is off.
(2) Using a hot plate to heat the patterned components to molten wax when the magnetic field is on. (3) Print the hot stamp onto the surface of the paper to create
microPAD..151 Reproduced with permission from Zhang et al., Anal. Chem. 86(4), 2005–2012 (2014). Copyright 2014 American Chemical Society.

Biomicrofluidics REVIEW scitation.org/journal/bmf

Biomicrofluidics 15, 011502 (2021); doi: 10.1063/5.0042816 15, 011502-20

Published under license by AIP Publishing.

https://aip.scitation.org/journal/bmf


This platform is beneficial for both component designers and
system designers. While component designers can share their work
with others through a component library created within this plat-
form, system designers can take advantage of existing microfluidic
technologies from this online platform to model and focus on
more intricate microfluidic systems. Meanwhile, since the platform
is open-source, novel components can be designed and shared with
other researchers all around the world. This method is deemed as a

modular design approach through which designers can design sub-
systems separately to evaluate the functionality of each part inde-
pendently prior to assembling subsystems as a fully integrated
system.89

As an infant approach, this method has some shortcomings
such as the size of the component library. However, as the LoC
community proceeds, more libraries can be added into this online
database, which can result in transforming this platform into a

FIG. 22. (a) Schematic of ZnO nanorod LEDs on a paper substrate. (b) Schematic of the fabricated three-dimensional paper-based photoelectrochemical immunosensor
array device that was prepared with LEDs as the excitation light source. (c) Photograph of paper-based nanorod LEDs excited multiplexed photoelectrochemical immuno-
device.152 Reproduced with permission from Zhang et al., ChemComm 50(12), 1417–1419 (2014). Copyright 2014 Royal Society of Chemistry.
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FIG. 23. Comparison of microPADs before and after miniaturization. (a) Wax-printed MicroPADs which show the miniaturization process. (b) Photograph of a miniaturized
microPAD with roughly a 78% reduction in the surface area.101 Reproduced with permission from Strong et al., Sci. Rep. 9(1), 1–9 (2019). Copyright 2019 Author(s),
licensed under a Creative Commons Attribution 4.0 International (CC BY 4.0) License.

FIG. 24. Influence of the particle size (tuning the porosity of substrate) on the deformation of the droplet in a porous medium for V0 = 1m/s and ϵ = 0.2. Droplet penetrating
into porous substrates at various time points: (a) t = 0.002 s, (b) t = 0.13 s, (c) t = 70 s, and (d) t = 1000 s.160 Reproduced with permission from Choi et al., Int. Commun.
Heat Mass Transf. 80, 18–29 (2017). Copyright 2016 Elsevier Ltd.
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powerful large-scale microfluidic systems design platform.89

Another current limitation of this platform is its adaptability to
paper-based microfluidic systems. This limitation may arise since,
unlike most of the microfluidic devices, paper-based devices often
utilize only capillary transport and do not use external power
sources, e.g., pumps, to transport the fluid and analytes inside the
device. The current version of this platform does not possess
modules to simulate the natural absorption and imbibition of a
fluid by a porous composition like paper. Wetting can substantially
affect the behavior of the fluid in a paper-based device. Hence,
some further refinements seem crucial to make this platform a
practical tool for the design of paper-based devices.

V. DESIGN AND FABRICATION CHALLENGES OF
PAPER-BASED MICROFLUIDIC DEVICES

By definition, design criteria are the explicit goals that a
product should achieve to be considered successful. According to
the world health organization (WHO), paper-based microfluidic
devices should meet ASSURED criteria (Affordable, Sensitive,
Specific, User-friendly, Rapid, Equipment-free, and Deliverable).161

As a consequence of using an inexpensive, readily available sub-
strate, paper, these devices are accessible at affordable prices. Since
paper can transport fluids automatically by capillary action, no

external equipment is needed, making these devices equipment-
free, portable, and user-friendly. On the other hand, increasing
packing density can result in devices with more compliance with
ASSURED criteria. Closely packed setups perform multiple tests on
a single device without considerably increasing the size of the
device, resulting in less material usage and less expensive end prod-
ucts. Moreover, shorter channels can reduce test time, and decrease
the chance of diffusion or imperfect fluid transportation, improving
the ultimate sensitivity of the device by enhancing the quality as
well as quantity of delivered sample to reaction zones.

