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ABSTRACT: Nucleic acid amplification tests (NAATS)
provide high diagnostic accuracy for infectious diseases and
quantitative results for monitoring viral infections. The
majority of NAATSs require complex equipment, cold chain
dependent reagents, and skilled technicians to perform the
tests. This largely confines NAATS to centralized laboratories
and can significantly delay appropriate patient care. Low-cost,
point-of-care (POC) NAATSs are especially needed in low-
resource settings to provide patients with diagnosis and
treatment planning in a single visit to improve patient care.
In this work, we present a rapid POC NAAT with integrated
sample preparation and amplification using electrokinetics and
paper substrates. We use simultaneous isotachophoresis (ITP)
and recombinase polymerase amplification (RPA) to rapidly

extract, amplify, and detect target nucleic acids from serum and whole blood in a paper-based format. We demonstrate
simultaneous ITP and RPA can consistently detect S copies per reaction in buffer and 10 000 copies per milliliter of human
serum with no intermediate user steps. We also show preliminary extraction and amplification of DNA from whole blood
samples. Our test is rapid (results in less than 20 min) and made from low-cost materials, indicating its potential for detecting
infectious diseases and monitoring viral infections at the POC in low resource settings.

Nucleic acid amplification tests (NAATSs) have replaced
immunoassays, cell culture, microscopy, and other
techniques to become the gold-standard for the accurate
diagnosis of many infectious diseases.' > NAATSs have been
developed for numerous diseases due to their high diagnostic
sensitivity and specificity, rapid time to result, and multiplexing
strategies.”” NAATS are also employed by clinicians to quantify
the viral load for several infectious diseases (e.g, HIV-1,
Hepatitis B, and Hepatitis C), providing crucial information for
evaluating patient treatment plans.”"® The majority of NAATS
are performed in upper or midtier laboratories because they
require complex protocols, cold chain dependent reagents,
delicate instrumentation, reliable electrical power, qualified
laboratory staff, and appropriate infrastructure to host equip-
ment and materials. Laboratory-based NAATSs necessitate
significant logistics around specimen collection, transport,
batched testing, and the return of results to clinicians and
patients. In low resource settings this often results in delayed
diagnoses that can negate patient management benefits.” The
challenges associated with laboratory-based NAATs have
prompted the development of simple, affordable, and rapid
point-of-care (POC) NAATS that can facilitate diagnosis and
treatment in a single clinic visit.'”"" POC NAATS are especially
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needed in low resource settings where laboratory testing is
limited and rapid testing is crucial for improved treatment (e.g,,
mitigating loss to follow-up which can lead to treatment failure
and spread of disease).'>"?

The World Health Organization developed the ASSURED
design criteria (affordable, sensitive, specific, user-friendly, rapid
and robust, equipment-free, and delivered) for POC diagnostics
that describes the required qualities that adequately address the
needs of patients in developing countries where infectious
disease prevalence remains high.'* Significant challenges remain
in the development of POC NAATS that perform sample-to-
answer analysis with clinical specimens while meeting the
ASSURED criteria. Toward this goal, several POC NAAT
platforms are now commercially available including the Alere i,
Alere q (Abbott Diagnostics), cobas Liat (Roche Diagnostics),
and GeneXpert (Cepheid).'® These platforms offer a range of
diagnostic tests for infectious diseases of global significance
including HIV, influenza, and tuberculosis, and many have been
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CLIA-waived.'®™"® The tests provide rapid, single-step
diagnostic results through automating the three operational
steps of NAATS; namely, sample preparation, nucleic acid
amplification, and detection of amplification. These commercial
platforms employ mechanical systems for fluidic manipulation
and precision heating that increase platform costs and electric
power demands. Further innovation is still needed to lower the
cost of capital equipment, perform quantitative tests, and
reduce the complexity and costs of test cartridges for sustained
use in low and middle income countries.

