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Infectious diseases are a major global health issue. Diagnosis is a critical first step in effectively
managing their spread. Paper-based microfluidic diagnostics first emerged in 2007 as a low-cost
alternative to conventional laboratory testing, with the goal of improving accessibility to medical
diagnostics in developing countries. This review examines the advances in paper-based microfluidic
diagnostics for medical diagnosis in the context of global health from 2007 to 2016. Theory of fluid
transport in paper is first presented. The next section examines the strategies that have been
employed to control fluid and analyte transport in paper-based assays. Tasks such as mixing,
timing, and sequential fluid delivery have been achieved in paper and have enabled analytical
capabilities comparable to conventional laboratory methods. The following section examines paper-
based sample processing and analysis. The most impactful advancement here has been the
translation of nucleic acid analysis to a paper-based format. Smartphone-based analysis is another
exciting development with potential for wide dissemination. The last core section of the review
highlights emerging health applications, such as male fertility testing and wearable diagnostics. We

conclude the review with future outlook, remaining challenges, and emerging opportunities.
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1 INTRODUCTION

Global health is the practice of providing equitable healthcare to all people worldwide. Many
factors underpin global health, stretching from environmental safety, through food and water
quality, to disease control — all of which present opportunities for informative, low-cost diagnostics.
Each of these factors are intimately coupled. For example, environmental pollution can lead to
unsafe and unsanitary water sources (e.g., arsenic in drinking water), which in turn can increase the
exposure of domesticated animals and humans to water-borne diseases. While environmental, food,
and water safety and quality issues can be mitigated, in part, at the regional and local levels with
relevant infrastructure, infectious diseases transcend national borders and present a health challenge
that is truly global in scope.

Since 2000 alone, there have been several major pandemics including the severe acute
respiratory syndrome (SARS) outbreak of 2003 in Asia, the HIN1 influenza epidemic of 2009 in
North America, the Ebola virus outbreak of 2014 in West Africa, and the ongoing global Zika virus
crisis. Our ability to contain these diseases largely depends on our ability to identify their root cause
and diagnose those affected. Diagnostics is the first step to effectively manage the spread of disease.
Unfortunately, the demand for effective diagnostics is often not met by an adequate supply of
resources. Drawing on lessons from the recent Ebola virus epidemic, Bill Gates and others
identified a number of factors that resulted in the slow response to the epidemic and the key
challenges of point-of-care diagnostics in general, namely, the lack of relevant laboratory
equipment and shortage of trained personnel."* Much of the required equipment for diagnosing
Ebola patients was not readily field-deployable (e.g., thermocyclers for quantitative polymerase
chain reaction), and the skilled technicians needed to maintain these equipment were even scarcer in

the heavily affected regions.' The key takeaway points from Gates’ passionate argument are (1)
y g y yp p gu
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conventional laboratory testing is not ideal for rapid response to outbreaks, (2) testing needs to be
decentralized and more accessible at the point-of-need, and (3) testing needs to be affordable.
Microfluidic diagnostic technologies show promise for accessible and affordable testing of
infectious diseases.”® These fluidic systems with micron scaled features offer exceptional capability
in sample processing and analysis at lower cost and material requirements than their laboratory
counterparts. Many of these systems have been employed for immunosensing®’ and nucleic acid

10,11

testing > of highly prevalent diseases such as the human immunodeficiency virus (HIV), hepatitis,

tuberculosis, and malaria. Traditional microfluidic devices are typically made from silicon and

12-14

glass, which provide geometrical precision and inertness for reuse but are expensive to scale.

Contemporary polymer substrates, such as thermoplastics and poly(dimethylsiloxane),15_17 are
moderate in cost and enable mid-to-high throughput fabrication. Recent trends in microfluidic
point-of-care diagnostics, however, have moved towards inexpensive disposable materials, such as
paper and thread,'®" to further improve scalability and ease-of-use.

Paper (we use this term to refer to thin bulk-manufactured fibrous porous materials of all
types) as a modern analytical substrate dates back to the 1940s and 1950s, when it was used for
chromatography® and electrophoresis.”’ In the 1980s, nitrocellulose membrane emerged as the
platform for the home pregnancy test,”> and has remained a gold standard for lateral flow assays and
commercial diagnostics more generally. Paper was conceived as a two-dimensional microfluidic
diagnostic platform by George Whitesides’ group in 2007, with the introduction of the microfluidic
paper-based analytical device (WPAD).* Since their pioneering work, there has been an exponential
increase in paper-based diagnostics research. Several factors motivate this surge: (1) paper is
inexpensive and ubiquitous; (2) paper is biocompatible; (3) paper wicks fluids via capillary action

and does not require external pumping sources; (4) paper can be easily modified (i.e., chemically
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treated, cut, folded, stacked); (5) paper can be safely disposed of by incineration; and (6) paper is

scalable (i.e., amenable to printing and roll-to-roll manufacturing).*
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Figure 1. Overview of possible analytical capabilities employed in paper-based assays. A
generalized paper-based assay with strategies for fluid and analyte handling, sample processing and
analysis, and quantification.

Paper-based technologies have rapidly advanced in the last decade, incorporating multiple
complex functions within a single device - a turning point in paper-based diagnostics.'** 2’ Figure
1 illustrates the numerous analytical capabilities that can be incorporated in paper-based assays.
Here, we examine advances in paper-based microfluidics for global health. While these advances
could find application in a spectrum of global health related issues, our discussion is centered on
medical diagnosis of infectious diseases. We refer interested readers to more detailed reviews on

paper-based analytical devices for environmental, food, and water analysis.”* " Recent reviews of

paper-based microfluidics cover — to varying degrees — fluid transport in paper, fabrication
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methods, detection and readout strategies, and diagnostic applications.'®*'™*" Specifically, there has

31,34,35,38,40

been focused discussion on fabrication, flow control, and detection methods, with limited

18,32,33,36,37,39 miss

discussion of applications. Reviews including various potential applications
pivotal advancements from the last few years. For example, the emergence of molecular testing in
paper broadens potential applications into the wide arena of nucleic acid-based diagnostics and
warrants a fresh, comprehensive outlook.

This review is organized as follows. In section 2, we present foundational theory on fluid
transport in paper, with a focus on key enabling physical mechanisms and recent theoretical models
that better predict flow in modified paper (e.g., wax-patterned paper) and under thermal effects such
as evaporation. In section 3, we examine the many basic operations now used to manipulate fluid
and analyte transport in paper-based assays. Advances in fluid and analyte handling have enabled
analytical capabilities in paper comparable to conventional laboratory methods. In section 4, we
assess paper-based strategies for complex sample processing and analysis; focusing on strategies
that present new application opportunities and improve the practicality of paper-based assays for
field deployment. In section 5, we highlight the application of paper-based diagnostics in emerging
health applications, including male fertility testing and wearable diagnostics. We conclude the

review with future outlook and remaining challenges, namely remaining barriers in translation and

commercialization.

2 FLUID TRANSPORT IN PAPER

Fluid transport in paper is a passive process enabled by capillary action. Capillary action or wicking
within the paper matrix is a result of the interplay between cohesive and adhesive forces. Cohesive
forces, such as surface tension, arise due to intermolecular attraction between fluid molecules at the

liquid-air interface, while adhesive forces (i.e., van der Waals force) result from intermolecular
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attraction at the liquid-fiber interface. The surface properties of the paper matrix dictate adhesion
and consequently, the degree of wetting (physically represented by the fluid contact angle at the
liquid-fiber interface). This section presents classical models for imbibition in paper and alternative
models that take into consideration effects including evaporation, geometry and wetting

characteristics.

2.1.  Classical Models

Fluid transport in paper can be modeled using the Lucas-Washburn equation, which was originally
derived to describe one-dimensional capillary flow in a parallel bundle of cylindrical tubes.*' It has
been extended to fluid transport in porous paper’ (Figure 2), and relates wetted length to wicking
time:

yrcosf

0= =t (1)

where [(t) is the distance travelled by the fluid front under capillary pressure, y is the liquid-air
surface tension, 7 is the effective pore radius of the paper matrix, 8 is the liquid-fiber contact angle,
u 1s fluid viscosity, and ¢ is time. Equation (1) assumes constant cross-sectional area, uniform pores,
no impurities within the paper matrix, unlimited reservoir volume, and no effect on wicking from
patterned hydrophobic channel walls. Any violation of these conditions can result in deviations
between experimental observations and the analytical expression. Most notably, the assumption of
a straight pores of uniform cross-section is a significant deviation from the reality of typical paper
substrates. Scanning electron microscope images of the fiber network of common paper materials,

chromatography paper® and nitrocellulose membrane,** are shown in Figure 2c.
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Figure 2. Fluid transport in paper. (a) The Lucas-Washburn equation is used to model fluid
transport in paper. Wetted length, /(2), is directly proportional to wicking time and a function of
fluid and material properties. P,y is atmospheric pressure and P is capillary pressure. (b)
Representative curve of wetted length versus time for water wicked by Whatman Grade 1
Qualitative Filter Paper at 25 °C: y = 72 mN/m, » = 11 pm, 6 = 30° and u = 0.89 mPa-s. (c)
Scanning electron microscope images of the pore space of common paper materials,
chromatography paper and nitrocellulose membrane. Images reprinted with permission from refs 43
and 44. Copyright 2016 MDPI and 2015 American Chemical Society.

Treating paper as a porous medium, Darcy’s law has also been used to model fluid transport
in paper. It is a phenomenologically derived equation that describes flow through porous media.* It

can be used to characterize wicking rate (flow rate) in paper* and is expressed as:

KWH
UL

Q=-=FaP
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where Q is the volumetric flow rate, 4 is the permeability of the paper, WH 1is the cross-sectional
area perpendicular to flow, u is fluid viscosity, L is the length of the paper, and AP is the pressure
difference along the length of the paper. For a paper-based system with n-connected sections of
varying geometry, the volumetric flow rate through the fluidic circuit can be modeled using an

electrical circuit analogy (Figure 3):

Q _ AP - _Av
- n_MLi YR,
Zi KWiHi Zl Rl

3)

HL;

A A

is the fluidic

where Q is the volumetric flow rate which is equivalent to electric current 7,

resistance of the ith section (a function of fluid/paper properties and geometry) which is analogous
to Ohmic resistance R, and AP is the pressure difference across the fluidic circuit, analogous to the
electric potential difference AV. In keeping with the analogy, the properties of series and parallel
electrical circuits can be applied to their equivalent fluidic circuits. For example, flow rate in a
series fluidic circuit is the same along the each section (i.e., Q = O; = O, = ... = O,), where the

equivalent fluidic resistance is equal to R; + Ry + ... + R,.

Fluidic circuit Ps
P Q —- b
1
T "
W1 V*Vz W3
| T —
< Ly > |

1—L3—b

Electrical circuit analogy

| = Q —
— il _ _uLp _ _uls
V= 3‘3_ 1= KW H R2 KWaH R3 KWsH

RE'C]= R1 + R2+ R3

Figure 3. Electrical circuit analogy (Ohm’s law) for fluid transport in a paper-based fluidic circuit.
Darcy’s law is used to model the volumetric flow rate in each section. The equivalent resistance for
the fluidic circuit is the sum of all the resistances in series.
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2.2.  Alternative Models
Paper-based assays are typically used in ambient conditions, where evaporation critically affects
fluid transport. Camplisson et al.*® developed a modified form of equation (1) to account for fluid

evaporation:

I(6) = \/M@ —eTet) @)

4uqo
where /(?) is wetted length, 7 is the effective pore radius of the paper matrix, ¢ is paper porosity, 4 is
the thickness of the paper, # is the liquid-fiber contact angle, u is fluid viscosity, and ¢, is
evaporation rate defined as the volume of evaporated liquid per unit area of wetted channel and time
L.

