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ABSTRACT: Quantitative diagnostics that are rapid, inexpensive, sensitive,
robust, and field-deployable are needed to contain the spread of infectious
diseases and inform treatment strategies. While current gold-standard
techniques are highly sensitive and quantitative, they are slow and require
expensive equipment. Conversely, current rapid field-deployable assays
available provide essentially binary information about the presence of the
target analyte, not a quantitative measure of concentration. Here, we report
the development of a molecular diagnostic test [quantitative recombinase
polymerase amplification (qRPA)] that utilizes competitive amplification
during a recombinase polymerase amplification (RPA) assay to provide semi-
quantitative information on a target nucleic acid. We demonstrate that qRPA
can quantify DNA, RNA, and viral titers in HIV and COVID-19 patient samples and that it is more robust to environmental
perturbations than traditional RPA. These features make qRPA potentially useful for at-home testing to monitor the progress of viral
infections or other diseases.

■ INTRODUCTION
Rapid, inexpensive, and sensitive testing is critical for
controlling the spread of diseases with pandemic potential.1

For example, as of 2019, one in five individuals with HIV do
not know that they are infected,2 and in many countries, efforts
to contain SARS-CoV-2 have been hampered by a lack of
adequate testing.3 Rapid diagnostic testing with quantitative
outputs can lead to more timely treatment and better
knowledge of disease progression, leading to improved patient
outcomes.1 Nucleic acid amplification techniques (NAATs)
are the gold standard for identifying infectious diseases.4 To
enable comprehensive diagnoses, NAATs need to provide
specificity, sensitivity, and quantitation. Quantitative polymer-
ase chain reaction (qPCR) is the most commonly used NAAT
but requires expensive and complex instrumentation that
cannot realistically be used outside the laboratory. For this
reason, researchers have turned to isothermal nucleic acid
amplification techniques (INAATs) in an attempt to create a
field-deployable diagnostic.
Developing a field-deployable diagnostic is especially

challenging if quantitative results are required. In many cases,
a quality plus/minus result is sufficient, but in other cases, viral
titer is a key factor in disease treatment. Current field-
deployable INAATs are not quantitative. The products of
INAATs [such as LAMP,5 recombinase polymerase amplifica-
tion (RPA),6 HDA,7 and NASBA]8 are generally interpreted in
a non-specific manner by monitoring the amount of
amplification (using DNA-intercalating or pH-sensitive dyes)
or in a sequence-specific manner by detecting amplification
products using lateral flow assays,9 molecular beacons,10 or

Cas13-mediated fluorescence.11 Because these reactions all
proceed to saturation, the endpoint product levels do not
depend on the input concentration. Furthermore, time course
or “time-to-positive” measurements of these techniques are not
robust due to the rapid speed of amplification and the
sensitivity of the amplification rate to perturbations.12 Finally,
due to the lower reaction temperatures of many INAATs,4

non-specific products are produced at higher rates than in
qPCR, which affects sensitivity and further limits quantitation.
To overcome these challenges, we developed an assay that is

both field-deployable and semi-quantitative by harnessing
competitive amplification in an RPA assay. We selected RPA
as the basis of our assay as it can be performed near ambient
temperature (37−42 °C). In RPA, a cocktail of recombinase
enzymes, single-stranded binding proteins, and DNA poly-
merases carry out cyclic strand invasion and polymerization to
amplify DNA.6 We previously developed an enhanced reverse
transcription (eRPA) assay to detect SARS-CoV-2 RNA
directly from patient samples with high sensitivity and
specificity.13 In this new assay, which we term quantitative
recombinase polymerase amplification (qRPA), we introduce
reference molecules that are competitively amplified alongside
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the target (Figure 1A). Both amplicons are detected separately
in a sequence-specific lateral flow assay for semi-quantitative
endpoint detection. We demonstrate the efficacy of qRPA for
DNA and RNA inputs as well as clinical samples from HIV and
COVID-19 patients.