The integration of sample preparation, amplification, and
detection into a robust, low-cost product is a formidable
challenge. Significant research has been focused on individual
strategies for each of these steps. NAATSs can be performed on
clinical specimens (e.g., blood, urine, and sputum) that contain
an array of complex biomolecules and cellular debris that may
inhibit downstream amplification and detection of nucleic acids
from the target pathogen."’ Sample preparation is required to
lyse the cell wall or virus envelope of pathogens and to then
separate and concentrate target nucleic acids from other potent
inhibitors in the sample. Lysis is commonly performed using
mechanical, chemical, thermal, and enzymatic methods or a
combination therof.'”* A widely used method for nucleic acid
purification in diagnostic tests is solid phase extraction (SPE),
which requires multiple buffer exchanges to create purified
target nucleic acids for amplification.”’ Several studies have
translated SPE to paper-based formats for the POC; however,
they still re%uire user steps for physical manipulation and buffer
exchanges.””*” Highly efficient nucleic acid extraction with no
intermediate user steps remains a challenge in developing low
cost diagnostics appropriate for the POC. An electrokinetic
extraction technique called isotachophoresis (ITP) separates
nucleic acids from complex samples using an electric field and a
discontinuous buffer system of the leading electrolyte (LE) and
trailing electrolyte (TE).”** ITP is a powerful separation and
concentration technique that focuses charged species with
electrophoretic mobilities less than the LE and greater than the
TE into a plug at the interface of the two buffers. ITP in
microchannels is capable of highly efficient purification of
nucleic acids from complex samples.”*”** Recently, ITP in
paper substrates was utilized to extract and preconcentrate
fluorescent dyes and DNA in pure buffer.””~>" Paper-based ITP
formats are well suited to POC diagnostic applications due to
their reduced operational complexity, low material costs, ease of
buffer control, and capacity for large sample volumes.”” No
studies have demonstrated paper-based ITP for nucleic acid
extraction from complex samples.

Following extraction of target nucleic acids, laboratory
NAATS often use polymerase chain reaction (PCR) to amplify
nucleic acids. This technique can be difficult to implement at
the point-of-care due to the need for highly purified nucleic
acids and energy-intensive thermocycling equipment that
typically cannot tolerate the environmental extremes in many
resource limited settings (e.g,, dust, high humidity, and high
temperature).”” In the last two decades, several isothermal
nucleic acid amplification methods (e.g., iSDA, HDA, LAMP,
and RPA) have been developed to amplify nucleic acids at a
single reaction temperature and are more tolerant to inhibitors
than traditional PCR.**7*” Isothermal amplification has been
explored for POC NAATS using simple resistive heaters, water
baths, or chemical heaters.””*” Recombinase polymerase
amplification (RPA) is a promising isothermal amplification
strategy that is ideal for use in POC NAATs due to its

sensitivity (<10 copies/rxn), specificity, speed (<20 min), low
constant incubation temperature (25—43 °C), tolerance to
inhibitors, and reagent stability at ambient temperatures.*”"'
RPA amplicon detection can be performed using either end
point techniques, such as gel electrophoresis, or by measuring
fluorescence in real-time. Fluorescence detection of RPA
involves a sequence-specific probe which creates a signal only
after hybridizing to the target nucleic acid sequence and being
cleaved by an exonuxclease.”® Real-time fluorescence monitor-
ing of RPA requires moderately complex instrumentation, yet it
can provide semi(%uantitative information to assess severity of
disease infection.”

Diagnostics researchers have investigated varied approaches
for integrating sample preparation, amplification, and detection
to create POC NAAT devices.”~*" Paper-based devices are
common in the field due to their wicking properties, reagent
storage, low cost, and ease of fabrication using minimal
equipment. Rodriguez et al. developed a paper-based diagnostic
for diagnosis of human papillomavirus (HPV) 16 DNA from
clinical cervical samples.* Sample preparation, amplification,
and detection all occurs within the porous network, yet manual
buffer exchanges are required. Lafleur et al. demonstrated an
integrated paper-based device to provide sample-to-result
analysis of nasal swab specimens.”” Their battery-powered
approach performs sample lysis, dilution, isothermal amplifica-
tion, and qualitative colorimetric detection in approximately 1
h. Nucleic acid purification was not included in this work,
though the presence of inhibiting materials make this a
necessary step for sensitive detection when the target pathogen
burden is low. These studies present promising platforms for
integrating NAAT operations yet still require further develop-
ment to process more complex samples and eliminate
intermediate user steps.