To date, most models of imbibition in paper apply a constant width and thickness constraint
during wicking. Recently, Elizalde er al.*’ developed and experimentally validated a modified form
of equation (1) that addresses transport in paper with non-uniform cross-sections. They provide an
implicit equation for imbibition in arbitrarily shaped paper, predicting the time ¢ needed to fill the

paper for an arbitrary cross-section 4(/) and wetted distance /(2):

KRq rl N g7 l N (U dx r_
£ Al + [{AQ) [y 55| at = pe 5)

where x is the permeability of the paper, R, is the initial load, u is fluid viscosity, and D is a
diffusive coefficient defined as 4AP/u (not to be confused with diffusion coefficient or diffusivity*®)
A schematic of the flow domain used in the model is shown in Figure 4. For imbibition in paper
with constant cross-sectional area, equation (5) reduces to equation (1). Table 1 summarizes the
relationships between wetted length and time for constant cross-sectional area, and linearly and
non-linearly varying cross-sectional areas. It is important to note that equation (5) holds under the

condition that flow is in the Stokes regime (i.e., Reynolds number << 1, gravity is neglected).
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Capillary pressure, curvature of the liquid-air interface, and contact angle are also assumed to be
constant. Overall, these works provide a method to predict flow behavior in arbitrarily shaped

paper-based assays, extending the predictive power of the classical Lucas-Washburn equation.

OCoONOOOPR~WN =

13 Liquid reservoir

1 and initial load R Liquid front

24 Figure 4. Schematic used to model imbibition in paper-based devices with arbitrary cross-sections.
25 Reprinted with permission from ref 47. Copyright 2015 The Royal Society of Chemistry.

29 Table 1. Equations of for imbibition length as a function of time in arbitrarily shaped paper.47
Paper shape
(Top view)

Cross-sectional area A(x) Equation /()

Constant, A,

38 Linearly varying, A,(1 + ax) a+al) In(1+ al) — > +—=a’Dt

2 4

41 . . 1 1
42 Non-linearly varying, A,(1 + ax)’ l_<] z [(A+al)?-1]- 5 [(1+al)?—1] =a’Dt

47 While cross-sectional areas available to flow can be set by the paper geometry, they are
49 more commonly set by hydrophobic sealing boundaries such as wax. Hong and Kim*’ developed a
modified form of equation (1) to account for contact angle variations due to hydrophobic barriers,
54 using the model in Figure 5a. They consider the paper-based assay as a network of parallel

56 capillaries. For a capillary next to a hydrophobic barrier, it has a different contact angle (6y) then

60 11
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capillaries in the bulk. This contact angle must be greater than that of the capillaries in the bulk (>
90°) to prevent imbibition through the boundary. Solving a force balance for the paper channel with

Oy in consideration leads to the following expression:

I(t) =k (1 + ﬁlicose”)ft (6)

F3w cosO | u

where /(1) is wetted length, k£ and f are experimentally determined constants, ¢ is paper porosity, d
is pore diameter, w is channel width, 6 is contact angle in the bulk, 8y is contact angle at the
boundary, ¢ is surface tension, u is fluid viscosity, and ¢ is time. Equation (6) indicates that
imbibition is slower in channels with hydrophobic boundaries since 8, > 90°, as shown in Figure
5b. Additionally, imbibition in patterned paper depends on the width of the channel, which is not
captured by the classical Lucas-Washburn equation. This width dependency has also been observed

by others.”**!
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Figure 5. Imbibition in paper channels with and without hydrophobic boundaries. (a) Schematic
used to model imbibition in paper-based assays with wax boundaries. (b) Flow in channels with
boundaries is much slower than that in channels without boundaries. Reprinted with permission
from ref 49. Copyright 2015 Springer.

For large strips of paper (widths > 5 mm), Walji and MacDonald*® observed a similar width
dependency for wetted length (i.e., wicking speed increases with increasing channel width),
however, in the absence of patterned hydrophobic boundaries. The authors also investigated the
effects of surrounding conditions on imbibition, such as temperature and humidity — critical
parameters for field deployability. Specifically, they observed an increase in wicking speed with

increasing temperature. The increase in wicking speed can be attributed to a decrease in fluid

viscosity as temperature rises. Given the same experimental conditions, humidity did not
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significantly affect imbibition speed in the paper strip. Importantly, Walji and MacDonald explored
the influence of machine direction (or fiber orientation in the paper matrix) on imbibition, which
has not previously received attention as a parameter affecting wicking. They demonstrated that fiber
alignment can have substantial impact on wicking speed, with a 30% increase when flow is parallel
to the aligned fibers as compared to flow in the perpendicular direction (Figure 6). This work and
those described above have extended our understanding of fluid transport in paper and now provide

a number of models to inform the design of paper-based diagnostic assays.

120 } E

S -
/
100 } ,j b
"
w B0 F // 1
] o
= 60 | o -

¥
20 //{-/ - & -w=10 mm CMD"
!/.'// —a— w =10 mm MD
._____l--—"",— 1 1 1
0 10 20 30 40

Distance (mm)
Figure 6. Effect of fiber alignment on imbibition in paper. Wicking speed in the direction of fiber
alignment or machine direction is 30% faster than that in the orthogonal, cross machine direction.
Reprinted with permission from ref 43. Copyright 2016 MDPI.

There is a rich parallel body of literature on transport of gases and liquid water in carbon
paper-based electrodes for energy applications, namely fuel cells®® and electrolyzers.”® Permeation
of reactant gas in the through-plane vs. in-plane directions has been studied extensively, with in-
plane and through-plane permeability ranging from 5 to 10 Darcy’s for conventional fuel cell
materials.”* In fuel cell applications hydrophobic coatings are also used, albeit more uniformly to
56-58

discourage water saturation and promote gas transport.

14
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3 BASIC OPERATIONS FOR DIAGNOSTICS

Paper is the ideal platform for global health diagnostics owing to its low-cost and ultimately, its

inherent ability to wick fluids. Fluid transport by wicking eliminates the need for expensive

OCoONOOOPR~WN =

11 peripheral pumping instrumentation, which aligns well with the ‘simple and low-cost” mantra for
13 paper-based diagnostics. However, wicking alone is not sufficient for achieving the complex fluid
16 and analyte handling tasks required for bioanalytical assays, such as the enzyme-linked
18 immunosorbent assay or ELISA. Conventional ELISA consists of multiple washing and incubation
steps, where timing is of crucial importance. Similar control and timed processing is needed in
23 paper-based assays to achieve a reliable readout. This section examines the strategies developed for
25 programmed sample and reagent delivery, and analyte manipulation (i.e., concentration, mixing,

and separation).

31 3.1. Two-dimensional Flow
33 The most direct method to control imbibition in paper is by manipulating the geometry of the assay.
36 Yager and colleagues demonstrated timing and sequential processing in their two-dimensional

38 paper networks by simply exploiting Lucas-Washburn wicking behavior.***%

Equation (1) in
section 2 states that t o L? for paper strips of constant width and thickness. Sequential delivery of

43 fluids can be achieved then by connecting a series of paper legs (Figure 7).

60 15
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Figure 7. Sequential delivery of reagents in two-dimensional paper networks with paper legs
connected in series. (a) Arrival of colored fluids at different times. (b) Arrival of pH solutions at
different times. Reprinted with permission from ref 59. Copyright 2010 The Royal Society of
Chemistry.

The control of imbibition using legs with expanding and contracting widths was also
demonstrated.* Wicking speed in a constant width leg decreases when the leg expands abruptly
into a larger width and conversely, it increases when the leg contracts into a smaller width, as per
conservation of mass. Using this principle, simple networks can be designed to achieve timed

multistep reactions (Figure 8). Importantly, the sequential processing is baked into the device

geometry and requires no external control or infrastructure, reducing cost and complexity.

16

ACS Paragon Plus Environment



Page 17 of 101 Submitted to Chemical Reviews

OCoONOOOPR~WN =

Figure 8. Sequential delivery of reagents to a detection region using expanding and contracting
legs. At t; the sources pads are filled with fluids. The paper network is placed in contact with the
source pads at t, = 9 s. Controlled delivery to the detection region is observed at t3 = 2.3 min and t4
= 9.0 min. Reprinted with permission from ref 42. Copyright 2011 Springer.

The development path for two-dimensional paper networks has been towards simple semi-

28163 Eridley et al.** developed a system for

automated paper-based assays for disease diagnosis.
malaria diagnosis, with legs for sample preparation, washing, and signal enhancement. A limit of

detection (LOD) of 3.6 ng/mL is achieved for the malaria antigen PfHRP2, which is within the

range reported for conventional ELISA (0.1 —4 ng/mL) and ~25-fold lower than that of commercial

17
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rapid tests. An advantage of their system is that reagents are directly dried in the paper-based assay,
enabling their long term storage without refrigeration. An operator simply adds sample and buffer
to designated regions to reconstitute the dried reagents, and the assay subsequently runs itself
(Figure 9). More in-depth analyses on drying and immobilizing reagents in paper are available and

64-66

provide pertinent guidelines for assay deployability, including for instance maintaining devices

with dried reagents in low humidity.

A t=0min B t=15min C t =60 min
Membrane PfHRP2 antigen IgG—goId conjugate Gold er.!hancer?ent
Anti-t:tH:_ii IgM ool Tine - P \
LA & o \ﬁ ¥ e 5 "\i ¥ ¥

t=0min t=15min t =60 min

Figure 9. Schematics and images of a two-dimensional paper network for malaria diagnosis. All
reagents necessary for carrying out the assay are pre-dried into the paper network. (A) Sample
spiked with malaria antigen PfHRP2 (30 pL) is applied to the right-most leg of the network. Buffer
(100 puL) is applied to the middle and left-most legs, following sample addition. (B) Initial signals
appear after 15 min. (C) Signal amplification (3.2-fold) is achieved after 60 min. Reprinted with
permission from ref 62. Copyright 2014 American Chemical Society.
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3.2. Three-dimensional Flow

Three-dimensional (3D) paper networks can be realized by stacking®’ and folding (based on the
principles of origami)®® multiple fluidic layers or by controlling the penetration depth of melted wax
in a single sheet of paper.”’® Adding a third dimension provides vertical flow across different
layers in addition to lateral flow within each layer. This added capability allows fluid to be
delivered to a large array of reaction sites within a compact area. The 3D design also facilitates
integration of different device elements, such as filtration membranes’' and electrodes.”” These
elements can be sandwiched between layers within 3D pPADs, adding functionality without

compromising their compact size.

3.2.1. Stacked 3D pPADs
Martinez et al.®’ first demonstrated the stacked design for 3D uPADs with layers of paper and tape.
Various configurations were realized based on the stacking arrangement of individual layers and
their patterned fluidic features. An example device is shown in Figure 10. This device has a top
layer with four inputs stacked on a bottom layer with an array of 1,024 detection spots. Fluid is
routed from each input into a designated region, as indicated by the different colors. The authors
also demonstrated their approach for more practical applications such as measuring glucose and

protein concentrations in sample.

|
1cm

Figure 10. A three-dimensional pPAD with four input sources in the top layer (left), which cover
1,024 detection spots in the bottom layer (right). Sample from each source is routed to specific
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regions of the array. Reprinted with permission from ref 67. Copyright 2008 National Academy of
Sciences.

The stacked 3D pPAD concept was further developed to enable programmable fluid logic,
where flow is initiated by manually depressing a “on” button in the device with a stylus or a
ballpoint pen.”® Pressing the button closes a gap between two vertically aligned channels in separate
layers, allowing fluid to wick from one channel to the other. This strategy enables programmable
and selective measurement of target analytes in a given sample. Figure 11 shows a urinalysis device
that can selectively measure glucose, protein, ketones, and nitrite. Depending on the desired
readout, the relevant button is pressed and sample wicks into the corresponding detection spot.

Since the inception of 3D uPADs, many variations of the stacked design have been and continue to

71,7475 - 76-78 79,80
I, L,

be developed for biochemica immunologica and nucleic acid testing.
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57 The main advantages of literally turning the page, as compared to layer-by-layer stacking include (i)
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Figure 11. Programmable 3D pPAD for urinalysis. (A) The device is programmed by pressing the
46 relevant buttons for the desired readouts. Sample is collected and colorimetric signals are
47 subsequently generated in the detection spots. (B) Exploded view showing layers of the device. (C)
48 Device showing readout for protein. (D) Device showing readout for all four target analytes.
49 Reprinted with permission from ref 73. Copyright 2010 The Royal Society of Chemistry.

