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readout for sickle cell disease detection†
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Isothermal nucleic acid amplification tests have the potential to improve disease diagnosis at the point of

care, but it remains challenging to develop multiplexed tests that can detect ≥3 targets or to detect point

mutations that may cause disease. These capabilities are critical to enabling informed clinical decision-

making for many applications, such as sickle cell disease (SCD). To address this, we describe the

development of a multiplexed allele-specific recombinase polymerase amplification (RPA) assay with lateral

flow readout. We first characterize the specificity of RPA using primer design strategies employed in PCR

to achieve point mutation detection, and demonstrate the utility of these strategies in achieving selective

isothermal amplification and detection of genomic DNA encoding for the healthy βA globin allele, or

genomic DNA containing point mutations encoding for pathologic βS and βC globin alleles, which are

responsible for most sickle cell disorders. We then optimize reaction conditions to achieve multiplexed

amplification and identification of the three alleles in a single reaction. Finally, we perform a small pilot

study with 20 extracted genomic DNA samples from SCD patients and healthy volunteers – of the 13

samples with valid results, the assay demonstrated 100% sensitivity and 100% specificity for detecting

pathologic alleles, and an overall accuracy of 92.3% for genotype prediction. This multiplexed assay is rapid,

minimally instrumented, and when combined with point-of-care sample preparation, could enable DNA-

based diagnosis of SCD in low-resource settings. The strategies reported here could be applied to other

challenges, such as detection of mutations that confer drug resistance.

Introduction

Nucleic acid amplification tests (NAATs) employing
polymerase chain reaction (PCR) are the gold standard
diagnostic for many diseases. However, PCR requires
specialized thermocycling equipment and highly trained
personnel, limiting its feasibility in point-of-care (POC)
testing. Isothermal NAATs have the potential to improve
diagnostic medicine at the POC due to their simplified
instrumentation and user requirements, but the utility of
isothermal NAATs is often limited due to the difficulty of
incorporating three or more targets into a single test, and the
lack of tests to distinguish targets with clinically significant
point mutations.

Multiplexed isothermal NAATs are needed to detect
multiple targets in a single test to decrease costs, increase
clinical utility, and reduce diagnostic turnaround time.1

Multiplexed tests can be a key part of syndromic panels to
screen for several pathogens responsible for similar
symptoms or can provide important treatment information,
such as identifying the presence of one or more drug-
resistance mutations.1 Of existing isothermal amplification
methods, recombinase polymerase amplification (RPA) is
considered the most readily multiplexable as it only requires
two to three primers per target;2 however, there are limited
reports describing RPA assays that detect more than two
targets in minimally instrumented formats that have
sufficient sensitivity or are suitable for use in resource-
limited settings due to the challenges of biochemical
multiplexing.3–7

In addition, point mutations are important biomarkers
that can impact clinical decision-making for many diseases.
For example, sickle cell disease (SCD) is a life-threatening
inherited blood disorder caused by one or more point
mutations in the human β-globin gene (HBB) that affects
over 300 000 newborns around the world each year, with over
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90% of these births occurring in low- and middle-income
countries (LMICs).8,9 It is characterized by the presence of at
least one βS globin allele, and a second pathologic HBB
variant allele that leads to the predominant formation of
hemoglobin S (HbS).8 Abnormal polymerization of HbS can
lead to severe anemia, chronic organ damage, and increased
susceptibility to infections.10 Multiple strategies have been
developed to resolve single nucleotide differences following
amplification with RPA11–19 that overcome the limitations of
the low operating temperature of RPA and its high tolerance
to mismatches.20–23 However, post-amplification processing
increases time-to-result and may lead to workspace
contamination with amplified DNA.24,25 Moreover, many of
the above approaches require heating steps at widely
different temperatures from RPA's operating temperature of
37–42 °C,11–16 which increases the complexity of
instrumentation required and limits the translation of these
methods to resource-limited settings.

There have been some reports of point mutation detection
within a single round of RPA using specificity-enhancing strategies
such as amplification refractory mutation system (ARMS) primer
design,26–28 zip nucleic acids,29 peptide nucleic acids,26,30 and
locked nucleic acids.31 However, these reported methods detect
products with gel electrophoresis,26,27 electrochemical detection,28

or fluorescence,29–31 all of which require bulky or expensive
peripheral equipment. Further, multiplexed point mutation
detection with RPA in a single tube remains challenging and has
required physical separation of primers, either through separate
tubes27,31 or separate electrodes.28 We previously developed a
novel RPA-based assay for SCD detection that differentiates DNA
containing the most common pathologic point mutation in the
β-globin gene, βS, from DNA containing the healthy βA in less than
30 minutes with high sensitivity and specificity.31 However, the
assay relies on detection of fluorescent products, which requires
dedicated optical instrumentation, and separate reactions for each
point mutation of interest, increasing reagent costs and user
complexity.