One of the key challenges facing integrated NAAT
diagnostics is the automated exchange of lysis, wash, elution
buffers, and/or amplification reagents necessary for sensitive
detection of pathogens. Two recent NAAT studies have
leveraged ITP for integration of nucleic acid extraction and
purification with nucleic acid amplification. Borysiak et al.
developed an integrated microfluidic diagnostic that employed
ITP to purify E. coli nucleic acids present in milk, along with
heat activated pumps and capillary valves to drive the nucleic
acids into a LAMP amplification reaction chamber.*® In this
work, the only user steps were the application of the electric
field and initiating heating for amplification. Eid et al. reported
a similar assay leveraging ITP and RPA for L. monocytogenes
detection from whole blood.”" They extracted nucleic acids into
a reservoir using ITP and then either pipetted target nucleic
acids out of the chip into a separate tube or manually added
necessary reagents into the chip reservoir for subsequent
screening via RPA. Both studies utilized ITP for extraction
followed by isothermal amplification in a separate well or
chamber. However, there have been no studies to date that use
either microchannels or porous substrates to concurrently
perform both ITP and amplification, an important development
for eliminating intermediate user steps and moving toward
developing low cost components for scaled manufacturing.

In this study, we present a paper-based NAAT that integrates
ITP and RPA to simultaneously extract and amplify target
nucleic acids from serum or whole blood in less than 20 min.
By applying an electric field, nucleic acids are isolated from the
complex sample and focused with RPA reagents within an ITP
plug where amplification occurs in a few minutes. A sequence-
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specific fluorescent probe enables real-time detection and
provides sensitive and semiquantitative results. We first
determine the minimum number of copies per reaction
required for RPA amplification within an ITP plug in a clean
buffer sample. We then report on the limit of detection (LoD)
and semiquantitative results for simultaneous ITP-RPA using
human serum. Finally, we present preliminary data detecting
nucleic acids from whole blood via the use of a passive filter
membrane that separates plasma from the whole blood.*”
Simultaneous ITP-RPA in our low-cost paper-based device
provides rapid results from relatively large sample volumes (20
UL of serum or S0 L of whole blood), requiring no user steps
in between sample preparation and amplification/detection. We
propose that this device can decrease the complexity of
traditional laboratory NAATS at a lower cost than POC NAAT's
that have recently entered the market.

B EXPERIMENTAL SECTION

Simultaneous ITP-RPA Overview and Operation. We
conducted experiments with disposable devices that consist of a
30 X 3.5 mm porous glass fiber strip (GFCP203000, EMD
Millipore, U.S.A.) placed between two liquid buffer reservoirs
and housed within a sealed 60 mm Petri dish (Fisher Scientific,
U.S.A.), as shown in Figure 1A. The glass fiber strip and 3 mm
thick acrylic reservoirs were fabricated with a CO, laser cutter
(Universal Laser Systems, U.S.A.). Twenty-two gauge titanium
wire electrodes (Unkamen Supplies, U.S.A.) are placed in the
electrolyte reservoir and connected to a high voltage source
meter. We place the device on top of a simple resistive heater
plate (Mr. Coffee, U.S.A.), maintained at 36 °C using a
temperature controller, to aid in heating the reaction and
ensure consistency between experiments. In whole blood
experiments, a 5 X 5 mm plasma separation membrane
(Vivid GR, Pall Corporation, U.S.A.) is placed over the sample
pad area and used to separate plasma from whole blood.

Figure 1A shows whole blood (Bloodworks Northwest,
U.S.A.) pipetted onto a plasma separation membrane where
capillary action fills the sample pad with plasma while the red
and white blood cells are removed via filtration. Experiments
that used sterile-filtered human serum (Sigma-Aldrich, U.S.A.)
did not require the use of the plasma separation membrane. To
digest proteins that may interfere with the nucleic acid
purification or amplification, the sample pad region of the
glass fiber strip is pretreated by spotting with 5 uL of 0.05 ug/
uL proteinase K (P8107S, New England Biolabs, U.S.A.) and
0.1% Triton X-100 (9002-93-1, Sigma-Aldrich, U.S.A.) and
dried in a desiccator for 20 min. We allow 3 min for plasma
protein digestion (Figure 1B).

The ITP buffers were developed to separate nucleic acids and
RPA reagents from digested plasma that is rich with salts,
polypeptides, and other biomolecules that inhibit nucleic acid
amplification. ITP also removes the proteinase K (pI ~ 8.9) as
it is positively charged in our buffers. We employ a finite
injection ITP configuration where a sample spiked with target
synthetic HIV-1 DNA is added directly to the sample pad of the
membrane, separating the two ITP buffers: high mobility
leading electrolyte (LE) and low mobility trailing electrolyte
(TE). Finite injection provides superior nucleic acid extraction
efficiency while still allowing adequate separation from
amplification inhibitors in the sample.”