3.2.2. Origami-based 3D uPADs

Folding paper into intricate shapes, or origami, is also a popular method for making 3D pPADs.
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reduced fabrication time (i.e., multiple layers of a device are patterned in a single sheet of paper),
(1)) added precision when aligning features in separate layers, and (iii) the ability to
disassemble/unfold the device to analyze individual layers. Liu and Crooks®® first introduced these
devices as 3D origami-based paper analytical devices or 3D oPADs (Figure 12) and demonstrated
their applicability for simple glucose and protein analysis. Many variations of the origami design

have been developed for bioanalysis since its inception.* ™

S ’}
- g
- ::.-tf“']

r P

Figure 12. Paper-based device assembled via folding or origami. Multiple layers are patterned into
a single sheet of paper, reducing fabrication time. Folding also enables precise alignment of features
and the ability to disassemble the device for analysis of individual layers. Reprinted with
permission from ref 68. Copyright 2011 American Chemical Society.

Govindarajan et al®' demonstrated that complex sample preparation, such as DNA
extraction, could be achieved by sequentially folding tabs with dried reagent (activated by addition
of buffer) over an extraction region (Figure 13). They were able to extract a bacterial load of 33
CFU/mL from E. coli spiked in porcine mucin without using peripheral instrumentation, which is
within the LOD for commercial systems (e.g., Cepheid GeneXpert). Extracted DNA from the field

can be saved and transported for further analysis in a centralized laboratory or directly interfaced

with downstream detection technologies (e.g., nucleic acid rapid test).
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Figure 13. An oPAD for point-of-care nucleic acid extraction. (A) Front side of device with four
tabs (L1-L4) that are folded in succession above and below the base layer (L0). Device components
include a (1) DNA filter, (2) waste absorption pad, (3) sample loading pad, and (4) lysis buffer pad,
(5) buffer channel, and (6) contact pad (shown in B). (B) Back side of device. Reprinted with
permission from ref 81. Copyright 2012 The Royal Society of Chemistry.

In general, each tab in an oPAD represents a switch or valve that houses a single reaction,
which is activated by folding the tab onto a target region. Therefore, the complexity of the device
(i.e., number of tabs or user operations) depends on the desired application. Typically, researchers
try to minimize the number of reaction steps to improve the user-friendliness of the device.
Robinson e al.®® recently developed a one-fold activated oPAD for point-of-care monitoring of
phenylalanine in whole blood in the context of the metabolic disease phenylketonuria. Whole blood
is loaded onto a plasma membrane, separated plasma wicks into two downstream pads with
enzymatic reagents, and a third pad is then folded on top to generate a colorimetric signal that can
be quantified with an imaging source such as a scanner or mobile phone. The entire process can be
completed within 8 minutes, providing relevant data within the clinical range of phenylalanine
levels (1 — 9 mg/dL).

Origami-based 3D assays are particularly useful for electrochemical testing where sample is
typically incubated and measured between multiple electrodes. Li and Liu®’ developed an origami-
based electrical impedance spectroscopy device capable of quantifying HIV p38 antigen in human
serum as low as 300 fg/mL, which is > 33 times lower than commercial p38 antigen testing kits.
This ultralow detection capability is uniquely enabled by zinc oxide nanowires that are directly
grown in the origami-based device (Figure 14).
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Figure 14. An origami-based electrochemical impedance spectroscopy assay for ultrasensitive
analyte detection. a) Schematic of device with relevant electrochemical components. Zinc oxide
nanowires are directly grown in the assay to improve the immobilization of probes. b) Images of
folded and unfolded assembled devices. ¢) Testing protocol using the assay. Reprinted with
permission from ref 87. Copyright 2016 Wiley-VCH Verlag GmbH & Co.

3.2.3. Single-sheet 3D pPADs
In addition to stacking and folding, 3D pPADs have also been created in single sheets of paper by
controlling the density of deposited wax on the paper (i.e., penetration depth through the thickness
of the paper when the wax is melted). When compared to stacking and folding, this approach
reduces fabrication time and material, and removes any potential for user alignment error. However,
single sheet integration may not achieve the same level of multiplexing possible with stacking and
folding given the smaller volume per device. Li and Liu,*” and Renault ez al.”® first demonstrated
this concept around the same time using different methods for controlling density. In their work, Li

and Liu® varied the color of patterned wax, where regions with lighter colored wax (low density)
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have low penetration and similarly, regions with darker colored wax (high density) have high

1A 70

penetration (Figure 15). Renault et a employed double-sided wax printing to achieve 3D

channels. Three types of microchannels were conceptualized: an open-channel which is the

OCoONOOOPR~WN =

11 standard for uPADs, a hemichannel, and a fully enclosed channel (Figure 16). Both hemichannels
13 and fully enclosed channels reduce fluid evaporation during wicking, which is critical for limited
15 sample volumes (< 100 pL). Fully enclosed channels also reduce the risk of contamination from the

18 external environment.
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41 Figure 15. Three-dimensional channel networks formed in a single sheet of paper by varying wax
42 density (color). (A) Wax printed at different RGB values ranging from black to grayscale. (B) Two-
43 layer channel. (C) Four-layer channel. Reprinted with permission from ref 69. Copyright 2014
Springer.
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Figure 16. Three-dimensional channel networks formed in a single sheet of paper using double-
sided wax printing: (a) open channel, (b) hemichannel, and (c) fully enclosed channel. Reprinted
with permission from ref 70. Copyright 2014 American Chemical Society.

Jeong et al.® recently developed a “digital” assay using the single-sheet 3D channel
approach to measure bovine serum albumin (BSA) and glucose levels in sample (Figure 17).
Detection of both analytes is enabled by colorimetric signals generated when BSA and glucose react
with pre-embedded reagents in their respective regions. BSA concentration is quantified by simply
counting the number of bars that change to blue, where more bars indicate higher BSA
concentration (e.g., one bar for 0.1 mg/mL and four bars for 1.0 mg/mL). This approach does not
require external equipment, such as readers, to quantify target analytes, and the clockwise readout
resembles the speedometer which is intuitive for users. The work exemplifies the potential of 3D

uPADs for sophisticated analysis in an easy-to-use compact format.
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Figure 17. A “digital” assay using 3D channels in a single sheet of paper. (A) Schematic of three-
dimensional flow in the assay to measure bovine serum albumin (BSA) and glucose levels in a
sample. Detection of both analytes is enabled by colorimetric readout, where quantification of BSA
is achieved by counting the number of blue colored bars. (B) The BSA detection region is pre-
embedded with tetrabromophenol blue, which generates a blue color upon reaction with BSA.
Similarly, the glucose detection region is treated with a mixture of potassium iodide, glucose
oxidase, and horseradish peroxidase to give a red color in the presence of glucose. (C) Images of the
assay after sample addition. The number of blue bars increases with increasing BSA concentration,
up to four bars for 1.0 mg/mL of BSA. A red signal is generated when 50 mg/mL of glucose is
present in the sample. Reprinted with permission from ref 88. Copyright 2015 The Royal Society of
Chemistry.

3.3. Open Channel Flow

As described in section 2, imbibition in paper follows the Lucas-Washburn behavior, where
wicking speed is intrinsically slow (t o L?). Slow wicking imposes a practical constraint on the
length of paper that can be wetted within a reasonable time period for testing (~10-15 min). To

increase wicking speed in paper channels, paper matrix can be removed from the patterned channels
. . . ) 1
such that the open space increases the effective pore diameter of the channel (i.e., t « - from

equation (1) in section 2).**¥! Faster wicking channels have also been created by sandwiching

paper channels between two sheets of plastic.”*"
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Renault er al.** combined open channels with standard paper channels, forming a hybrid
channel with capillary pressure-driven flow. Wicking in the hybrid channel followed Lucas-
Washburn behavior, however, the rate of transport was substantially enhanced by the addition of the
open channel (i.e., increase in effective pore radius » of the overall hybrid channel), as shown in
Figure 18. Similar flow rate enhancement was observed in the razor-scored channels developed by

Giokas et al.’' and the two-ply channels by Camplisson ez al.*®
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Figure 18. Hollow channels enable faster flow rates and better distance coverage. (a) Image of
device with a port layer (left), a standard paper channel layer (middle), and hollow channel layer
(right). The device is assembled by folding the right layer on top of the middle layer followed by
the left layer. (b-c) Comparison of wetted distance and flow rate in the device with and without
hollow channels. (d) Wetted distance for different applied pressures (sizes of fluid droplets applied
to the ports). Reprinted with permission from ref 89. Copyright 2013 American Chemical Society.
Pressure-driven flow can also be achieved in open channels and behaves similar to that in
open channels in polymer substrates. Glavan et al.”® demonstrated pressure-driven flow in
omniphobic open channels to create a number of iconic microfluidic devices including a serial
diluter and droplet generator (Figure 19). To rectify flow in their device, open channels were simply
folded or unfolded at specific regions to valve on and off flow. Time delays were also created by

varying the length of space between open channels that still contained porous matrix. One caveat of

the approach, however, is the requirement of an external pumping source to drive flow since the
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paper assays are non-wetting. In general, the use of open channels in paper to improve wicking
speed is counter-intuitive and somewhat redundant. Open channel polymeric microfluidic devices

already provide a viable avenue for achieving fast flow rates. It is not clear these types of paper-

OCONOOOA~WN =

11 based channels will find practical utility for diagnostics.
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Figure 19. Pressure-driven flow in omniphobic hollow channels for (a-b) serial dilution and (c-f)
37 droplet generation. Reprinted with permission from ref 90. Copyright 2013 The Royal Society of
38 Chemistry.

40 3.4. Time Delays

While cross-section geometry, permeability and paper orientation can be varied to control fluid
45 advance to some degree, many multistep diagnostic applications have more complex timing
47 requirements. Time delays are often essential to precisely control the onset and offset of reactions
and ultimately, to automate multistep assays. This subsection examines the chemical and physical

52 strategies that have been used to achieve controlled delays in paper-based assays.

60 29

ACS Paragon Plus Environment



OCoONOOOPR~WN =

Submitted to Chemical Reviews Page 30 of 101

3.4.1. Chemical-based Delays
Chemical-based delays are created by chemically treating the paper matrix to alter its permeability.
These chemicals can be dissolved when sample is added or are permanently embedded in the matrix
to rectify flow. Two types of time delays have been developed using dissolvable substances: (1) a
barrier embedded in a paper channel that allows downstream flow after it is dissolved and (2) a
bridge that connects two paper channels and stops flow after it is dissolved.

Lutz ef al.’* demonstrated the barrier concept using dried sugar in paper. Sugar is non-
reactive and thus, does not generally affect assay chemistries. However, the addition of sugar into
the assay may limit the type of analyte that can be measured. For example, sugar-based time delays
are a non-starter for the many assays related to glucose. The authors developed a multistep two-
dimensional paper network for detecting malaria antigen in serum using the approach (Figure 20).
The length of each time delay was determined by the concentration of sugar dried in each leg. The
only required user steps were adding reagents to designated loading pads and folding the device.
Upon folding, reactions were sequentially activated by the sugar delays without user intervention.
As noted by Professor George Whitesides, this approach is inexpensive and has added benefits in
terms stabilizing proteins in a dried state.”” The bridge concept was also demonstrated by both
Houghtaling et al.’® and Jahanshahi-Anbuhi e al.”” around the same time. Both groups used a
bridge to connect two paper channels, shutting off flow once it was dissolved (Figure 21). This type
of delay is useful for automated sample metering when there is an abundant source. The size of the

bridge provides control for the volume of sample to be metered.
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Figure 20. Dissolvable sugar delays for timing fluid delivery in a multistep two-dimensional paper
network for malaria antigen detection in serum. (A) Schematic of the network. Each reaction leg
has a different concentration of dried sugar to precisely control the arrival of reagent. (B) Schematic
of the immunochemistry and signal enhancement used in the assay. (C) Images of original signal
after 13 min. and amplified signal after 30 min. (D) Signal intensity vs time with shaded regions
indicating specific reactions. Reprinted with permission from ref 94. Copyright 2013 The Royal
Society of Chemistry.
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Figure 21. Dissolvable bridge connecting two paper channels. (A) Flow is shut off after the bridge
dissolves. (B) Schematic of an assay with a dissolvable bridge for metering sample volume.
Reprinted with permission from ref 96. Copyright 2013 American Chemical Society.