■ EXPERIMENTAL SECTION

RNA Template Generation. SARS-CoV-2 N-gene-con-
taining plasmids were obtained from IDT (2019-nCoV
Plasmid Controls). An HIV integrase gene containing plasmid
was obtained from Jonathan Li’s lab at Brigham and Women’s
Hospital. Genes were then cloned into a T7 promoter
expression plasmid with or without reference sequence
insertions using Gibson assembly. To produce the RNA
template, in vitro transcription was performed with NxGen T7
RNA Polymerase (Lucigen) according to the manufacturer’s
suggested protocol with minor modifications. Final concen-
trations of the reaction mixture components were 50 units of
T7 RNA polymerase, 1× reaction buffer, 625 μM nucleoside
5′-triphosphate, 10 mM dithiothreitol, 500 ng of the linearized
plasmid template, and RNase-free water to a final volume of 20
μL per reaction. After 2 h at 37 °C, four units of DNase I
(NEB) was added and reactions were further incubated for 10
min at 37 °C. DNase I was heat-inactivated by adding
ethylenediaminetetraacetate (5 mM final) and heating at 75 °C

for 10 min. RNA was purified using an RNAClean XP
(Beckman Coulter) at 0.6× the volume of the reaction, washed
twice with 80% EtOH, and then eluted into 20 μL of RNase-
free water.
The concentration of each RNA stock was calculated based

on a Poisson distribution of RT-qPCR measurements on
dilution series of RNA in nuclease-free water down to 0.003
molecules/reaction.

qPCR Assays. Unless otherwise noted, SYBR green qPCR
reactions were prepared in a 10 μL reaction volume using
PowerUp SYBR Green PCR Master mix (Thermo Fisher
Scientific), 2 μL of the sample, and 0.4 μM of primers and the
following cycle conditions: (i) UDG activation: 50 °C for 2
min; (ii) denaturation: 95 °C for 2 min; (iii) amplification (45
cycles): 95 °C for 15 s, 60 °C for 60 s; (iv) melt curve: 95 °C
to 60 °C. RT-qPCR reactions were prepared in a 10 μL
reaction volume using the Luna Universal One-Step RT-qPCR
kit (NEB), 2 μL of the sample, and 0.4 μM of primers and the
following cycle conditions: (i) reverse transcription: 55 °C for
10 min; (ii) denaturation: 95 °C for 1 min; (iii) amplification
(45 cycles): 95 °C for 10 s, 60 °C for 30 s; (iv) melt curve:
95−60 °C. TaqMan RT-qPCR reactions were prepared in a 10
μL reaction volume using the Luna Universal Probe One-Step
RT-qPCR kit (NEB), 2 μL of the sample, 0.4 μM of primers,
and 0.2 μM probe and the following cycle conditions: (i) UDG

Figure 1. Competitive amplification in RPA can be used to maintain target concentration information. (A) In qRPA, addition of a reference
molecule at a known concentration can be used to infer target concentration by measuring the ratio of the target to the reference after amplification.
(B) RPA product levels saturate for high input concentrations and are affected by non-specific product formation, depicted by cartoon. (C) In
qRPA, although product abundances are still subject to saturation and non-specific products, the ratio is robustly remained and can be used for
quantification, depicted by cartoon. (D) Prediction of input concentration by endpoint measurements of RPA and qRPA. qPCR was used to
quantify target or reference sequences after amplification by RPA or qRPA. The threshold cycle Ct values (right) were used to calculate a predicted
input concentration either by fitting to a standard curve (RPA) or by calculating the target to reference ratio (qRPA). (E) Bland−Altman plot of
qRPA outputs. The qRPA data were replotted to show the expected and observed ΔCt, which indicates the target/reference ratio. Points are plotted
against a horizontal line representing an ideal assay which retains ratiometric information perfectly. In each panel, each point depicts the mean of
three replicate RPA or qRPA reactions, and error bars depict standard deviation.
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activation: (i) reverse transcription: 55 °C for 10 min; (ii)
denaturation: 95 °C for 1 min; (iii) amplification (45 cycles):
95 °C for 10 s, 55 °C for 30 s. All qPCR and RT-qPCR
reactions were monitored on a QuantStudio 6 Real Time PCR
system (Thermo Fisher Scientific) or CFX96 real-time PCR
system (Bio-Rad). The primers and probes used in reactions
can be found in Table S1, and the corresponding amplicons
may be found in Table S2.
qRPA and RT-qRPA Assays. Unless otherwise noted,