Although conventional and paper-based microfluidic devices
have common characteristics (e.g., portability, minute sample size,
and applicable in the point-of-need), underlying principles for
fluid transportation and mixing vary substantially.162 Fluid trans-
portation relies on external power (e.g., pumps) in conventional
devices, whereas capillary force is responsible for fluid flow in
paper-based devices.163 Moreover, while mixing is mostly due to
the diffusion in conventional microfluidic channels (e.g., polymer
and glass channels), mechanical dispersion is the most dominant
mixing mechanism in the porous structure of paper-based chan-
nels.164 Mechanical dispersion means that the formation of gradi-
ent depends on paper microstructure, and independent of fluid
velocity. Hence, the design strategies of μPADs should be different
from that of conventional microfluidic devices.164 Lateral flow

FIG. 25. Commonly used components in LoC can be found and easily implemented in 3 D μF, which substantially can reduce the needed effort for designing. (a)
Examples of available components. (b) Based on the size and the complexity of the design, different sizes of components are available in this platform.89 Reproduced with
permission from Sanka et al., Sci. Rep. 9(1), 1–10 (2019). Copyright 2019 Author(s), licensed under a Creative Commons Attribution 4.0 International (CC BY 4.0)
License.
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assays (LFA), as the first generation of μPADs (e.g., home preg-
nancy test strips), use the capillary action to wick samples from
inlet to the reagent-ladened test zones using absorbent pads.165

LFAs are cost-effective, easy to use, portable, and equipment free,
making them a suitable candidate for point-of-care applications.166

To extend the application of LFAs beyond simple one-dimensional
tests, attempts have been done to enable multiplex analytical tests
with LFAs while enhancing the sensitivity as well as detection limit
and reducing the fabrication cost as well as required sample/
reagent.165 The main hurdle of developing LFAs to multiplex
devices is test line configuration. A careful design of test line con-
figuration is needed to prevent downstream detection areas from
being affected by upstream detection areas.167 Moreover, a main
drawback of LFAs is the slow testing process as a result of mass
transport limitations as well as binding kinematics.168 A common
method of multiplexing LFAs is drawing more than one line on a
single strip, and using nanoparticles (e.g., gold nanoparticles) as
the label.169 Also, converting line shaped detection areas to dot-
shaped areas can increase the number of detection sites on a single
strip.169 Another strategy for multiplexing LFAs is to develop indi-
vidual strips and use a special holder to keep all single strips
together. A single sample can be shared by all strips (with one or
more detection line on each strip), while each works independent
of others.170 However, the main drawback of this method is the
larger volume of needed samples to feed all strips. These attempts
have enabled the performance of multiple tests on a single LFA
device, increasing the packing density of LFAs.

Defining hydrophobic and hydrophilic barriers on paper can
guide fluid to flow in predefined pathways, mitigating the diffusion
of fluid to adjacent channels.93 However, patterned hydrophobic
barriers (e.g., wax or AKD) cannot withstand samples with low
surface tension (e.g., biological samples with surfactant).93

Consequently, the sample can penetrate the barriers and diffuse
into adjacent channels, defecting the desired guided flow in chan-
nels. Enclosing and sealing of μPADs protect samples and reagents
from external contamination as well as diffusion of fluid from adja-
cent channels, especially in 3D devices. Also, enclosing reduces the
needed fluid by slowing down the evaporation, resulting in more
control over the fluid flow in channels.102 However, sealing could
be a challenging process in 3D devices. Adhesives are used for
sealing of μPADs owing to their low-cost, availability, and transpar-
ency, which enables visual detection of test results.31 However,
prior to applying adhesives, each layer of double-sided adhesive
tape should be punched to create designed hydrophilic patterns
(e.g., holes), followed by an alignment step, slowing down the fabri-
cation process.31 Moreover, cellulose powder is needed to fill the
gaps produced by the thickness of the tapes to keep continuous
capillary action among different layers of paper. Spray adhesives
can adequately overcome these problems.45 Nonetheless, the spray
may change the wettability of paper, affecting the considered
parameters in the design process, and can diffuse into the channels
as well as reaction zones at high ambient temperatures, chemically
reacting with samples/reagents on the paper substrate.37,45

The wicking process is relatively slow in μPADs. For instance,
for a 2 mm widths channel with 0.2 mm height, wicking may take
hours to complete for long distances (>5 cm).92 The problem exac-
erbates when taking into account the evaporation of liquid from

paper-based devices and drying-out as a result of long wicking
time. This problem hinders the rapid tests with μPADs, augments
the required amount of sample/reagent, and confines the practical
length of channels, limiting the complexity as well as applications
of μPADs.92 Wicking speed, according to the Lucas-Washburn
equation, is proportional to surface tension, contact angle, viscosity,
and effective pore size.92 Since the characteristics of working fluids
are usually determined by the desired test, there were attempts to
amplify the wicking speed by manipulating features of substrate
paper using two-ply channels,92 sealing channels with triboelectri-
cally charged poly(ethylene terephthalate) sheets,171 cutting grooves
in the middle of the paper channel,172 hollow channels out of
stacked paper,173 and sandwiching channels between two plastic
films.174 The width and depth of the channel can also affect the
wicking speed.139 Size features of channels can be changed deliber-
ately to acquire a timely programmed flow for multi-step multi-
analyte detection, facilitating more complex tests by μPADs.139,175