In addition to dissolvable substances, wax has been used to permanently tune the
permeability of paper for timing purposes. The wax approach is, perhaps, more streamlined than
others since most paper-based assays are already commonly defined by wax printing. Noh and
Phillips®® used paraffin wax to meter samples in a 3D uPAD. Timing and sample metering in the
device were achieved by patterning a metering layer with varying amounts of wax. Flow through a
port layer to a bottom analysis layer was then modulated by a middle metering layer. The authors
cleverly leveraged this approach for time-dependent quantification of biomarkers (Figure 22).%'%°
Other groups have also used wax to alter paper permeability for timing fluid transport, leveraging
parameters unique to wax printing such as color'®' and brightness'® to control the amount of wax
embedded in the paper matrix.
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Figure 22. A time-dependent assay for measuring glucose. (a) Exploded view of the layers of the
assay. (b) Sample is added to a central reservoir. The blue dots indicate positive results for glucose
in the sample. The assay is completed when the orange dot appears. (¢) Cross-section of the fluidic
timer. Reprinted with permission from ref 99. Copyright 2010 American Chemical Society.

Moreover, chemicals such as alkyl ketene dimer have been patterned in paper to create

194 has been used to create fluidic diodes in

semi-permeable valves.'” Thiol-ene ‘click’ chemistry
paper.'® The diode consists of two terminals (anode and cathode) separated by a hydrophobic gap

(Figure 23). The anode is treated with a surfactant that gets reconstituted during flow. The
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surfactant adsorbs into the hydrophobic gap, reducing surface tension in this region to allow flow

toward the cathode.
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Figure 23. A two terminal diode in paper. (a) Schematic of the diode consisting of an anode,
cathode, and hydrophobic gap. (b) Mechanism of fluid transport across the diode. Surfactant in the
anode is reconstituted during flow, which adsorbs into the hydrophobic gap. Surface tension in the
gap is subsequently reduced, allowing flow towards the cathode. (c) Time series of the diode in
operation. (d) Regulation of human serum delivery with the diodes. Reprinted with permission from
ref 105. Copyright 2012 The Royal Society of Chemistry.

1% The method involves

Laser direct writing has also been used to fabricate time delays.
patterning paper with photopolymer followed by targeted polymerization via laser. He et al.'®

developed two types of time delays using this strategy — a solid barrier that partially penetrates
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through the thickness of the paper and a porous barrier through the entire thickness. In both cases,
the permeability of the polymerized region is substantially reduced, increasing fluidic resistance and
slowing flow in that region. Similar to wax printing, laser direct writing is a precise and rapid
fabrication technique that can streamline the design of multiple fluidic features (i.e., channels and

time delays) without the post-writing addition of chemicals.

3.4.2. Physical Delays
In comparison to chemical-based strategies, physical modification of the paper matrix does not
require additional reagents and provides more flexibility in designs for rectifying flow. Potential
reactivity of samples to the patterned chemicals is also less of a concern. Toley et al.'”’ used
cellulose absorbent pads as shunts to delay flow in paper channels. The effect is similar to
increasing the cross-sectional area, but introducing an additional material allows much larger time
delays independent of the planar device design. Shunts were placed in direct contact with channels,
creating a parallel flow path and delaying fluid delivery to its target region (Figure 24). Using the
electrical circuit analogy noted earlier, the shunt becomes a parallel resistor to the channel and adds
resistance to the overall fluidic circuit. Flow rate in the circuit can be tuned by changing the size of
the shunt, and time delays ranging from 3 to 20 min have been realized.'"”” The authors recently
extended their shunt method to include expandable and movable pads for fluid switching and
rerouting capabilities.'”™ A complete valving toolkit was developed to include on-switches, off-
switches, and flow-diversion switches. All switches were activated by an expandable sponge that
connects or disconnects different channels depending on the switching mechanism. These valving
systems do not require external actuation or chemicals to function. They can also be pre-

programmed to automate multistep diagnostic protocols.
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Figure 24. Timing fluid transport in paper-based assays with shunts. (A) Schematic of flow in a
standard paper channel. (B) Schematic of flow in a paper channel with a shunt. (C) Idealized plot of
distance vs time showing time delay when a shunt is used. Electrical circuit analogy for a standard
(D) channel and (E) a channel with a shunt. The shunt is a parallel resistor to the channel and adds
resistance to the overall circuit. Reprinted with permission from ref 107. Copyright 2013 American
Chemical Society.

Researchers have also directly modified physical parameters of the paper matrix, such as
porosity, to rectify flow. Shin ez al.'” demonstrated that time delays can be easily manufactured in
paper by compressing the matrix in specific regions, effectively reducing the porosity and
increasing fluidic resistance of that region. Flow rate in the compressed region can be tuned by the
degree of compression applied to the region during fabrication, analogous to compression of carbon

paper in electrochemical applications.''® Using this compression strategy, Park ez al.'"! developed a

multistep assay to detect Escherichia coli O157:H7 and Salmonella typhimurium. The device only
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required an initial dipping step by the user to introduce sample into the assay. All processing and

readout steps were then automated via the time delays.

3.5. Hydrogel-based Transport and Storage
Hydrogels are hydrophilic polymeric networks capable of absorbing large volumes of fluid. Natural,
synthetic, and hybrid hydrogels have been used extensively in biomedical applications, mainly as

127115 Blyid retention in

scaffolds for engineered tissue constructs and vehicles for drug delivery.
hydrogels is largely dependent on their bulk structure, which can be tailored to specific applications.
Once swollen, hydrogels can be triggered to collapse via external stimuli (e.g., temperature, pH,
UV-irradiation), releasing their encapsulated contents. This capacity for controlled storage and
delivery of fluids has prompted a number of groups to exploit hydrogels for flow control, and
reagent storage and delivery in paper-based assays.'''?* Other stimuli-responsive gels, such as
ionogels — polymer gels that contain ionic liquids, have also been used as passive pumps for fluid

delivery.'?!

For controlled fluid delivery, Niedl and Beta''®

synthesized temperature-sensitive N-
isopropylacrylamide (NIPAM) hydrogel pads as dynamic fluid reservoirs. The gel pads were placed
in contact with paper-based assays, where fluid delivery was achieved by collapsing the gel. Gel
collapse was triggered by heating the gel above its lower critical solution temperature, 31 °C. The
rate of collapse was controlled by adding acrylamide to the NIPAM hydrogel, where pure NIPAM
gels collapsed instantaneously and NIPAM-acrylamide composites collapsed gradually over time
(Figure 25). The addition of acrylamide increased the degree of hydrogen bonding with water
molecules in the gel matrix, effectively reducing the rate of fluid release. The overall practicality of

this method will depend on the robustness of the hydrogels in real-world conditions, where

temperatures can fluctuate drastically in short periods of time. Evaporation is also an inherent
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caveat of hydrogels, affecting its structural stability. Thus, precise temperature-based flow control

may be difficult to achieve in the range of temperatures expected in practice.
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Figure 25. Temperature-sensitive hydrogels for flow control in paper-based assays. (A) Plot

showing instantaneous release of encapsulated fluid for the pure NIPAM gel (blue line) and gradual
release for the NIPAM-acrylamide gel (red line). Images comparing the rate of collapse and wetting
in paper channels at different temperatures for the (B) NIPAM and (C) NIPAM-acrylamide gels.
Reprinted with permission from ref 116. Copyright 2015 The Royal Society of Chemistry.
Similarly, Akyazi er al.'*' directly polymerized ionogel reservoirs into their paper-based
devices for passive pumping. Fluid added to a reservoir was first absorbed by the ionogel and
gradually released into a downstream paper channel upon gel saturation. Wicking in the channel
was controlled by using ionogels with different swelling rates, achieved by incorporating different

ionic liquids within the gel matrices (Figure 26). Although effective at delivering fluids in a

controlled manner, the reactivity of the ionic liquids used to form the ionogels remains a concern.

38

ACS Paragon Plus Environment



Page 39 of 101 Submitted to Chemical Reviews

OCoONOOOPR~WN =

Common biological targets, such as proteins and nucleic acids, are polar molecules that can
potentially react with the ionic liquids causing unwanted reactions. Further characterization with

biological samples is needed to confirm the practicality of ionogels for paper-based diagnostics.
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Figure 26. Ionogels directly polymerized into paper-based assays for passive pumping. (A-E) Time
series of images showing wicking in the paper-based assays. Left images — pristine paper. Middle
images — ionogel 1 (IO1). Right images — ionogel 2 (I02). Plot showing wicking distance versus
time for pristine paper, 101, and 102. Different swelling rates between IO1 and 102 result in
different wicking speeds in the paper channel. Reprinted with permission from ref 121. Copyright
2016 Elsevier.
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Yang and colleagues demonstrated the regulation of flow and reagent release in paper-based
assays using aptamer-crosslinked hydrogels.'"®"'?° These hydrogels are composed of a linker-
aptamer that binds to target DNA in the sample and also to polyacrylamide polymers crosslinked
with complimentary short DNA sequences. Hydrogel polymerization occurs when unbound linker-
aptamer hybridizes to the crosslinked polymer. Conversely, target DNA binding to linker-aptamer
prevents hybridization and gel polymerization. Two separate strategies for flow regulation were
demonstrated, either relying on maintaining or transitioning the hydrogel to solution phase: 1)

target-aptamer binding prevents hydrogel polymerization, allowing downstream flow (hydrogel
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118

remains in solution phase), ° and 2) target-aptamer binding collapses pre-polymerized hydrogel,

allowing flow and releasing encapsulated reagents (hydrogel transitions to solution phase).''"'?’

Figure 27 illustrates the working principle of the first strategy.
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Figure 27. Aptamer-crosslinked hydrogels for flow regulation in 3D paper-based assays. (A)
Schematic of the different layers of the 3D paper-based assay. (B) Addition of a sample without
targets induces hybridization between aptamers and crosslinked polymers and subsequently,
hydrogel polymerization. The polymerized hydrogel blocks downstream flow. Conversely, target
binding to aptamers prevents hybridization and polymerization, allowing downstream flow to
respective readouts. Reprinted with permission from ref 118. Copyright 2015 American Chemical
Society.

In the context of reagent storage, hydrogels offer several advantages over dried reagents in
the paper matrix. Namely, gel encapsulation of sensitive and expensive reagents reduces
environmental degradation and improves the stability of the reagents. Mitchell er al''
demonstrated  the  capability = of N N"-methylenebisacrylamide-cross-linked  poly(N-
isopropylacrylamide) gels for the storage of small molecules, enzymes, antibodies, and DNA. The
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enzyme horseradish peroxidase was stored up to 35 days with no significant loss in activity. Gel-
based storage minimizes potential biological contamination and can achieve similar robustness as
paper-based devices packaged with dessicant.'** The thermostability of the hydrogels, however, was
not directly addressed. Varying temperatures could prove detrimental to the stability of the stored

reagents.

3.6. Externally Actuated Structures
Paper-based assays have been designed with externally actuated features to modulate flow.
Manually actuated structures include movable arms and slip layers that connect one fluidic region to

. 6,78,123-125
another when activated.”®’®

The paper-based slip layer concept is based on the earlier
SlipChip,'*® a glass-based microfluidic device with two sliding plates. This approach is particularly
advantageous when high-throughput and parallel processing is required. For example, fluid can be
simultaneously delivered to a large array of reservoirs (Figure 28a) or sequentially delivered to

124 Liu et al.”® demonstrated a multistep ELISA in a

multiple channels at the same time (Figure 28b).
3D pPAD with a slip layer. Sample introduced to the slip layer was sequentially maneuvered into
contact with reagent zones, detecting rabbit IgG as a proof-of-concept analyte. More recently, a
slip-based 3D uPAD was developed for the detection of human norovirus. The device was activated
by slipping a layer containing sample and buffer onto downstream processing layers (Figure 29).