qPRA assays were based on the TwistAmp Basic RPA Kit
(TwistDx) with added modifications described below. For
qRPA, each lyophilized pellet was resuspended in a solution of
39.5 μL of the rehydration buffer (TwistDx) and 0.5 μL of the
forward and reverse primer mixes each at 50 μM. For RT-
qRPA, 1.5 μL of the rehydration buffer was replaced with 1 μL
of RNase H (5 U/μL) (NEB) and 0.5 μL of SuperScript IV
RT (200 U/μL) (Thermo Fisher Scientific). The qRPA or RT-
qRPA mix was then activated by addition of 1 μL of 700 mM
magnesium acetate, followed by thorough mixing with a
pipette. Reactions were prepared by dispensing 7.5 μL of the
master mix, 0.5 μL of the reference template, and 2 μL of the
sample input per reaction well; mixing the reaction mixture by
pipetting; and incubating at 42 °C for 25 or 30 min. Unless
otherwise noted, a hybridization mix was prepared by
combining 1 μL of the target-specific biotinylated probe at 5
μM (HIV JQ130; SARS-CoV-2 JQ241) and 1 μL of the
reference digoxigenated probe (JQ170) with 18 μL of 10 mM
Tris pH 8. 20 μL of the hybridization mix was added to each
reaction, and samples were heated at 94 °C for 3 min, followed
by a cooling step at room temperature for 3 min. 50 μL of
Milenia GenLine 2T Buffer (Milenia Biotec) was added to
each reaction and mixed by pipetting, and a lateral flow strip
(Milenia HybriDetect 2T) was added. Lateral flow strip signals
can be detected and imaged starting 3 min after addition of the
strip to the hybridized reaction. Test results were called or
imaged within 45 min of strip addition since background bands

at the test and reference lines can appear over time and low
signal test bands can lose intensity as the strip dries.
In the pH and salt perturbation qRPA assay, homemade 2×

rehydration buffer was prepared to contain 50 mM Tris, 200
mM potassium acetate, and 11% (w/v) polyethylene glycol
(PEG) 20,000. For pH perturbations, buffer pH was adjusted
by hydrochloric acid or sodium hydroxide and measured using
a pH meter. For salt perturbations, NaCl was added to 120
mM. Each lyophilized pellet (TwistDx) was resuspended by a
homemade rehydration buffer to form 50 μL of final 1×
solution with 25 mM Tris, 100 mM potassium acetate, 5.5%
(w/v) PEG 20,000, 700 mM magnesium acetate, and 240 nM
primers.

Sequencing Analysis of the Primer Mutational
Library. A mutational template library (JQ75) where each
base pair constitution of the forward RPA primer binding site
(JQ42) was 91% as the wild-type base and 3% of each of the
three remaining bases was ordered from Integrated DNA
Technologies. Additionally, another library (JQ76) with 14-bp
randomized Unique Molecular Identifier (UMI) was designed
11-bp downstream of the forward RPA primer binding site to
associate UMI to template variants (Figure 2A). Template
variant and UMI libraries were PCR-amplified with sequencing
adaptors (JQ77,83-85 and JQ93-96) and then indexing
primers (Table S3) to build the input library. The input
library was used as an input template into a 50 μL RPA
reaction, where a lyophilized pellet was resuspended in a
solution of 29.5 μL of the rehydration buffer (TwistDx) and
480 nM of the forward primer (JQ42) and reverse primer
(JQ92) and 1 μL of the input library and supplemented with
RNAse-free water until 47.5 μL, which was then activated by
addition of 2.5 μL of 280 mM magnesium acetate, followed by
thorough mixing with a pipette. The post-RPA amplification
product was purified with 0.8× AMPure XP beads (Beckman
Coulter) and was PCR-amplified with sequencing adaptors
(JQ97-100 and JQ93-96) and then indexing primers (Table