Commercially available lyophilized RPA reagents (TwistAmp
Exo, TwistDx Ltd.,, UK.) are rehydrated in a solution of LE,
RPA primers, and RPA probe. This reaction solution is added

L
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Figure 1. Operational steps of simultaneous ITP-RPA from whole
blood. (A) Add S0 uL of a whole blood sample spiked with target
DNA to the plasma separation membrane which removes red and
white blood cells. (B) Filtered plasma (~20 uL) wicks into the square
sample pad region on the left side of the glass fiber strip, which is
pretreated with proteinase K. The glass fiber strip is 3.5 mm wide and
the square sample region is 4 mm long by 5 mm wide in order to
accommodate at least 20 uL of plasma. Protein digestion proceeds for
3 min within the sample pad. Yellow dye is added to aid visualization
of the plasma in these images. (C) Add a mixture of LE and RPA
reagents to the center of the glass fiber strip, wetting the region from
the sample pad to the LE reservoir. (D) Reservoirs are filled
respectively with LE and TE solutions. (E) Seal the chip with a plastic
lid embedded with electrodes. The positive electrode is submerged in
the LE reservoir and the negative in the TE reservoir. The applied
electric field initiates ITP-RPA and extracts nucleic acids from the
filtered plasma. (F) A microscope records the fluorescence intensity
emanating from the amplification reaction zone in the ITP plug.

to the center of the glass fiber strip, wetting the region between
the sample pad and LE reservoir through capillary action as
shown in Figure 1C. The reservoirs are filled with LE and TE
solutions, respectively, and form a fluidic connection through
the wetted glass fiber strip (Figure 1D). Figure 2A shows a
schematic depicting the location and concentration of the
sample, target, and electrolytes before the experiment is
initiated. Note that the RPA reagents are initially spatially
separated from the target nucleic acids, which electromigrate to
the center of the strip to mix with the RPA reagents and
subsequently amplify. The chip is sealed with a plastic lid
embedded with titanium electrodes which are positioned into
the reservoirs, as shown in Figure 1E.

Simultaneous ITP-RPA is initiated by the application of a
voltage bias to the electrodes. ITP migrates the nucleic acids
from the digested plasma or serum and focuses them with RPA
reagents into the ITP plug at the interface of the TE and LE on
the porous substrate. The RPA reaction initiates within the
plug, and target DNA is amplified. RPA-specific amplicons
produced in the glass fiber membrane are detected using a
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Figure 2. Schematic of simultaneous ITP-RPA operation with filtered
plasma. We show drawings of the glass fiber strip denoting locations of
buffers, reagents, and sample, for the initial (A) and final (B)
experimental time points. Approximate concentrations of each
constituent are plotted with respect to distance. (A) Following passive
filtration of the whole blood, plasma containing target DNA initially
wets the sample pad on the left side of the strip. LE and RPA reagents
are disposed within the glass fiber membrane between the sample
region and the LE reservoir. Pure LE and TE solutions reside in
respective reservoirs. Initial spatial separation of reaction constituents
prevents inhibitors in the sample from interacting with the
amplification reagents. (B) Applying an electric field extracts DNA
from the sample and focuses it with RPA reagents in the ITP plug. All
constituents in the porous membrane electromigrate based on their
respective charge and electrophoretic mobility. Nucleic acids and RPA
proteins/enzymes speed past components of the plasma to focus at the
interface of the LE and TE. The amplification reaction takes place
within the concentrated ITP plug to create amplicons and detectable
fluorescence.

sequence-specific fluorescent probe. The signal emanating from
the plug is measured using epifluorescence microscopy, as
shown in Figure IF. In Figure 2B, we show concentration
profiles of the RPA components and amplified target DNA
developed within the ITP plug.

ITP and RPA Conditions. The same TE and LE buffers
were used for all of the experiments. The TE buffer consists of
p-alanine (107-95-9, Sigma), Tris (77-86-1, Sigma), poly-
vinylpyrrolidone (PVP) (9003-39-8, Sigma), and Triton X-100
at pH 8.9—9.1. The LE buffer consists of HCI (7647-01-0,
Acros Organics, Belgium), Tris, MgCl, (7786-30-3, Sigma),
polyethylene glycol (PEG) average molecular weight 1450
(25322-68-3, Sigma), PVP, Triton X-100, and tetramethylam-
monium chloride (75-57-0, Sigma) at pH 8.1. Reservoirs are
filled respectively with 220 uL of LE and 125 uL of TE.