An impressive LOD of 9.5x10* copies/mL of human norovirus was achieved, which is up to 100-

fold lower than commercial lateral flow assays.78
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Figure 28. High-throughput and parallel processing in paper-based assays with a slip layer. (a)
Simultaneous delivery of fluid to a large array of reservoirs in parallel. (b) Sequential delivery of
fluid to multiple channels at the same time. Reprinted with permission from ref 124. Copyright
2013 American Chemical Society.
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Figure 29. A slip-based 3D uPAD for the detection of human norovirus. Sample and buffer are
introduced onto the slip layer. The device is activated by sliding the layer onto downstream
processing layers. Analyte processing and signal enhancement are sequentially automated by fluidic
controls in the assay. Reprinted with permission from ref 78. Copyright 2016 Nature Publishing
Group.
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External electromagnets have also been used to actuate ferromagnetic paper cantilevers as
valves.'”” The opening and closing of the cantilever is controlled by a timing channel that triggers
the electromagnet. An ionic salt bridge acts as an on-switch for electrodes directly patterned in the
timing channel. When fluid wets the salt bridge, the electrical circuit closes and activates the
electromagnet. Although more precise than manually actuated structures, the additional
electromagnetic components increase the complexity of device fabrication. Such external hardware
requirements also reduce the ultimate affordability of the assay, undermining a key motivating

advantage of the paper-based approach.

3.7. Analyte Concentration during Wetting

Despite the many advantages of paper-based assays, poor detection sensitivity remains an issue. A
commonly used approach for enhancing detection sensitivity is colorimetric signal enhancement.
The most common colorimetric labels used in lateral flow assays and paper-based microfluidic
assays are gold nanoparticles. Gold nanoparticles can be readily attached to different affinity
reagents (e.g., antibodies) and produce an intense red color due to their localized surface plasmonic
resonance.'*® Accordingly, strategies for enhancing color signal intensity typically involve
increasing the optical density of gold nanoparticles in the readout. Commercial gold enhancement

solution is available and has been applied to paper-based assays.*"**'*

Using this solution, 6-fold
improvement in signal intensity'*’ and 4-fold improvement in the LOD of bovine serum albumin
have been achieved.®' Hu ez al."** improved the optical density of gold nanoparticles in their assay
by forming gold nanoparticle aggregates. These aggregates were conjugated with probes to capture
HIV sequences in sample, achieving a 2.5-fold improvement in LOD. A number of other techniques

based on enhancing gold nanoparticles are also available in the literature.">' ">
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Recently, a polymerization-based amplification strategy was developed using a light

5 The hydrogel solution contained photoinitiators bound to

responsive hydrogel (Figure 30).
affinity reagents for specific biomolecules. Application of light triggered polymerization of the
hydrogel, producing a highly contrasted color change in the presence of target analytes. The authors
applied their approach to the detection of malaria antigen in serum, achieving a LOD of 7.2 nM.
Other methods for analyte concentration during wetting include the use of volatile solvents and
aqueous two-phase flow. In the work by Yu and White,"*° target analytes were concentrated in a
lateral flow assay by the evaporative wicking of a solvent, achieving 24-fold improvement in the
signal readout. Chiu ez al."*” developed a two-phase solution system to concentrate analytes in the

salt-rich portion of the solution. Using this approach, they achieved a 10-fold improvement in the

LOD of the protein transferrin.
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39 Figure 30. Polymerization-based amplification of colorimetric signal readout in paper. Hydrogel
40 containing photoinitiators bound with affinity reagents are added to the device after sample
41 introduction. Dosing with light activates polymerizes the hydrogel and produces a sharp color
change in the presence of target analytes. Reprinted with permission from ref 135. Copyright 2014
44 The Royal Society of Chemistry.

46 3.8. Post-wetting Analyte Concentration

48 The strategies described in section 3.7 demonstrate concentration of analytes beyond the current
capabilities of conventional lateral flow assays. However, they rely on capillary action generated in

53 the remaining dry portions of the paper matrix. Once a paper-based assay is saturated, further

55 analyte concentration is generally not possible with these approaches. To achieve post-wetting
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manipulation, the most relevant available techniques are those that apply external fields (e.g.,
acoustic, thermal, and electric fields).

Surface acoustic waves (SAWSs) have been used to deliver sample from a paper-based assay
into a mass spectrometer’ > and to uniformly mix fluids in paper.*” For mixing in paper, SAWs
atomize fluid at the end of a Y-channel via acoustic signals generated by a transducer (Figure 31).
Atomization creates a negative pressure gradient in the channel, drawing and uniformly mixing
fluid at the same time. The SAW approach outperformed capillary flow-based mixing, albeit at the
expense of added complexity. Taking a different approach, Wong et al.'*® demonstrated that analyte
concentration can be achieved by continuously evaporating fluid from the end of a wetted paper
channel via localized heating. Using this approach, the authors were able to concentrate a

tuberculosis biomarker, lipoarabinomannan, up to 20-fold without compromising its detectability.

Figure 31. Application of surface acoustics waves (SAWs) to uniformly mix fluids in paper. (a)
Transducer to generate SAWSs. (b) Atomization of fluid in the Y-channel creates a negative
pressure, drawing fluid toward the transducer. Fluids A and B are uniformly mixed. (c) Image of
atomized fluid. Reprinted with permission from ref 139. Copyright 2012 The Royal Society of
Chemistry.

The first of several electrokinetic phenomena to be applied in paper was electrophoresis
dating back to the 1950s.*' Several other electrokinetic methods have been translated to paper,
including isotachophoresis and ion concentration polarization. Isotachophoresis or ITP can be
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leveraged to concentrate and separate ionic compounds based on an ion mobility gradient.'*' A
similar technique to ITP called field amplification stacking, which also relies on an ionic gradient,

has also been demonstrated for sample preconcentration in paper-based assays.'**'** ITP has been

OCoONOOOPR~WN =

11 used extensively in traditional microfluidic devices for biomolecular detection, concentration, and

1447196 Moghadam ef al.'¥ first demonstrated the ITP concept in paper and concentrated

13 separation.
15 a fluorescent tracer up to 900-fold as proof-of-concept. They applied their method to a lateral flow
18 assay or detecting IgG (Figure 32), improving the LOD by two orders of magnitude with analytical
20 sensitivity comparable to laboratory-based ELISA.'*® Around the same time, Rosenfeld and

Bercovici'* developed a similar ITP approach to concentrate analytes in paper-based assays,

o5 achieving up to 1000-fold signal amplification of a fluorescent tracer.
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Figure 32. Isotachophoretic concentration in a lateral flow assay. (a) Schematic of setup for ITP
focusing. (b) Schematic of a lateral flow assay without ITP, as a control experiment. (c) Time series
of ITP focusing of Alexa Fluor 488 IgG. Reprinted with permission from ref 148. Copyright 2015
American Chemical Society.

Recently, Li et al."*® developed an ITP oPAD for DNA focusing (Figure 33). A slip layer
designates the starting boundary for sample focusing. Single stranded DNA (ssDNA) was
concentrated after 4 min, reaching a concentration factor up to 100-fold. In comparison to the lateral
flow format for ITP, the oPAD design reduces the overall length of the assay, enabling high electric

field generation with low voltage sources (e.g., two nine volt batteries). This design improves the

portability of ITP devices and is more conducive for field deployment.

48

ACS Paragon Plus Environment



Page 49 of 101 Submitted to Chemical Reviews

OCONOOOA~WN =

Slip layer
Reservoir

ﬂﬂm 98-

Concentra:ed sample

Ptelectrode|®
S!rp layer

1 2 3 4 8 10 1

Figure 33. Low voltage isotachophoretic concentration of DNA in an oPAD. (a) The device
consists of a slip layer to form the starting boundary for sample focusing and an oPAD sandwiched
between buffer reservoirs in plastic. Width averaged concentration profiles. (b) Continuous
accumulation of the tracer over time. (c) Images of the focused tracer at different locations in the
paper channel. Reprinted with permission from ref 150. Copyright 2015 The Royal Society of
Chemistry.

Another electrokinetic phenomenon that has been successfully deployed in paper is ion
concentration polarization (ICP).**"'™'*> ICP occurs at the interface of ion-selective nanochannels
and microchannels, where an applied electric field causes the formation of ion depletion and

: 156,1 1581
enrichment zones."”*'”” These ICP effects have been leveraged for water desalination,'>*'>

160,161 162,163

biomolecular concentration, and separation in traditional microfluidic devices. Gong et
al.®' first demonstrated the feasibility of ICP in paper-based assays for concentration and
directional transport of target analytes (Figure 34). Fluorescent tracers were concentrated up to 40-
fold and the LOD for FITC-labeled bovine serum albumin was improved by 5-fold. The direction of
analyte transport could also be controlled by switching the electrode configuration of the device.

This approach has been extended to simultaneously concentrate and separate DNA and proteins in
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biological matrices.**'* A number of different configurations of paper-based ICP have also been
demonstrated, including faradaic ICP and origami-based ICP assays.'>*'>*!'®7" Importantly, ICP
transport can be achieved through battery-power'®® and analysis of generated data is possible with a
smartphone.'® These added capabilities increase the potential of paper-based ICP assays for field
use; however, the added cost of supporting equipment may prove testing unfeasible in resource-

limited regions. More traditional electrophoretic separation methods have also been developed for

170-172
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Figure 34. Ion concentration polarization focusing and directional transport in paper. (a) Schematic
of device and operation for focusing analytes. (b) Schematic of device and operation for directional
transport of analytes. (c) ICP phenomenon under applied voltage. Reprinted with permission from
ref 151. Copyright 2014 American Chemical Society.
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Although external fields provide advanced fluid and analyte handling capabilities, there are
several caveats. The most obvious caveat is the requirement of peripheral equipment, such as
transducers, heaters, voltage supplies and associated power sources to generate the desired field.
The added equipment increases total cost, reduces ease-of-use and narrows the application field.
Inexpensive heaters and electronics (e.g., disposable chemical heaters'” and battery-powered

147,168,174 . S . - .
16817 have shown some success with polymeric microfluidic devices, but remain

voltage sources
untested for paper-based assays. Specific to electrokinetic assays, Joule heating can be detrimental
to analysis, where uncontrolled fluid evaporation dries the paper matrix and hinders analyte
transport. This effect was observed previously during successive cycles of transporting analytes in
paper-based ICP."' Different strategies have been employed to temporarily mitigate evaporation,

147,149,151
T19.151 More robust

including the use of cover slips, wax-patterning, and large fluid reservoirs.
strategies will be needed to control evaporation in the high temperature and humidity conditions

typical of resource-limited settings.

4. SAMPLE PROCESSING AND ANALYSIS

The diagnostic testing pipeline is a multistep process, consisting of sample collection, preparation,
and analysis. Conventional methods for sample collection include the syringe and needle,
vacutainer, lancet, and transfer pipette, which are not well-suited to point-of-care settings in terms
of safety and disposal. Sample preparation typically involves a number of extraction, washing, and
incubation steps, making the overall process time- and resource-intensive. Moreover, downstream
analysis of purified samples relies on sophisticated instrumentation (e.g., plate readers, sequencers).
Simplified paper-based strategies for sample collection, preparation, and analysis can expedite
analysis and patient treatment. This section highlights and examines the strategies that improve field
deployability.
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4.1. Sample Collection
Sample collection or world-to-assay interfacing is a frequently overlooked aspect of paper-based
assay design. There has been substantial work on improving downstream analytical capabilities in
paper with limited improvement in getting the sample to the assay. The gold standard for
transferring sample for commercial rapid tests is the transfer pipette or capillary tube, while the
single-channel pipette is typically used for proof-of-concept demonstrations. Both methods increase
the risk of exposure to infectious samples and would have limited practicality in point-of-care
settings where stringent biosafety protocols are needed.