Figure 2. qRPA is robust to certain sequence variations. (A) Measurement of amplification bias from sequence variation. A library with random
sequence mismatches in the forward priming region with each linked to internal UMI sequences was synthesized. This input library was amplified
using RPA, and then, both input and output libraries were sequenced. (B) Frequency table for reads in the input and output libraries, grouped by
number of mismatches in priming sequence. (C) Abundance of library members with a single mismatch in the priming sequence, plotted by
mismatch location, with output library abundance normalized by input library abundance.
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S3) to build the output library. The input and output libraries
were sent for sequencing (paired-end 150-bp) on NextSeq550
(Illumina). For the bioinformatics analysis, Paired-End reAd
mergeR was used to merge read 1 and read 2 of both input and
output sequenced libraries. Seqtk was then used to filter out
reads smaller than 50-bp in length. Then, from the input
library sequencing reads, a look-up table of primer variants of
37-bp matched to 14-bp UMIs was built. Individual barcodes
that were matched to multiple different primer variants were
discarded. Output library 14-bp UMIs were extracted from
output sequencing reads and matched to primer variants based
on the look-up table.
Clinical HIV Samples. A cohort of RNA extract samples

were obtained from Jonathan Li’s lab at Brigham and Women’s
Hospital, collected from patients with an estimated HIV viral
load of 15,000 or 1500 copies/mL. Replicate 200 mL plasma
samples were extracted using a Norgen Biotech Kit and eluted
into 55 μL of the buffer according to the manufacturer’s
instructions and then stored at −80 °C. At the time of testing,
replicate samples were pooled in groups of three and vacuum-
concentrated to 15−20 μL (such that sample inputs were
∼30× more concentrated than plasma). 2 μL of the
concentrated sample was used as input into RT-qRPA or
RT-qPCR reactions.
Clinical COVID Samples. A cohort of nasal swab patient

samples was purchased from BocaBiolistics, FL. Samples were
thawed on ice, and 40 μL aliquots were made and subsequently
stored at −80 °C. At the time of testing, sample aliquots were
thawed and RNasin Plus was added to a final concentration of
1 U/μL. The samples were placed on a heat block set to 99 °C
for 5 min for virus inactivation and lysis. After cooling, samples
were spun down and transferred to a 96-well DNA LoBind
plate (Eppendorf). 2 μL of the inactivated sample was used as
input into RT-qRPA or RT-qPCR reactions.
Quantitative Image Analysis of Lateral Flow Assays.

Lateral flow assays per sample were photographed under
ambient lighting using a smartphone camera. The pixel
intensity was measured using ImageJ for an equivalent area
of each lateral flow strip. Intensities were normalized to correct
for uneven lighting such that normalized intensity Inorm = 1 −
(I − Icontrol)/(median(I) − Icontrol), where Icontrol represents the
darkest point of the control band. Any sample for which
Itarget,norm > 0.02 or Itarget,norm > Ireference,norm was classified as
positive for calculating sensitivity and specificity. Linear
regression was used to correlate the ratio of Itarget,norm/
Ireference,norm to the target concentration for all positive samples.
If multiple assays were performed at different reference ratios,
linear regression was performed on the mean of the Itarget,norm/
Ireference,norm ratios instead in order to predict the sample titer.

■ RESULTS AND DISCUSSION
Competitive Amplification in RPA Can Be Used to

Maintain Target Concentration Information. As noted
above, endpoint INAATs are not quantitative for two reasons.
First, in RPA, amplification continues until reaction
components are exhausted, leading to signal saturation.
Saturation is reached regardless of the amount of input
material, and thus, input concentration information is largely
lost (Figure 1B). Second, INAATs are prone to non-specific
product formation.4 The specific amplification is dependent on
the target level, but the non-specific amplification is dependent
on primer levels and non-specific template formation. Thus,
when the input level of the target is low, non-specific side