For instance, decreasing the width of the channel was resulted in
reducing the final length of the device, increasing the overall flow
rate while decreasing the assay time.164 Furthermore, It is demon-
strated that the different surface coating and pore density can
change the wicking behavior of paper, altering the migration time
and distance of liquid in the channel.163 Also, a diluted sample,
with a larger volume, was transported more efficiently compared to
the original sample, yielding higher analytical sensitivity despite
possessing a lower concentration.163 Processing time can be
decreased using 3D architectures which connect inlets to reaction
zones with shorter paths benefiting from channels crossing over
each other.37,85

The porous medium acts as a mixer intrinsically with more
efficient gradient formation and mixing performance compared to
polymeric/glass channels.176 In other words, in order to obtain the
same dispersion width, the length of the paper channel can be
shorter than a conventional micro-channel with the same channel
width, dye solution, and flow velocity.176 In multi-dimensional
devices, streams join in subsequential steps from vertical and hori-
zontal channels with different feed patterns, resulting in faster
mixing.177 3D channels allow moving through the thickness as well
as the surface of the paper, minimizing the sample loss as a result
of swelling of paper.45 Passive mixing methods try to mix liquids
by bringing multiple fluid streams to a channel, increasing interface
area between flow streams, or by manipulating the flow using
obstacle-based mixers (e.g., herringbone or serpentine structures)
embedded in the channel, without utilizing external force.177,178

Passive mixing is appealing since no extra equipment and power
sources are needed, leading to more portable and inexpensive
devices. Moreover, as the number of working components reduces,
the reliability of the final product increases.179 Y- and T-junctions
are the most common passive mixing means.179 It was demon-
strated that in order to obtain the same dispersion width, the
length of the paper channel can be shorter than a conventional
micro-channel with the same channel width, dye solution, and flow
velocity.176 Active systems force the flow to behave in the desired
manner using pumps, temperature, pressure, electrical and acoustic
fields, rather than relying on the geometry of the inner structure of
the paper.179 Utilizing active fluid transport techniques demand
extra equipment and external power sources, contradicting the
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simple, portable, and low-cost nature of paper-based devices.
However, active approaches offer more control over the flow (i.e.,
prevents nonuniformities and backflow which are common in
passive capillary-based devices) and more effective mixing,

amplifying the functionality of the device for a wider range of
tests.165 Furthermore, recent technological advancements provide
miniaturized, inexpensive battery-driven circuits to be integrated
with paper-based devices without forfeiting cost-effectiveness and

FIG. 26. Several factors should be considered in the design procedure of PADs, namely, cost, environmental issues, readout, and legislation. As for the cost factor,
increasing the packing density of microfluidic assays not only reduces the used material but also decreases the needed volume of samples (e.g., blood, tear, urine) and
reagents, which usually are of a high cost. Regarding the environmental viewpoint, a designer should bear in mind the availability of facilities in the test place. For
example, whether the designed device is going to be used in a house, a small clinic, or a well-equipped hospital. Answering these questions in advance can determine
the features of the proposed design and enable faster adoption. The readout is of great importance since the designed device should adequately display the test result by
different means including quantitative, colorimetric, electrochemical, and chemiluminescent. Designers should envisage the nature of the test and the proficiency of the
end-user to select the most suitable readout method. Also, extra expenses imposed by adding more complicated readout techniques as well as its impact on the final size
should be considered to have a balance between the selected readout method and cost-effectiveness as well as portability. Last but not the least, legal issues should be
considered. Receiving approvals from official institutions (e.g., FDA and WHO) is crucial to ensure users’ health and adequate quality of products. Moreover, the privacy of
users and the data obtained from them should be guaranteed.