Researchers have recently started to integrate lancets and needles to streamline sample

5176 14 et al.'”® developed a device consisting of a finger

collection and analysis in one device.
press-activated microneedle for sample collection and paper-based components for plasma
separation and analyte detection (Figure 35). Downstream analysis in the device was automated
upon initial activation of the microneedle. The device was successfully tested on a live rabbit
specimen, whereby blood was collected from an artery in the rabbit’s ear, and glucose and
cholesterol levels were measured in the separated blood plasma. Overall, the authors demonstrated a
reliable method for whole blood collection and downstream sample processing in a single device.
However, the safety of the device was not adequately addressed. For instance, the microneedle is

always exposed, increasing the risk for accidental needle stick. Further optimization in terms of

safety is needed to improve the practicality of the device for field use.
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Figure 35. A paper-based device with an integrated microneedle for sample collection. (a)
Exploded view of the components of the device. (b) Schematic of the paper-based test. (c)
Schematic operation of the device via finger press. Reprinted with permission from ref 176.
Copyright 2015 The Royal Society of Chemistry.

In terms of future technical innovation for paper-based sample collection, the microneedle
patch is a low hanging fruit that has yet to be picked. Microneedle patches have been primarily
developed for transdermal drug delivery.'””™'”’ They have also been applied as sample collectors.'*
In a paper-based format, a microneedle patch could seamlessly interface as a sample collection

layer within a 3D paper-based assay. Regardless of the final configuration of the envisioned device,

these patches offer the potential for simple, integrated sample collection.

4.2. Complex Sample Preparation and Analysis

Nutrient and oxygen transport via whole blood is vital to maintaining homeostasis in the human
body. Whole blood also carries a myriad of biochemical, immunological, and molecular biomarkers
upregulated during infection, providing targets for disease diagnosis, treatment, and monitoring.

Simple solutions for processing whole blood in the field would expedite diagnosis and ultimately,
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improve patient outcomes. This subsection examines paper-based strategies for complex sample

processing that can be used in the field.

4.2.1. Whole Blood Processing

A typical blood sample from a venipuncture can range up to 10 mL. Large sample volumes are
needed for routine diagnosis to accommodate panels of tests and to ensure sufficient capture of rare
analytes (e.g., low copies of viral nucleic acid during onset of infection). Centrifugation is the gold
standard for processing milliliter-scale sample volumes, separating plasma from blood cells for
downstream analysis. The electrical power requirements and high cost of conventional centrifuges,
however, restrict their utility to centralized labs. Battery-powered centrifuges are commercially
available (e.g., Separation Technology Centrifuge Hematastat Ii 100-100), but have hefty prices
tags costing up to several thousand USD per machine. In response to the need for low-cost and
portable centrifugation technology, the diagnostics community has developed strategies that
leverage a ubiquitous power source: human hand-power. Everyday objects, such as an egg beater'™!
and a salad spinner,'® have been modified as hand-powered centrifuges for point-of-care whole
blood processing. These unconventional solutions could be employed as upstream processing
modules to downstream paper-based assays, enabling milliliter-scale sample volume processing and
analysis in the field.

In the context of channel-based microfluidics, hydrodynamic plasma separation has been the
traditional approach for processing large blood sample volumes.'*™'** This approach leverages the

Zweifach-Fung effect'*®'%

to skim plasma into bifurcation channels from whole blood that is
continuously pumped into a main feed channel. Although effective, the continuous pumping

requirements and clogging issues of hydrodynamic separation systems limit their practicality for

field use. Centrifugal microfluidic platforms also have the capability to process whole blood at
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188-190

milliliter-scale volumes and can incorporate paper-based assays directly into the platform for

downstream analysis.'*'"?

These disc-based platforms have potential for field use as they can be
operated with a portable optical drive and an accompanying tablet or laptop.

Paper-based centrifugation is now possible. Recently, Bhamla et al.'”® developed an
ultralow-cost (~20 cents) hand-powered paper centrifuge based on the physics of a whirligig toy;
i.e., circular disks that spin by winding and unwinding strings attached to their centers. In its current
design, the paper centrifuge can achieve rotational speeds up to 125,000 rpm, which encompasses
the performance range of conventional centrifuges. Its utility for plasma separation from whole
blood was demonstrated using two capillary tubes filled with blood collected from a finger prick,
which are placed into plastic holders attached to the paper disk (Figure 36). Plasma was separated
from 8 pL of whole blood per tube in 1.5 minutes. Although not explicitly demonstrated in this first
work, processing of milliliter-scale sample volumes can be potentially achieved by attaching several
microcentrifuge tubes to the disks. Ultimately, the paper centrifuge extends the processing

capabilities of paper-based technologies, reducing the infrastructure and cost barriers to (large

volume) whole blood processing in the field.
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Figure 36. A paper centrifuge for whole blood processing based on the physics of a whirligig toy.
(a) Paper centrifuge loaded with two capillary tubes filled with 8 pL of blood per tube. (b)
Separation of plasma and red blood cells over time. Full separation is achieved after 1.5 minutes at
a hematocrit of ~0.45. Adapted with permission from ref 193. Copyright 2017 Nature Publishing
Group.

Filtration is another approach for whole blood processing. Paper-based substrates are well-
suited for filtration given their intrinsic wicking behavior. Milliliter-scale filtration can also be
achieved by simply increasing the surface area of the paper assay.'”* Paper-based filtration can be

195-199

achieved by red blood cell (RBC) aggregation combined with size exclusion or solely by size

exclusion.” #2922 Eor the former approach, Yang ef al.'®’ developed a device embedded with
agglutination antibodies (anti-A, B). Upon addition of whole blood, RBCs aggregate and are
immobilized within the paper matrix, while plasma wicks into surrounding detection zones (Figure

196
L.

37). Similarly, Ge et a used anti-D antibodies to agglutinate RBCs for plasma separation in their
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origami-based immunoassay. The agglutination methods demonstrate effective plasma separation
comparable to conventional centrifugation, however, the specific antibodies employed may not be
applicable to all human blood types. Moreover, the cost of agglutination-based assays can be high if
multiple antibodies are required per device. A more universal approach to RBC aggregation has
been demonstrated by leveraging salt solutions. Nilghaz and Shen'®’ developed a salt functionalized
separation device that generates an osmotic pressure gradient upon addition of whole blood, which

subsequently induces red blood cell crenation and aggregation.

(a)

| plasma

(b)

|_- dry paper
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Figure 37. Plasma separation in paper using red blood cell (RBC) agglutination. (a) Plasma
extracted by conventional centrifugation and added to the assay. (b) Whole blood applied to an
untreated assay. (c) Plasma separation in paper treated with agglutination antibodies. RBCs
aggregate and plasma wicks into surrounding detection zones. Reprinted with permission from ref
197. Copyright 2012 The Royal Society of Chemistry.

Plasma separation membranes can be integrated as an upstream component in lateral flow
assays or as a layer in 3D pPADs. Songjaroen et al.”” developed a hybrid assay consisting of a
porous filtration membrane connected in the lateral flow configuration with chromatography paper.

The assay was strategically patterned with wax such that the sample zone resided in the filtration
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membrane and the detection zones in the paper. Based on size exclusion, blood cells are trapped in
the membrane with plasma transported to the detection zones. For the 3D pPAD configuration,
Vella et al.”" incorporated a filtration membrane on top of a detection layer, covering three separate
detection zones. Successful detection of target biomarkers in all three zones was achieved via
application of a single 15 pL finger prick-based blood sample. This approach has been rigorously
tested in the clinic.”* In comparison to the lateral flow format, the 3D format offers the advantages
of faster reaction times due to shorter transport distances and smaller material footprint as a result of
stackable fluidic layers. Several groups have also used filtration membranes as components in

S 2 - 194,201,202
plastic microfluidic devices. >

4.2.2. Nucleic Acid Analysis

Molecular testing is a cornerstone of modern medical diagnostics, routinely used for forensics,””
genetics,”™ and disease diagnosis.*”> Conventional nucleic acid analysis techniques, such as
polymerase chain reaction (PCR), are considered the gold standard in infectious disease diagnosis,
providing much lower LODs than serological-based tests at the onset of infection. However, the
high complexity of nucleic acid testing generally requires a number of supporting instrumentation.
Practical methods for nucleic acid purification and analysis in paper would have transformative
implications for point-of-care molecular diagnostics.

Govindarajan er al.®' demonstrated an origami-based approach to extract and purify
pathogenic bacterial DNA. Although low-cost and suitable for processing raw samples without
complex instrumentation, the overall process requires the operator to complete ten manual steps,
potentially increasing the risk of user error. Paper-based membranes, such as the Fusion 5
membrane, have been integrated in a plastic device for DNA extraction and amplification.”’ Fluid

handling for the device still relied on laboratory syringe pumps and the amplification process
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required a conventional thermal cycler. Recently, Byrnes et al.>*® devised a clever strategy to purify
and concentrate DNA in a single step using a chitosan-based lateral flow assay (Figure 38). Below
pH 6.3, the primary amine groups on chitosan become protonated, suitable for capturing negatively
charged target DNA. When target DNA flows through the chitosan embedded region, they are
immobilized and concentrated (up to 13-fold here). DNA is subsequently eluted for downstream
processing by increasing the pH to above 6.3, at which the charge on chitosan returns to neutral.
This work is particularly exciting because the approach greatly simplifies the sample preparation
needed for DNA analysis and demonstrates potential to be directly integrated in existing lateral flow

assays.

Start of Flow Capture of DNA

Waste Pad

Il Chitosan

Flow ‘

B. | == Chitosan
pH<63 |==DNA

== Chitosan
, pH>63 [==DNA |

Figure 38. DNA purification and concentration in a chitosan-based lateral flow assay. (A)
Schematic of the assay. Images of DNA capture, concentration, and elution. (B) Schematics of
chitosan chemistry for capturing DNA under different pH. Reprinted with permission from ref 206.
Copyright 2015 The Royal Society of Chemistry.

Following extraction and purification of DNA, PCR is usually performed to amplify and

detect target sequences. Advancements in PCR reaction chemistry have led to transformative

isothermal amplification methods for point-of-care diagnostics,””” which are much more amenable
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to paper-based assays than traditional thermal cycling. A number of groups have demonstrated
isothermal nucleic acid amplification in paper-based assays using loop-mediated isothermal
amplification (LAMP),*2%21% jsothermal helicase dependent ampliﬁcation,211 recombinase
polymerase amplification,”'> and rolling circle amplification.”'® These methods have enabled the
translation of a powerful laboratory-based analytical technique to simple paper-based assays,
broadening their overall diagnostic capabilities. The low amplification temperature (65° C) has also
led to innovative use of unconventional heating sources, such as disposable chemical heaters,'’**!!
ultimately improving assay deployability.

Connelly er al.® developed a “paper machine” for molecular diagnosis of E. coli from
human plasma (Figure 39). The approach uses a magnetic device with a magnetic slip layer
containing paper discs for sample processing and analyte detection. Operation of the device consists
of sliding the magnetic slip layer through the device, stopping at designated regions for sample
preparation, isothermal DNA amplification, and endpoint detection via a smartphone. An important
feature of the device is its capability to process whole cells (i.e., cell lysis is integrated in the paper-

based device), which has not been previously demonstrated. The authors achieved an analytical

sensitivity of one copy of double stranded (dsDNA) for E. coli using their approach.
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46 Figure 39. A “paper machine” for molecular diagnostics. (a) Operation of the device for nucleic
47 acid analysis, showing steps for sample introduction, washing, amplification and detection. (b)
48 Detection of E. coli spiked in human plasma. Reprinted with permission from ref 80. Copyright
gg 2015 American Chemical Society.