We developed a custom RPA reaction chemistry that is
compatible with amplification in glass fiber membranes and the
unique chemical composition required for ITP. The reaction

solution consists of an RPA pellet rehydrated with LE solution,
1 uM forward primer, 1 uM reverse primer (Integrated DNA
Technologies, U.S.A.), and 250 nM of sequence specific
fluorescent probe (Biosearch Technologies, U.S.A.). In order
to simplify proof-of-concept experiments, we use a synthetic
DNA target (200 base pairs) synthesized using the gBlock gene
sequence technology (Integrated DNA Technologies, U.S.A.).
The sequence is adopted from the proviral HIV-1 DNA pol
gene and contains the complementary sequence for the primers
and probe adopted from Boyle et al.”® Full primer, probe, and
target sequences are listed in the Supporting Information (SI).

Simultaneous ITP-RPA is performed by applying 150 V with
a current compliance of 3.5 mA using a source meter (model
2410, Keithley, U.S.A.). This resulted in 3.5 mA constant
current conditions for the first S min of ITP before
transitioning to a constant 150 V with current reducing
exponentially to less than 1.0 mA after 15 min of electro-
migration (see Figure S-3 of the SI). These relatively high
electric currents result from the selected ITP buffers and glass
fiber strip’s large cross sectional area. Due to the low
conductivity of the TE zone, a high electric field develops in
this area, resulting in significant Joule heating. We leverage this
effect to heat the ITP plug to the optimal temperature for RPA
(35—40 °C). Different temperature ranges can be achieved
depending on the applied voltage, the composition of the ITP
buffers, and the dimensions of the glass fiber strip (see the SI
for thermography images of the strip). While this work utilized
a resistive heater plate to aid heat control and provide
consistency, we observed simultaneous ITP-RPA can be run
using solely Joule heating to achieve an appropriate temper-
ature for RPA within the ITP plug.

Data Collection and Analysis. We perform quantitative
epifluorescence imaging (AZ100, Nikon, Japan) with a 0.5X (N
= 0.05) objective to visualize the fluorescent signal generated by
the exonuclease-mediated digestion of the probe bound to RPA
amplicons. Using an epifluorescence excitation (488 nm) and
emission (518 nm) filter cube set (Omega Optics, U.S.A.) and
a 16-bit, cooled CCD camera (Cascade S12B, Photometrics,
U.S.A.), we captured grayscale images of fluorescence at 1 s
intervals over a 15 min period. The generated data was
processed via a custom algorithm (MATLAB, MathWorks,
US.A.) to determine the spatial and temporal fluorescence
intensity. The algorithm subtracts the initial background from
all images and computes the y-average intensity along the
length of the strip (ie, x direction). This results in one-
dimensional intensity profiles with respect to the length of the
strip for distinct time points. The profiles are integrated over
the x direction to calculate a bulk fluorescence intensity for
each time point. We employ a thresholding technique to
eliminate some nonspecific signal due to probe and enzyme
interactions. For plotting amplification curves, fluorescence
intensity values less than 114% of the initial average signal from
the strip are neglected in calculating bulk fluorescence. The
LoD calculation used a fluorescence threshold of 50% of the
average initial signal in order to account for variations in
nonspecific signal from the no template controls. The full signal
processing procedure is provided in the SI

The LoD is the lowest level of analyte that can reliably be
measured and is determined according to the Clinical and
Laboratory Standards Institute’s (CLSI) recommendations for
in vitro diagnostic tests.””>> The LoD is first determined as a
signal intensity and then converted into corresponding analyte
concentration (i.e., copies/mL).” The sample intensity LoD is

DOI: 10.1021/acs.analchem.8b00185
Anal. Chem. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.analchem.8b00185

Analytical Chemistry

determined as LoD = ug + 1.64503 + 1.64505, where pj is the
mean intensity of the negative control samples, oy is the
intensity standard deviation of the negative control samples,
and oy is the intensity sample standard deviation of the low
concentration positives. Using these definitions, we have a 5%
probability of committing either type I (false positive) or type
II (false negative) error at the LoD.