reactions can outcompete the on-target reaction, consuming
significant amounts of the reaction components and reducing
the amount of target amplicon produced (Figure 1B). We
reasoned that RPA could be made quantitative by harnessing
competition during amplification. Non-specific side reactions
cause a decrease in endpoint target amplicon levels so that the
correlation between target input levels and amplicon level is
modest at assay completion (Figure 1B). Rather than relying
on stochastic and uncontrolled side reactions, we include a
reference molecule in the RPA assay; we refer to this modified
RPA reaction as qRPA. In theory, the ratio of the target and
reference sequence should stay constant throughout the RPA
reaction as long as both the target and reference sequence have
the same amplification kinetics (Figure 1C). The easiest way to
achieve this is to have both the target and reference molecules
amplified by the same RPA primer set (Figure 1A).
To compare the performance of RPA and qRPA, we

performed both reactions on varying amounts of plasmid DNA
containing a synthetic 28-bp barcode target.14 For the qRPA
reaction, we also included a fixed concentration of a reference
plasmid that was identical except in the synthetic barcode
sequence. We quantified the products by qPCR using a
barcode-specific primer paired with one universal primer (in a
separate qPCR reaction for each barcode) (Figure 1D, right).
In RPA, as the target input reaches single-molecule levels, there
is great variation in the amount of amplification, likely due to
the stochastic difference in timing of the initial production of
non-specific products (Figure 1D, right). Amplification appears
to be less variable in the qRPA reactions.
We assessed the quantitative capabilities of RPA and qRPA

by using endpoint measurements as predictors of the input
concentration. We calculated a predicted input concentration
for each assay using the cycle threshold values (Ct), which we
either fit to a standard curve (RPA) or calculate using the
target to reference ratio (qRPA) (Figure 1D, left). While the
RPA assay saturates at high input concentrations, qRPA
remains quantitative over a wide range of target input
concentrations. In a Bland−Altman plot, if the assay maintains
the ratio perfectly, the difference between the observed and
expected ΔCt (the cycle threshold of the reference minus the
cycle threshold of the target) would be a horizontal line.
Indeed, we find that the ratio between the target and reference
is maintained during amplification for a wide range (>107-fold
difference) of starting target/reference ratios (Figure 1E). This
confirms that input concentration may be inferred from the
known amount of reference added and the ratio between target
and reference molecules after amplification.

qRPA is Robust to Environmental Perturbations and
Sequence Variations. We hypothesized that qRPA should
be more robust to environmental perturbation than RPA since
if the amplification kinetics of the target and reference
sequences are identical, the ratio of the target and reference
amplicons should be maintained regardless of reaction
efficiency. To test this prediction, we performed RPA under
several environmental perturbations that might be faced in
real-world settings, including different temperatures, pH, and
salt concentrations. We quantified the post-amplification
products by qPCR as described above. For reactions at pH
2.4 or pH 11.4 or with 60 mM additional NaCl, the amount of
amplification product produced was less predictive of the input
level than under standard conditions (Figure S1); since these
effects are mild, we can infer that RPA efficiency is little
affected by these conditions. Nevertheless, the ratiometric
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product levels are robust to all three variant conditions, so
qRPA remains quantitative even when amplification efficien-
cies are affected by environmental perturbations (Figure S1).
RPA can be performed at different temperatures,15 but lower
temperatures are known to reduce amplification speed. We
found qRPA to be robust to temperature variation and reaction
time even when the target Ct levels are reduced by sub-optimal
temperatures or sub-saturating reaction lengths which would
cause an underestimate if fitting RPA product levels to a
standard curve (Figure S2).
Detection of disease can also be hampered by sequence

variation that arises during disease spread. This sequence
variation can interfere with amplification reactions, particularly
if the variation occurs in the 3′ end of the priming region.
Since the qRPA method relies on the reaction kinetics for
target and reference molecules being equal, quantitation might
be affected if the priming efficiencies are affected by mutations.
RPA primer efficiencies are known to significantly affect the
degree of amplification,6,16 and polymorphisms in priming
regions have been shown to affect the sensitivity of other
isothermal amplification diagnostics.17 To quantify the
potential impact of sequence variation on qRPA, we sequenced
a library of RPA primer-region variants before and after
amplification with RPA (Figure 2A). The library was created
by degenerate synthesis of a 37-bp RPA primer-region
sequence with 91% abundance of the original nucleotide and
3% abundance of the other three nucleotides in the RPA
primer binding region. This leads to an average error rate of
3.3 mismatches per template (Figure S3). In addition, each
template had a random 14bp UMI in the region that would be
amplified. Thus, by comparing the UMI sequence before and
after amplification, it is possible to determine which mutations