51

52 Direct nucleic acid analysis has also been demonstrated in paper. Instead of relying on
53

gg thermal amplification to detect target sequences, ICP was leveraged to simultaneously concentrate
gg and separate hepatitis B viral (HBV) DNA sequences in human serum (Figure 40).** The approach
58
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achieved a LOD of 150 copies/mL and resolved four specific regions of the HBV genome. Similar
electrokinetic transport (i.e., isotachophoresis) has been applied to increase the sensitivity of DNA

214217 achieving up to 8.2-fold higher signal

hybridization assays in polymeric microfluidic devices,
than conventional hybridization.”'” Although not explicitly demonstrated in the ICP work above,
such analytical capability is achievable with ICP-based DNA concentration in paper. ICP-based
hybridization would add a powerful tool to the paper-based DNA testing toolbox and complement

existing amplification-based detection strategies.
Paper-based ICP devices ()
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Figure 40. Direct DNA analysis with ICP in paper. (a) Comparison of conventional and ICP-based
approaches. (b) Simultaneous concentration and separation of HBV DNA sequences. (¢) Intensity
profiles of the analyzed sequences. (d) Comparison of direct HBV DNA analysis in water and
serum. Intensity profiles of the separations. (e¢) Calibration curve for HBV DNA detection using the
precore (preC) region of the viral genome. The LOD is determined to be 150 copies/mL. Reprinted
with permission from ref 44. Copyright 2015 American Chemical Society.
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4.3. Integrated Analysis

The development of paper-based assays, to date, has largely focused on assays with single
capabilities; for example, an assay designed for analyte concentration only concentrates analytes.
This modular approach increases the complexity of testing as multiple single assays would be
needed to complete a test. Process integration (i.e., the assembly of sample collection, sample
preparation, and analysis into a single platform) can improve ease-of-use and expedite analysis.

Gong et al.'” developed an integrated device for HBV testing in the format of a pen,
inspired by the ubiquitous ball-point pen. The pen-based device was divided into two
compartments: one compartment housed the sample collection mechanism (a standard lancet
embedded in tubing for finger prick) and the other contained a paper-based platform comprised of a
collection pad, filtration membrane for plasma separation, and lateral flow test strip for biomarker
detection. Here, the familiarity of the pen format improved ease-of-use and patient familiarity while
offering an established route to scale, leveraging the massive existing supply chain for consumer
pens.

The advances in paper-based nucleic acid analysis described in section 4.2.2 have
culminated into integrated paper-based laboratories for molecular testing. Rodriguez et al*®
developed a foldable paper-based NAAT capable of performing extraction, amplification, and
detection of DNA/RNA targets. The diagnostic functionality of the device is demonstrated via
analysis of human papillomavirus 16 DNA from clinical cervical specimens. Target detection is
achieved in less than 1 hour with a LOD of 10* DNA copies. Lafleur ez al.*'® recently developed the
first autonomous fully integrated nucleic acid amplification test (NAAT) based on 2D paper
networks (Figure 41). The NAAT does not require peripheral instrumentation or manual sample

processing in comparison to existing commercial integrated NAATs?"??! and NAAT kits.*** The
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integrated device contains a world-to-assay interface for a sample collection swab used to collect
nasal fluid. Upon sample introduction via the interface, sample processing, amplification, and
detection are automated by the device. As proof-of-concept, the device was used to detect
methicillin-resistant Staphylococcus aureus, achieving a LOD of ~5 x 10° genomic copies. Given
the potential high impact of the NAAT technologies described here, the major challenge of
implementing them in the field will be finding cost-effective heating sources for the amplification
process. The next phase of development for these systems should focus on innovating the
supporting elements around the paper-based assay such that cost and operational complexity remain

low.

Figure 41. An autonomous fully integrated nucleic acid amplification test. Upon introduction of a
collected sample (e.g., nasal swab) to a world-to-chip interface, sample processing, amplification,
and detection is automated by 2D paper networks housed in the device. Quantitation of results can
be further achieved with a smartphone application. Reprinted with permission from ref 218.
Copyright 2016 The Royal Society of Chemistry.

4.4. Quantitative Electrochemical Analysis

The glucose monitoring system for diabetes is the gold standard in commercially available

electrochemical paper-based diagnostic platforms. The system consists of an electrochemical paper

strip and a reader that quantifies blood glucose level in the strip. The conventional glucose meter
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has also been repurposed to measure cholesterol, lactate, and alcohol in paper strips.”?
Electrochemical sensing can achieve lower detection limits than colorimetric detection and
therefore, it is an ideal approach for quantitative paper-based analysis. Electrochemical paper-based

224
L.

analytical devices (ePADs) were first demonstrated by Dungchai et a and have grown

exponentially in number since their initial work.”*****%°

A number of electrochemical sensing techniques have been realized in ePADs, including
amperometry, voltammetry, potentiometry, electrochemical impedance, and capacitance.’®
Electrodes form the basis of these techniques, where a typical ePAD consists of three electrodes: a
working electrode, a counter electrode, and a reference electrode. Together, these electrodes
transduce chemical signals into measurable electrical signals. Thus, there has been extensive
research on electrode development; in particular, focusing on electrode material type (e.g., carbon-

S1232 Recently, Li ef al.*®® demonstrated

and metal-based electrodes) and fabrication strategies.
direct writing of electrodes into paper using a ballpoint pen-like device modified to contain carbon
ink. This strategy provides a simple and low-cost means to fabricate ePADs directly in the field.
Paper-based electrochemical sensors have been applied to environmental and biological
testing. In the context of bioanalytical applications, they have been used for biochemistry,

231,232 234
27 Wang et al

immunosensing, nucleic acid testing, and cellular analysis applications.
developed a 3D ePAD with structures that “pop-up” when unfolded, as similar to pop-up greeting
cards (Figure 42). This design enables precise control over timing of reactions by connecting and
disconnecting fluidic layers in the pop-up structure when folded and unfolded, respectively.
Samples are also well-contained when the structure is folded, minimizing exposure to infectious

agents. The assay was coupled to a commercial glucometer for quantitative readout. In a proof-of-

concept experiment, devices were used to measure beta-hydroxybutyrate (BHB) spiked in human
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whole blood, the biomarker for diabetes ketoacidosis. A LOD of 0.3 nM was achieved, which is

comparable to the LOD of 0.12 nM for commercial BHB test strips.
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Figure 42. A paper-based “pop-up” assay for assessing diabetic ketoacidosis. Schematic shows the
components and operation of the assay-reader combination. Following sample collection and
preparation, the reader outputs a value for beta-hydroxybutyrate in the sample, the biomarker for
diabetes ketoacidosis. Reprinted with permission from ref 234. Copyright 2016 American Chemical
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In the context of practical application, there have been successful demonstrations of ePADs

as portable sensors that can be adapted to existing commercial glucometers.”>***

They are well-
positioned, in this regard, for field use. Continued development of ePADs, however, should focus
further on improving electrode configurations and materials to address sensitivity issues. Safe and
reliable methods to collect and introduce sample into ePADs are also needed, possibly with

inspiration from examples in section 4.1. Finally, the capability of ePADs to analyze different types

of biological matrices would also broaden their utility.

4.5. Quantitative Analysis with Consumer Technology
An exciting advancement in paper-based assay development has been their integration with mobile

phones (e.g., camera phones and smartphones).>*> %

Mobile phone technology is particular
attractive as analytical systems owing to their advanced computing and imaging power, vast market
base, and familiarity (to both the end user and manufacturer). They are quickly becoming a
quintessential component for quantitative point-of-care diagnostics. The most basic use of phones
for quantitation is image acquisition of colorimetric readouts.”*'*** Captured images can be
processed with an in-phone application, on a separate computer, or delivered to a central database.
A more integrated strategy includes leveraging accessories that attach to the phone for quantitation
of signals in paper-based assays.”***" Commercial lateral flow assay readers for iPhones (Detekt
Biomedical LLC) and Android phones (Holomic LLC) are also available. Lee e al.**’ developed
the Nutriphone — an iPhone adaptor with a paper-based test strip and an accompanying application
for measuring serum vitamin D levels (Figure 43). Colorimetric analysis of vitamin D

concentrations on the test strip produced results equivalent to conventional ELISA, demonstrating

the applicability of the system for sensitive self-diagnosis of micronutrient levels.
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Figure 43. The NutriPhone: A paper-based adaptor for vitamin D monitoring coupled to an iPhone
for quantitation. (a) Image of system and in-phone application used for analysis. (a) Assay
chemistry and signal detection via the iPhone. Reprinted with permission from ref 247. Copyright
2014 The Royal Chemical Society.

8

Fluorescence imaging on mobile phones has also been developed,”® enabling analytical

measurements in paper-based assays that rival benchtop fluorescence microscopes. Thom et al.**®
developed a paper-based assay with an integrated fluidic battery to power an on-chip fluorescent
assay for detecting and measuring B-p-galactosidase. The assay was coupled to a smartphone with a
fluorescence imaging adapter, allowing measurement of -p-galactosidase concentrations down to
700 pM. Portable fluorescent readers are also commercially available; for example, the HRDR-300
Fluorescent Reader from Holomic LLC.

In the advancement of smartphone applications for paper-based assays, developers need to
keep in mind possible limitations of these technologies — in addition to those specific to the use of
paper. For instance, the availability of higher end smartphones can vary from country to country,
limiting the availability of more powerful computing and imaging capabilities in certain areas.
Infrastructure for centralized databases to store diagnostic information may also be too costly and
not feasible for resource-limited regions. Moreover, the use of smartphones and other consumer

technologies needs to reflect their demand; that is, simple camera phones are well-suited for low

volume testing (e.g., one-time screening applications) whereas more sophisticated smartphones are
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better suited for high volume quantitative monitoring. Many of these challenges will be overcome
with time, and further penetration of highly capable smartphones globally. Overall, there is
tremendous potential for portable quantitative analysis with the paper-consumer technology
combination. In terms of supporting infrastructure, smartphones are undoubtedly the partner-of-

choice for paper-based diagnostics.

5. EMERGING APPLICATIONS

In the context of global health, paper-based diagnostics has focused primarily on infectious disease
detection and monitoring. While these established application areas are both vast and critically
important, there are a number of other areas of application where paper-based microfluidics can
make impact. Specifically, we envision a wide variety of emerging applications in more niche
health and health monitoring applications, as well as accompanying the trend toward ubiquitous
sensing and wearables. The most technically and commercially productive routes will be in
applications that can (a) leverage the tremendous paper-based diagnostics tool box already
developed for disease, and (b) afford a high margin for associated development, compensating for a
smaller overall market size. We highlight two illustrative examples here, male infertility

assessment and wearable diagnostics.

5.1. Male Infertility
Infertility affects more than 70 million couples worldwide with male-factor infertility accounting
for half of the cases.”****" Conventional techniques for male fertility testing (i.e., semen analysis)

252 Like most

include counting chambers, computer-assisted sperm analysis,”' and vitality assays.
laboratory-based methods, these techniques are time- and resource-intensive. Test results can also

be subjective,”® and patient compliance is low due to embarrassment and anxiety.”>* Both
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255-258 44,122,259-262
1 d >

traditiona and paper-base microfluidic devices have been developed to address
these gaps. The paper-based assays are comparatively more portable and convenient in terms of
operation, making them ideal for self-diagnosis.

Commercial paper-based semen tests are currently limited to providing information on a
single semen parameter, such as total concentration for the SpermCheck® assay259 and sperm

motility for the Fertell® assay.”®

In efforts to expand the capabilities of paper-based semen tests for
home testing, Matsuura et al.*®' developed a colorimetric assay to assess both total sperm
concentration and motility. Total sperm concentration was measured using a methylene blue dye
derivative that stains DNA in the nuclei of sperm cells. Motility was observed using a yellow 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium salt (MTT), which converts to purple formazan
by metabolically active sperm. The degree of spread by purple formazan in the assay was measured
and used to determine motility. A potential caveat of the assay is that non-motile, but metabolically
active sperm can be transported by capillary action in the assay and thus, artificially overestimate
the actual number of motile sperm in the sample. Nosrati e al.'** developed a 3D paper-based assay
to address this issue and to provide more intuitive parameters on sperm health. In their work, live
sperm concentration, motile sperm concentration, and motility were quantified using the MTT assay
(Figure 44). Live and motile sperm concentrations are better indicators of male fertility potential, as
compared to total sperm concentration which does not distinguish live, dead, or motile sperm
populations. The critical advantage of this assay, however, is that motile sperm must swim in a

viscous buffer though a porous membrane to reach a detection area embedded with MTT. In this

manner, only motile sperm are quantified, reducing the error associated with flow in a 2D assay.
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Figure 44. 3D paper-based assay for measuring live and motile sperm concentration, and sperm
motility. (A) Exploded view of the assay. (B) Colorimetric signals are imaged with a desktop
scanner. Representative pristine and tested assays are shown in the dashed box. (C) Schematic of
the working principle for the live concentration readout. (D) Schematic of the working principle for
the motile concentration readout. Motility is determined as the ratio of motile to live sperm.
Reprinted with permission from ref 122. Copyright 2016 American Association for Clinical
Chemistry.