Bl RESULTS AND DISCUSSION

Simultaneous ITP-RPA. We present a method of
amplifying DNA using an RPA reaction that occurs within an
ITP plug on a paper substrate to determine the minimum
number of copies needed for detectable amplification. These
experiments were performed using only buffer as the sample
and therefore did not require sample preparation. We pipetted
HIV-1 DNA suspended in 5 uL of LE onto the middle of the
glass fiber strip prewetted with LE solution and RPA reagents.
Figure 3A presents fluorescence images of an RPA reaction

10

Time (min)

()]

5 10 15 20 25
Distance (mm)

Figure 3. Low-copy simultaneous ITP-RPA and real-time detection of
target DNA in buffer. DNA is added to the center of the glass fiber
strip to demonstrate successful amplification on glass fiber without
extraction. (A) Fluorescence images at t = 0, S, and 1S min of ITP-
RPA over the 15 min experiment. RPA reagents and target DNA
initially applied to the glass fiber strip accumulate in the ITP plug.
Amplification within the plug initiates after approximately S min. (B)
Spatiotemporal map of a positive (10 cp/rxn) RPA experiment. Red
and blue colors denote high and low fluorescence intensity,
respectively. The fluorescence intensity of the plug rapidly increases
after 5 min and migrating 15 mm down the strip.

with 10 copies per reaction (cp/rxn) as it develops within the
plug of the ITP system. When the experiment is initiated (t =
0), there is no fluorescence emanating from the strip. Within §
min the DNA, primers, probe, RPA proteins, and enzymes
focus halfway along the length of the strip, initiating RPA and
generating a fluorescence signal. The signal intensity as well as
the width of the ITP plug increase as the assay progresses. After
15 min the signal reaches its maximum, and the ITP plug nears
the LE reservoir, eluting amplified nucleic acids into the

reservoir. Trace fluorescence spots remain on the glass fiber in
the wake of the reaction plug, possibly due to adsorption or
entanglement of RPA amplicons within the fibrous network
structure.

Figure 3B shows a spatiotemporal intensity map of the
positive RPA reaction depicted in Figure 3A. This figure
represents the y-averaged intensity as a function of space and
time, providing insight on the ITP migration dynamics. The
map shows that fluorescent products from nonspecific enzyme
and probe interactions accumulate in the ITP plug and migrate
with a constant velocity halfway along the strip (15 mm) in
approximately 5 min. At this point, the fluorescence intensity
within the plug significantly increases due to the amplification
of the DNA, while the migration velocity decreases. The
reduction in velocity aids the amplification as it increases the
accumulation time for necessary RPA reactants to migrate into
the plug and ensures that the plug does not reach the LE
reservoir for at least 15 min. The ITP plug velocity is a function
of the target electrophoretic mobility, local electric field
strength, and electroosmotic counter flow.’>>” After S min
the low conductivity trailing electrolyte has migrated sufficiently
far down the strip such that electrical resistance results in the
power supply switching from constant current to constant
voltage. The net ITP plug migration velocity decreases, due to a
combination of electrophoretic migration and electroosmotic
flow. Electrophoretic velocity is a linear function of current, so
after 5 min the current exponentially decreases below the 3.5
mA compliance, reducing the net plug velocity. Previous work
on ITP has observed plug trajectories similar to Figure 3B.””>*

We present the normalized integrated fluorescence intensity
of the RPA reporter probe as a function of time for low copy
numbers of target DNA in Figure 4. The no template control

3

25¢ 20 cp/rxn
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0..___
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Figure 4. Simultaneous ITP-RPA experiments from pure buffer were
analyzed to generate fluorescence curves with respect to time for low
input DNA copy numbers. We present averaged data for 20 cp/rxn (2
replicates), 10 cp/rxn (3 replicates), S cp/rxn (3 replicates), and no
template control (NTC; 3 replicates). The assay detected all replicates
(8/8) with at least 5 cp/rxn of target DNA. NTC trials with 10 pg of
sheared salmon sperm DNA did not amplify or alter the behavior of
standard NTC experiments (shown in Figure S-9).

(NTC) is shown as a constant zero intensity over the duration
of the experiment (ie., its signal is always below the threshold).
When 5 copies of the target are introduced, the intensity
remains at zero for roughly 4 min where the amplification
becomes visible and the intensity increases linearly until 15 min
where it plateaus. The plateaus may be due to a limiting reagent
(e.g, ATP required for recombinase functions) or deteriorating
reaction conditions in the ITP plug over time (e.g., changes in
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ionic strength, temperature, and pH). Simultaneous ITP and
RPA reactions have a similar time to detection as compared to
tube-based RPA assays."”>” While RPA reactions are often
exponential when amplifying high initial copies of target DNA,
other studies have also reported linear amplification reactions
when amplifying low copies of target DNA.** The data
indicates that simultaneous ITP-RPA can consistently detect
5—10 cp/rxn in pure buffer. This suggests that, with ideal
nucleic acid purification and extraction, our simultaneous ITP-
RPA assay should have similar sensitivity to standard RPA tube
assays.*®