in the forward RPA primer-region affect RPA amplification
(Figure 2A). Amplification bias was largely confined to the 3′
end of the RPA primer sequence (Figure 2C), suggesting that
qRPA is robust to the majority of mutations that may occur in
the primer-region sequence, even if multiple polymorphisms
co-occur (Figure 2B). This result also has implications for the
optimal design of RPA primers, suggesting that primers with 3′
ends aligning to highly conserved regions in the target may be
more robust to inevitable mutational variation.

Combining qRPA with a Lateral Flow Assay for
Fieldable Detection. qRPA can be combined with a fieldable
detection method to measure the ratio of target and reference
amplicons and then to infer the input concentration. We
followed qRPA with hybridization with two probes, one
biotinylated and complementary to the target sequence and
one digoxigenin labeled and complementary to the reference
sequence. This mixture was heat-denatured, allowed to cool,
and then run on a lateral flow strip to quantify the relative
abundance of target and reference amplicons in the reaction
(Figure 3A). We chose to use Milenia Biotec HybriDetect 2T
lateral flow test strips that contain a streptavidin band, an anti-
digoxigenin band, and an anti-Ig band. These complexes are
visualized using gold nanoparticle-labeled anti-FAM antibodies
that are captured at either test or reference bands on the lateral
flow assay strip. To demonstrate this method, we cloned the
N-gene of SARS-CoV-2 into a plasmid and generated a
reference target plasmid in which we replaced the RPA target
portion of the sequence with a 28-bp reference barcode. We
performed qRPA on a mixture of wild-type and barcoded-
reference plasmids to demonstrate quantitation on lateral flow
assays. The relative intensity of the reference and target bands
for one or more reference concentrations can be used to infer

Figure 3. qRPA can be combined with a lateral flow assay for fieldable detection. (A) Target and reference amplicons are detected using different
hybridization probes and visualized using gold nanoparticles on lateral flow strips in a multiplexed sandwich assay. The relative intensity of target
and reference bands can be used to infer target concentration in the sample. (B) Samples were prepared with 1E3 copies of a plasmid carrying a
wild-type SARS-CoV-2 N-gene sequence and a varying number of copies of a reference plasmid in which a 28-bp region of the target was replaced
with a synthetic barcode. These samples were amplified using qRPA, hybridized with target and reference probes, and visualized on the
photographed lateral flow strips. Bands of equal intensity are observed when the target and reference concentrations are equal. (C) RNA was
prepared from these plasmids using in vitro transcription, quantified using RT-qRPA, and visualized as above.
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the concentration of a target DNA input with roughly 1 order
of magnitude precision (Figure 3B).
Developing a One-Step RT-qRPA Assay to Quantify

RNA. Many pathogens are composed of RNA genomes,
including widespread pathogens such as HIV and SARS-CoV-
2. qRPA may be combined with reverse transcription in a one-
step RT-qRPA assay for RNA quantitation. We hypothesized
that as long as the reverse transcriptase reaction does not
exhibit significant bias, the ratio of RT-RPA products should
be retained in an RT-qRPA assay. Building on our previously
reported eRPA assay for one-pot RNA amplification,13 we
tested whether RT-qRPA could be used to quantify RNA input
levels. We cloned the integrase gene from HIV into a plasmid
and replaced the RPA target portion of the sequence with our
28-bp reference barcode (to be used as the reference
sequence). We generated RNA from wild-type and barcoded-
reference plasmids using in vitro transcription (IVT) and then
performed qRPA using combinations of these RNA products.
Comparing the input ratio of target and reference RNA (pre-
amplification) by RT-qPCR and post-amplification by qPCR,
we found that RT-qRPA retains the product ratio over several
orders of magnitude (Figure S4) with comparable performance
to TaqMan RT-qPCR (Figure S5). The amplicons can be
detected using lateral flow analysis in a field-deployable
manner as had been shown with DNA targets (Figures 3C
and S6). We obtained comparable results to the HIV
constructs with RNA produced from the wild-type and
barcoded-reference SARS-CoV-2 N-gene plasmids described
above (Figures S4 and S6). Finally, by comparing the results
from using several different reference molecule types (e.g.,
RNA, cDNA, and DNA), we determined that for detection of
RNA targets, an RNA reference molecule is most appropriate
(Figure S7).
Using RT-qRPA and Lateral Flow Assays to Quantify