Sperm DNA integrity is a crucial indicator of sperm health and the genetic well-being of
offspring.”®® The clinical gold standard for DNA integrity analysis is the sperm chromatin structure
assay.”**** Two paper-based approaches have been developed for quantifying DNA integrity based
on the concentration and separation capabilities of paper-based ICP.***%? Importantly, both
approaches provide identical clinical outcomes for patients as the clinical gold standard. Overall,
current paper-based technologies for male fertility testing have shown promise for quantitative
analysis of parameters critical to sperm health and male fertility potential. They offer similar

opportunity of self-testing for men that home pregnancy and ovulation tests have offered women,

and ultimately, provide a panel of complimentary personalized fertility tests.
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5.2. Wearable Diagnostics

Wearable technology has become popular in recent years and has important implications for next
generation point-of-care diagnostics and personalized medicine. Consumers are now able to monitor
their own basic health (e.g., heart rate, sleeping pattern, diet) on a daily basis with fitness trackers
from companies like Fitbit, Garmin, and Apple. In academia, Google Glass has been directly

adapted as an imaging instrument for lateral flow assays. Feng et al.**®

used the Glass for qualitative
and quantitative measurement of HIV and prostate cancer biomarkers, respectively (Figure 45). The

overall system provided a hands-free means to detect target analytes, store information on a

centralized server, and track the spatiotemporal pattern of tests in real-time.

(a) (b)
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Figure 45. Wearable technologies such as the Google Glass for paper-based analysis. a) Google
Glass and its components. (b) Analysis of a lateral flow assay. Acquired images can be processed
by the Glass and stored on a centralized database. Reprinted with permission from ref 266.
Copyright 2014 American Chemical Society.

Growing interest in wearable technologies has inspired a research base in flexible
267-270

Sensors. These sensors are typically attached to skin by an adhesive and noninvasively

monitor levels of target analytes in bodily fluids such as sweat. Paper has been demonstrated as a
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27276 Mu et al.*”" developed a

viable platform for the development of wearable flexible sensors.
paper-based skin patch for screening cystic fibrosis (Figure 46). Their approach translates standard
sweat-based testing to a paper-based format. The paper-based patch is attached to the skin and
directly measures levels of anions in sweat. The performance of the patch correlated well to the
clinical standard (R* = 0.98). In addition to sweat-based monitoring, Giider et al.*’® developed a
paper-based respiration sensor to monitor breathing patterns (Figure 47). The sensor converts
changes in humidity caused by inhalation and exhalation to a measurable electrical signal. It is
directly integrated into a medical facemask that can be worn by a patient. Together with a
smartphone application, the paper-based electrical respiration sensor provides an inexpensive
method to quantify the basic health of patients.

The current proof-of-concept demonstrations of wearable paper-based sensors show promise
and opportunity for simplifying basic health monitoring that typically rely on complex
instrumentation. The transition to simple wearables greatly enables self-diagnosis, having potential
for broad dissemination. Continued efforts in design and testing should expand the available sample
reservoir to include more information-rich sample types, such as blood. For instance, a paper-based
skin patch could be stacked on a microneedle patch that automatically meters blood from a patient
and delivers blood plasma to the paper-based detection patch. It would also be worthwhile to
explore the possibilities of interfacing paper-based assays directly with consumer fitness trackers
for improved convenience. Although further development is crucial for more robust, stand-alone,
repeat-use systems, paper-based diagnostics is well positioned within the more general trend toward
distributed sensing — as relevant to the full range of emerging artificial intelligence powered big-

data solutions, and the related internet of things. Sensor requirements in such distributed sensing
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applications are very similar to those of the global health applications that shaped the paper-

microfluidics field.
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Figure 46. A paper-based skin patch for screening cystic fibrosis. (A) Schematic of the patch with
three detection regions. Region 1 contains a pH test paper as an imaging reference. Region 2
contains a stack of an anion exchange paper and a pH test paper for measuring sweat anions. Region
3 contains a colorimetric sensor that becomes transparent when sufficient sweat volume wicks into
the device. (B) Top and bottom images of the skin patch. (C) A skin patch attached to the skin of
the inner forearm. Reprinted with permission from ref 271. Copyright 2015 The Royal Society of
Chemistry.
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Figure 47. A wearable paper-based electrical respiration sensor. A) The paper-based sensor is
embedded in a medical facemask and connected to a reader. B) Image of the data acquisition unit.
C) Image of the tablet running the application to capture incoming data. Reprinted with permission
from ref 276. Copyright 2016 Wiley-VCH Verlag GmbH & Co.

6. CONCLUSIONS AND OUTLOOK

The field of paper-based microfluidics has made enormous strides since its inception. There is now
a formidable toolbox of advanced strategies for fluid and analyte manipulation in paper-based
assays. Every step of the diagnostic pipeline has been demonstrated in a paper-based format, from
sample collection to analysis. Through clever engineering, analytical techniques that could only be
performed in laboratories, such as nucleic acid amplification, can now be executed in the palm of
one’s hand. Moreover, smartphone technology is expanding the analytical power of paper-based

assays, as well as their accessibility in the developing world. As paper-based technologies continue
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to mature, our collective efforts should address the key remaining challenges of translation and

commercialization, as summarized below.

6.1. Path to Translation and Commercialization
The most promising near-term opportunity for translation is paper-based nucleic acid testing. It is
the “killer application” that has potential to transform the diagnostics landscape in both developing

and developed countries. There has been substantial progress in translating nucleic acid sample

80,209

preparation”” and amplification to paper-based formats, with recent demonstration of a fully

autonomous paper-based molecular testing platform.*'®

The main barrier for advancing these
technologies and keeping costs down is the requirement of heating instrumentation for the
amplification process. Low-cost chemical,'” solar-powered,”’”’ and external battery-powered
heaters®'® have been used with some success. A more direct approach is, perhaps, the integration of

27827 and electronics™ to realize an all-paper testing platform.

paper-based batteries

The remaining barriers to translation and commercialization for all paper-based diagnostic
technologies are: 1) process integration, 2) manufacturing at scale, 3) clinical validation, 4)
recognizing social impact, and 5) complying with regulatory policies. Process integration is the act
of combining multiple basic operations into a single system, which simplifies overall operation and
increases usability. Much of the past and current research in paper-based microfluidics has focused
on developing standalone assays with single capabilities (e.g., an assay that only enriches DNA or
an assay that only separates blood plasma). Integration of upstream and downstream diagnostic

281,282

processes is often an afterthought. There have been several demonstrations of integrated

175,176,218

sample collection, preparation, and analysis in a single paper-based platform. More work

needs to move in this direction. The field is maturing at a rapid pace and there is now a vast toolbox
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of capabilities at our disposal. Thus, we, as a community, can afford to focus more on practicality
and ultimate impact, rather than novelty alone.

The capability to manufacture technology at scale (i.e., scalability) is essential for
commercial success. Scalability should inform the device material, device design, and fabrication
method necessary for commercial production. For example, common microfluidic materials used in
academic labs, such as PDMS, are not suitable for mass production. While useful for prototyping
and proof-of-concept studies, soft lithography is a slow fabrication process with low-throughput.
Paper has an advantage over polymer microfluidic substrates in that there is an established
manufacturing process for lateral flow assays that could be translated to paper-based microfluidics.
Methods for fabricating paper-based assays are also more high-throughput, including inkjet

printing, wax printing, laser writing, and photolithography.18’283_285

In general, scalability needs to
be considered in the early stages of device development to ensure streamlined transition from
prototype to final product.

Clinical validation is integral to translation. Patient samples can be drastically different on a
day-to-day basis due to the patients’ disease state and lifestyle; thus, they can exhibit very different
behavior in devices compared to model samples used for proof-of-concept. Many researchers

4,122,175209 1, -
TRIRRITI209 1t g

recognize the importance of patient testing and have started to address this issue.
prudent, however, for researchers to follow the appropriate certification guidelines required for
patient testing in their respective research labs. In the United States, all facilities that perform
testing on human specimens must be properly certified under the Clinical Laboratory Improvement
Amendments of 1988 (CLIA). CLIA certification can be waived for diagnostic tests that are simple

and accurate enough as to minimize erroneous results. In our own work, clinical validation was

performed in collaboration with the National Hospital of Tropical Diseases in Vietnam and was
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regulated by the local Ministry of Health. In the event that patient samples are not readily available,
a good starting point is commercial matrices (e.g., animal or human blood) that have been
rigorously tested for infectious agents and pass the biosafety requirements of the facility. These
matrices can then be spiked with model analytes and assessed accordingly.

The social impact of technology is often overlooked by technology developers, but is just as
important as the technical and economic implications. Grand Challenges Canada, in association
with the Bill and Melinda Gates Foundation, are explicit in their expectation of “coordinated
application of scientific/technological, social and business innovation to develop solutions to
complex challenges.” This “integrated innovation” approach combines technology developers,
clinicians, public health experts, and manufacturers from all participating countries. This tight,
region-specific collaboration is maintained throughout the process from conceptual design, testing,
regulatory approval, and manufacturing and deployment — a best practice for ultimate impact in
global health.

A major barrier to commercialization is complying with regulatory policies. Medical
diagnostic tests are regulated by the Food and Drug Administration (FDA) in the United States, by
Health Canada in Canada, and by the European Commission in countries within the European
Union. These agencies categorize diagnostic tests by their intended use and risk to patients/users.
The FDA has a three class system (Class I, II, and IIl) with increasing risk and regulatory
controls,286 Health Canada uses four classes (Class 1, II, III, and IV) with a set of 16 rules,287 and the

8
28 For

European Commission employs five classes (Class I-sterile, I-measure, Ila, IIb, and III).
example, a paper-based assay for testing transmissible agents, such as HIV, is considered high risk
and would be classified as Class III by the FDA, Class IV by Health Canada subject to Rules 1-3,

and Class III by the European Commission. In addition to the regulatory controls associated with
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each class, manufacturers must follow Good Manufacturing Practices and be ISO13485 certified.
These guidelines ensure the quality of tests in all stages of the manufacturing process: fabrication,
packaging, labelling, storage, installation, and service. We encourage researchers to consult the
relevant medical device regulations early and often during technology development to expedite

commercialization; that is, to design for regulatory approval in addition to function and low cost.

6.2. Final Comments

Particularly with summative recent advancements, we are optimistic that the continued development
of paper-based diagnostics will have profound implications for global health. There is particular
excitement surrounding integrated paper-based molecular testing, as these technologies will provide
unprecedented analytical power in simple low-cost assays. One can imagine personalized mini-
laboratories for disease monitoring (e.g., HIV anti-viral therapy) in the comfort of one’s home,
eliminating the need for travel to centralized hospitals — a major barrier that impedes access to
healthcare in developing countries. These integrated systems would also have impact as rapid
response systems for early diagnosis of emerging epidemics. Ultimately, such systems have the
potential to revolutionize healthcare delivery and disrupt the current model of going to the doctor’s
office, receiving a diagnosis, and then waiting for treatment.

We encourage the community to explore applications beyond those of global disease
diagnosis. There are many opportunities to advance this technology through a much wider array of
applications in global health (food, water, and environmental testing) as well as the full range of
energy production and process industries. The most commercially attractive avenues will be those
that can leverage the established paper-based microfluidic toolbox developed for global health,
while tapping high-margin markets that can support the necessary development costs. In addition to

broadening the applicability of paper-based microfluidics, early commercial success in more niche
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markets can set the stage for more significant investment in the ultimate large-volume, low-margin
market of global health. More broadly, we see paper-based diagnostics as well-positioned within
the general trend toward distributed sensing. That is, as artificial intelligence powered big-data
solutions multiply across sectors, so do their sensing requirements. Those technical and cost
requirements are very similar to those of the global health applications that continue to shape the

paper-microfluidics field.
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