Limit of Detection of Simultaneous ITP-RPA. We
conducted experiments to determine the LoD of simultaneous
ITP-RPA from sterile-filtered human serum spiked with target
DNA. We initially added 20 yL of serum to the sample pad for
protein degradation using proteinase K, and then RPA reagents
and ITP buffers were added to the paper and reservoirs.
Application of an electric field initiated ITP to simultaneously
extract DNA from the serum and focus it with RPA reagents,
leading to RPA amplification within the ITP plug. Representa-
tive fluorescence images and spatiotemporal maps (Figure S-6
of the SI) were similar to those generated with pure DNA
(Figure 3). We observe an increase in fluorescence trailing the
plug that is hypothesized to be a result of proteins found in the
serum clogging the fibrous glass fiber network or forming
complexes with DNA and impacting the recovery of DNA.”
DNA bound to undigested serum proteins have reduced
electrophoretic mobility which inhibits its electromigration to
the ITP plug. The spatiotemporal map of a typical serum
experiment (see Figure S-6B) shows a similar change in
migration speed as Figure 3B. Figure SA shows real-time,
normalized integrated fluorescence for NTC and serum
samples with target DNA spiked with concentrations ranging
from 10* copies per mL (cp/mL) of human serum to 107 cp/
mL. In the SI we provide integrated fluorescence signals for all
replicates to give further insight into the qualitative
reproducibility of the assay (Figure S-7). The simultaneous
ITP-RPA reactions begin at zero normalized intensity and
proceed to amplify in as soon as 5 min depending on the input
target concentration in the serum.

High-copy experiments amplify in less time, more rapidly
(greater slope), and with higher end point fluorescence than
low-copy experiments, generally plateauing at higher fluo-
rescence values. We hypothesize that end point fluorescence is
reduced in low-copy samples due to nonspecific amplification
from primer interactions consuming necessary reagents, such as
nucleotides and ATP. Figure SB plots the mean time to the
fluorescence threshold inferred from Figure SA with respect to
the initial target concentration. The error bars represent the
standard deviation of the time to threshold for the triplicates at
each concentration. Time to threshold relates to copy number
via a power law for concentrations from 10* to 107 cp/mL.
These results are similar to those of Rohrman et al. which
showed semiquantitative HIV-1 DNA detection using a tube-
based real-time RPA assay.”” Improvements in extraction
efficiency and mitigating adsorption are expected to reduce
the LoD and improve the consistency of the test. The observed
trend between time to threshold and concentration cannot
adequately quantitate input DNA, but it distinguishes high, low,
and undetectable levels of target DNA. Therefore, we refer to
simultaneous ITP-RPA as semiquantitative, a desirable
diagnostic feature in applications such HIV viral load
monitoring.éo’61 Using the CLSI definition, we determined
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Figure S. Fluorescence intensities from experiments during simulta-
neous DNA extraction and RPA amplification in an ITP plug from
human serum spiked with target DNA. (A) Integrated RPA
fluorescence intensities plotted with respect to time for a dilution
series of DNA concentrations. Each respective intensity profile is an
average of its replicates (N = 3). Serum with DNA concentrations less
than 10* cp/mL did not amplify, so the data is not shown here. (B)
Average times to the fluorescence intensity threshold (A) for a dilution
series of DNA concentrations in serum. Error bars represent one
standard deviation above or below the mean time for the triplicates.
The red dashed line (R* = 0.95) indicates a power law that relates the
time to threshold () to the initial concentration of the sample (Cpy,)
as t = 58.4Cpya "> + 5.01.

the LoD of simultaneous ITP-RPA to be 10* cp/mL, equivalent
to 200 cp/rxn using a 20 uL sample volume.”* The LoD
calculation accounted for variations in nonspecific fluorescence
signal between NTC experiments (illustrated in Figure S-8).
This performance is comparable to similar prototypic POC
integrated diagnostic platforms.**’

Simultaneous ITP-RPA Using Whole Blood. Here we
present simultaneous ITP-RPA of target DNA spiked into
whole blood samples. Whole blood requires filtration to remove
red blood cells and peripheral blood mononuclear cells
(PBMCs), which are known to inhibit RPA amplification and
contain elevated levels of genomic DNA which can impede
RPA.*"*> Whole blood spiked with synthetic HIV-1 DNA was
applied directly to the blood separation filter and passively
fractionated for 3 min to isolate plasma in the glass fiber
membrane. Following protein digestion, simultaneous ITP-
RPA was performed directly from this sample without any
further processing. Figure 6 shows ITP-RPA averaged
fluorescence intensities from target spiked into serum and
whole blood under identical experimental conditions. The
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Figure 6. Simultaneous ITP-RPA of target spiked into whole blood.
The test was conducted on human plasma that results from
microfiltration of whole blood through an integrated plasma separation
membrane. We plot normalized fluorescence amplification curves for
simultaneous ITP-RPA experiments using whole blood with target
DNA and serum with target DNA. We show these different samples
amplify similarly using our paper-based device, suggesting feasibility of
diagnostic testing from whole blood samples.