Viral Titers in Patient Samples. To validate our assay for
diagnostic use in quantifying viral load in the context of clinical
samples, we developed a qRPA assay for HIV. HIV patients on

anti-retroviral therapies may have varying viral loads that vary
over time with treatment efficacy;18 viral load also correlates
with transmissibility,19 so inexpensive rapid testing could
enable better risk assessment. Viral loads <1500/mL are often
considered to be non-transmissible.19 We performed qRPA on
RNA samples extracted from the blood of individuals that were
positive or negative for HIV. Using a trio of qRPA reference
standards (0, 10, or 100 copies of reference RNA,
corresponding to viral loads of no, 1500/mL, or 15000/mL
in unextracted blood), we classified 13 HIV patient and healthy
samples (Figures 4A and S8). To test the assay over a higher
range of viral loads, we created and tested contrived positive
samples by spiking our HIV IVT RNA into RNA samples
purified from HIV-negative blood samples (Figure S8). We
subsequently asked three different individuals to estimate the
titer of blinded samples, and 85% of these calls were within an
order of magnitude of the true titer (Table S1), with a
sensitivity of 92% and a specificity of 79%. Bland−Altman plots
show that the pre- and post-qRPA amplification ratios as
measured by qPCR were generally conserved (Figure S9), as
expected from our in vitro validation experiments.
Finally, we demonstrated that qRPA can also be used to

quantitate SARS-CoV-2 levels in unextracted clinical samples.
Blood interferes with many molecular assays and hence some
form of extraction is needed, whereas nasal swabs are directly
compatible with molecular assays.13 We therefore wanted to
test the ability of qRPA to quantify SARS-CoV-2 titer directly
from nasal swabs. We ran qRPA on remnant nasopharyngeal
swab samples suspended in the transport medium from
individuals that were positive or negative for COVID-19.
Using a trio of qRPA reference standards (0, 100, or 10,000
copies of reference RNA), we classified 22 patient samples by
viral loads with order-of-magnitude precision (with one false
negative on the sample with the lowest viral load) and
confirmed 36 negative patient samples (Figures 4B and S10).
We subsequently asked three different individuals to estimate
the titer of blinded samples, and 95% of these calls were within

Figure 4. RT-qRPA and lateral flow assays can be used to quantify viral titers in patient samples. (A) Total RNA was extracted from whole blood
samples from HIV (+) or (−) patients. Known quantities of in vitro HIV reference RNA containing a synthetic barcode were added to patient
samples and amplified in qRPA. The photograph depicts a selection of lateral flow strips used to sort patient samples by viral titer. (B) Remnant
nasopharyngeal swab samples from SARS-CoV-2 (+) or (−) patients were tested without extraction. Known quantities of in vitro SARS-CoV-2
reference RNA containing a synthetic barcode were added to patient samples and amplified in qRPA. The photograph depicts a selection of lateral
flow strips used to sort patient samples by viral titer.
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an order of magnitude of the true titer (Table S2). Across all
58 samples tested, the overall sensitivity of 95% and a
specificity of 97% were found. Post-amplification ratios were
biased in favor of the unencapsulated reference over the virus-
encapsulated target, which may indicate that RPA is less
efficient at releasing and amplifying viral RNA than qPCR
(Figure S9). This bias could be overcome by adjusting the
amount of reference loaded or by developing viral mimics for
use as reference species (e.g., AccuPlex20).
To provide more detailed quantitation from qRPA lateral