Biomicrofluidics REVIEW scitation.org/journal/bmf

Biomicrofluidics 15, 011502 (2021); doi: 10.1063/5.0042816 15, 011502-25

Published under license by AIP Publishing.

https://aip.scitation.org/journal/bmf


portability. Surface actuated waves (SAW) was integrated with
paper-based devices to induce uniform mixing in a Y-junction
channel.165 As a result, the flow speed was increased, shortening
the processing time as well as alleviating the evaporation and assay
dry-out issues. Furthermore, backflow was prevented while the
mixing efficiency was improved compared to passive mixing.165

Since not all of the various aspects of flow in porous substrates are
known, analytical and experimental studies of details of sample dis-
tribution in intricate 3D paper geometries could be a conceivable
topic for future research to improve the performance of μPADs, as
well as to increase the impact of μPADs on biomedical
applications.

VI. PAPER-BASED MICROFLUIDIC DEVICES AND
COMMERCIALIZATION

There are numerous challenges that are faced when designing
paper-based microfluidic devices; however, in order for the creation
of these devices to be successful, it is crucial that they are able to
penetrate into larger markets. This requires the need for a decrease
in the total fabrication costs of the device as well as larger packing
densities of the assays and closely packed features and a decrease in
the amount of the reagents required for the robust functioning of
devices.180 To minimize the cost of these devices, streamlined fabri-
cation techniques must be developed. In parallel with new fabrica-
tion approaches, cost-efficient flexible materials should be
developed with a higher level of control in the deposition physics
and fiber orientation through its thickness that can eliminate
uncontrolled diffusion. Finally, the highest cost for microfluidic
paper-based devices is often due to the required samples and
reagents. Thus, it is important to minimize the sample size and
reagents for the devices, especially while additional limitations
related to the quantification of assays posed by the minimization of
the assay areas are no longer an issue due to increased capabilities
of smartphones.181–185

User acceptance is another challenge in commercializing a
product. Although there are studies on aiding the design workflow
and production of the paper-based assays through web-based inter-
faces,89 as for now, the end-users of these devices are not incorpo-
rated in the design process. However, there are many factors that
would affect the design of these devices, such as cost and field in
use (Fig. 26). Each of these factors would pose different challenges
for the acceptance of the end-users. User-centered design
approaches could be implemented to overcome these challenges.186

The user-centered design ensures a product meets the needs of its
end-user by including them in the design process. In this regard,
the researchers should conduct focus group interviews187 with their
target users to learn their needs according to the presented factors
and conduct participatory design workshops188 to design the proof
of concept paper-based assay prototypes that are specifically
designed for their end-users. Following this, the end products
should be tested through usability methods189 with the target users
to pinpoint if they meet the expectations. The outcome of the user-
centered design process is proven to produce user adopted com-
mercial products.190,191 As a result of the whole process, guide-
lines192 and a framework to design commercial paper-based assays
would be created to ensure the market penetration of these devices.

Additionally, focusing on market entry routes and customer
development methodology can be done in parallel with product
development.193 Some of the other barriers for commercializing the
paper-based devices are (1) process integration, (2) manufacturing
at scale, (3) clinical validation, (4) recognizing the social impact,
and (5) complying with medical device regulations.1 Process inte-
gration is uniting multiple basic operations into a single system
which leads to a simplified operation with higher usability. For
commercializing purposes, the scalability of the manufacturing
technologies is a vital issue which should be considered in the early
stages of product development in order to ensure a streamlined
transition from the prototype to the final product.194,195 This scal-
ability needs to be considered in the stages of material selection,
device design/prototyping, and development/selection of fabrica-
tion method.1 Some of the concerns that should be considered if a
device is going to be commercialized: if the device requires pumps
or a voltage supply to operate, if specific computer software is
needed to be learned by the user to analyze and interpret the
results, and if any sample pretreatment is required for the biological
assay. Devices which are not self-contained and require prior
sample preparations unlikely to have high market penetration.
Therefore, fully automated devices that reduce errors and minimize
the need for user interpretation are more likely to be chosen by
customers.196 Clinical validation is essential for translation, since
patient samples can exhibit different behavior in devices compared
to the model samples used for proof-of-concept testing. Certifying
all facilities performing testing on human specimens is mandatory
in the United States; they must be certified under the Clinical
Laboratory Improvement Amendments of 1988 (CLIA). Complying
with regulatory policies is a major barrier for commercialization.
Besides these regulatory controls, ISO 13485 certification is also
needed to ensure the quality of tests in all stages of the manufactur-
ing process from fabrication, packaging, labeling, storage, installa-
tion, and service.1 Overall, by developing fabrication techniques
that minimize costs, creating large packing densities, and decreas-
ing the required amount of samples and reagents, paper-based
microfluidic devices will be able to successfully reach larger
markets and pave the way for point-of-care health monitoring in
resource-limited settings.
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