similarity of the amplification curves for serum and fractionated
whole blood demonstrate that the ITP-RPA system can amplify
target nucleic acid targets in unprocessed whole blood in under
20 min (S min filtering and digesting with 13 min separation
and amplification) using a blood cell filter.

B CONCLUSION

We present a paper-based NAAT that employs ITP and RPA to
simultaneously extract and amplify target nucleic acids from
serum or whole blood in under 20 min. By applying an electric
field, nucleic acids are isolated from the complex sample and
focused with RPA reagents within an ITP plug where
amplification occurs in a few minutes and does not require
any intermediate user steps or complex mechanical fluidic
control for buffer exchanges. Our device processes undiluted
whole blood or serum, eliminating a common dilution user step
for diagnostics. To our knowledge, this work is the first nucleic
acid amplification reaction performed within an ITP plug.
While this technique may be possible in a microchannel, our
paper-based ITP system has several favorable features for POC
diagnostic use. Porous membranes easily integrate plasma
separation membranes via capillary action, and wicking
properties ease sample loading and buffer addition. We show
paper-based ITP allows for large undiluted sample volumes (20
uL of serum or 50 uL of whole blood). There are also
significant challenges in paper-based devices including evapo-
ration, potential for contamination, and drying or burning of
paper substrates due to relatively high electrical currents during
ITP.

The use of viscous crowding agents and mixing of RPA
reactions after 5 min of initiation is key to efficient RPA
amplification in tubes when amplifying a low copy number of
target molecules.”” The mixing is typically performed manually
or in an automated system using steel beads and a magnet. By
employing ITP for nucleic acid migration through an aqueous
solution of RPA reagents, we perform this key mixing step
leveraging electroosmotic flow (EOF) to disperse the reactants
in the ITP plug. Optimal concentrations of the polymer PVP
and surfactant Triton X-100 prevented excessive EOF and
allowed for adequate mixing. Polymers (PEG and PVP) and

surfactants in our ITP buffers did not hinder DNA transport
through the porous membrane or disturb the separation
process.

The simultaneous ITP-RPA assay has an LoD of 10* cp/mL
of human serum (i.e., equivalent of 200 cp/rxn using a 20 uL
serum sample). We demonstrate detection of initial synthetic
HIV-1 DNA concentrations of 10* to 107 cp/mlL, well within
the clinical range for HIV-1 viral loads.”” We use HIV-1 DNA
in this work as a first step toward our goal of viral RNA
detection and monitoring. Simultaneous ITP-RPA is a versatile
technique that may be applied to detect a wide range of DNA
or RNA targets from whole blood or serum at concentrations
greater than 10* cp/mL, such as Zika virus, Dengue virus, and
malaria.** "% Our LoD is comparable to several commercial
nucleic acid—based tests for viral hepatitis B DNA and hepatitis
C RNA, both infections where physicians seek quantitative
diagnostic information.””*® Monitoring these infectious dis-
eases may require several other technical challenges, including
lysis, primer design, and reverse transcription. We observed 5
copy sensitivity for simultaneous ITP-RPA from buffer which
suggests that high efficiency extraction and purification of DNA
from serum will dramatically improve our LoD. We hypothesize
that DNA adsorption to the porous membrane and insufficient
serum protein degradation prevent target DNA from electro-
migrating to the ITP plug for amplification. Future work will
focus on improving the efficiency of ITP nucleic acid extraction.

Simultaneous ITP-RPA is a novel approach for integrating
nucleic acid extraction and amplification, an operational step for
which there are few elegant solutions requiring no valves,
pumps, robotics, or user intervention. Our paper-based device
has the potential to reduce the cost and improve the speed and
ease of use of POC nucleic-acid based testing. While our test
uses low-cost materials and buffers, this study required a
fluorescence microscopy station and benchtop power supply. A
compact fluorescence imaging unit and a power supply may be
used to develop a low-cost, rapid NAAT for use in primary care
settings with limited resources.””*
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