flow assays, we analyzed assay images to infer target
concentration from the ratio of band intensities. We used
ImageJ to analyze photographs of the HIV and COVID-19
lateral flow assays that had been scored by our blinded
individuals. After normalizing by the control band intensity
and the median intensity of the strip (to control for uneven
illumination and different camera settings), we calculated the
intensity of the test band and reference band for the trio of
strips from each sample. As expected, we observed a
correlation between the input target concentration and the
ratio of intensities for the test and reference bands. Using the
mean intensity ratio across the trio of strips for each sample,
we predicted the titer of our positive patient samples for HIV
(R2 = 0.90) and COVID-19 (R2 = 0.76); predicted titers were
within 1 order of magnitude of the true titer for 100% of HIV-
positive samples and 89% of SARS-CoV-2-positive samples
(Figure S11). More accurate classifications may be achieved
with controlled lighting conditions or more sophisticated
analysis software.21,22

■ DISCUSSION
qRPA uses competitive amplification and multiplexed
detection to create an assay that could be used in field-
deployable settings that require quantitation. Competitive
amplification of the target and reference amplicons overcomes
the challenges posed by non-specific amplification for
quantitation, and lateral flow detection provides a simple
read-out. The method works with both purified DNA and
RNA as well as unextracted nasal swab samples.
qRPA overcomes many of the limitations of other isothermal

amplification and detection techniques with semi-quantitative
outputs. Competitive-LAMP also utilizes competitive amplifi-
cation to enable order-of-magnitude quantitation of nucleic
acids with similar sensitivity and specificity,23 but qRPA
benefits from simpler assay design (fewer primers) and lower
reaction temperatures (LAMP is performed at 65 °C). In
addition, multiplexed detection of target and reference
molecules on the lateral flow strip provides more data per
reaction, so fewer reactions are needed to determine
concentration in qRPA than competitive-LAMP. Real-time
RPA utilizing exo probes (and enzymatic hydrolysis) can also
be used for time-to-positive dynamic measurements for direct
quantitation6 or ratiometric quantitation.12 However, this
approach requires sensitive real-time fluorescence measure-
ments and internally modified probes that are difficult to
manufacture at scale. Finally, although direct sample
quantitation without amplification may soon be possible for
highly concentrated nucleic acid targets,24 qRPA (and other
amplification techniques) can achieve higher sensitivities while
remaining semi-quantitative.
Further work should broaden the use of qRPA to additional

settings, sample types, and detection methods. First, there is a
need for INAATs that can be run at ambient temperatures for

point-of-need, equipment-free testing. RPA and qRPA can be
performed at ambient temperatures but at reduced speeds; it
may be possible to overcome this by optimizing reaction mixes
for ambient temperature reaction rates. Second, some sample
types will likely remain challenging for RPA. One notable
example, unextracted blood samples, could be made compat-
ible with qRPA by using low-cost nucleic acid extraction
methods.25 More broadly, validation of ratiometric amplifica-
tion by post-amplification qPCR will be required in the
development stage for each new sample type. Finally, on the
detection side, we believe that the competitive amplification
methods used in this work combined with multiplexed
fluorescence detection using SHERLOCK11,26 or molecular
beacon10 approaches could overcome challenges in using these
detection methods for endpoint samples.
We believe that qRPA is well suited for non-laboratory

settings where quantitation is needed for diagnosis. Measuring
relative viral load in equipment-limited settings could help
combat the AIDS pandemic by tracking the efficacy of anti-
retroviral therapies.18 qRPA also brings us closer to at-home
testing to track the progress of viral infections like SARS-CoV-
2 following a positive test, which could help determine
transmission risk and ease the load on laboratory testing
facilities.27 More broadly, higher-throughput, lower-precision
testing for infectious diseases outside laboratories enabled by
isothermal techniques will have value for contact tracing and
epidemiological purposes1 and pandemic control.
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