To streamline the assay workflow and reduce
instrumentation requirements, here we report a multiplexed
allele-specific RPA assay that is compatible with lateral flow
readout to detect the healthy β-globin gene, βA, and the two
most common pathologic point mutations, βS and βC. We
optimized the assay for differentiation of genomic DNA from
the following clinically relevant genotypes: AA (healthy), AS
(sickle cell trait), SS (sickle cell anemia), and SC (hemoglobin
SC disease), of which SS and SC are considered to have SCD
and require clinical management. Finally, we validated the test
performance with genomic DNA extracted from 20 whole blood
samples from both patients with SCD and healthy volunteers.

Experimental section
Clean reaction setup

Amplification reaction setup was conducted in a biosafety
cabinet inside a separate room designated for pre-
amplification activities. Another dedicated biosafety cabinet

was used for all DNA extraction and target preparation. All
biosafety cabinets were regularly decontaminated with UV
light, bleach, and RNAse Away. Single-use nuclease-free water
aliquots were used for both reaction set-up and target
dilution. Post-amplification analysis of amplicons was
conducted in a space physically separated from pre-
amplification activities to prevent workspace contamination
with amplified DNA. Different lab coats were used in each
lab space (sample preparation, pre-amplification, post-
amplification) to further reduce the risks of environmental
contamination with amplicons.

Target preparation and storage

DNA associated with clinically relevant genotypes (AA, AS, SS,
SC, and CC) for use in assay design and optimization was
obtained from multiple sources. Mixed gender human
genomic DNA was purchased from Promega (G3041) for
genotype AA. Human genomic DNA was purchased from the
Coriell Institute for Medical Research (Camden, NJ) for
genotypes AS (NA20838), SS (NA16265), and SC (NA16266).
Full-length genomic DNA targets were quantified using
Agilent's Genomic DNA ScreenTape assay on the 4200
TapeStation system according to manufacturer's instructions.

To represent genotype CC, a synthetic gBlock containing a
499-bp sequence of the β-globin gene (NCBI Gene ID: 3043)
containing the βC allele was ordered from Integrated DNA
Technologies (Coralville, Iowa, USA), as full length genomic
DNA with genotype CC was unavailable to purchase. CC
gBlock DNA was quantified in qPCR using TapeStation-
quantified genomic DNA as standards. 20 μL qPCR reactions
were prepared with PowerUP SYBR Green PCR Master Mix
(Thermo Fisher Scientific), 1 μL each of forward and reverse
primers at 10 μM working concentration (Table 1; KM29 and
KM38), and 5 μL of sample. Reactions were incubated and
monitored with a Bio-Rad CFX96 using the following
thermocycling protocol: 50 °C UDG activation for 2 minutes,
95 °C polymerase activation for 2 minutes, followed by 40

Table 1 Primer and probe sequences. All primers and probes used in
optimized qPCR and RPA nfo assays. Primer names with “fP” indicate
allele-specific forward primers, with “+” preceding LNA nucleotides.
Sequences with modifications per Integrated DNA Technologies –

modifications are listed between slashes. 5DigN: 5′ digoxigenin; 56-FAM:
5′ fluorescein derivative; 56-TAMN: 5′ TAMRA; 5BiosG: 5′ biotin; idSp:
internal dSpacer; 3SpC3: 3′ C3 spacer. HBB qPCR primers from ref. 32

Primer
name Assay Primer sequence (5′ → 3′)

KM29 qPCR GGTTGGCCAATCTACTCCCAGG
KM38 qPCR TGGTCTCCTTAAACCTGTCTTG
fP-A RPA /5DiGN/AGGGCAGTAACGGCAGACTTCTCC+TC
fP-S RPA /56-FAM/AGGGCAGTAACGGCAGACTTCTGC+A
fP-C RPA /56-TAMN/AGGGCAGTAACGGCAGACTTCTCAT+T
Probe RPA /5BiosG/GCTTACATTTGCTTCTGACACAACTGTGTTC

AC/idSp/AGCAACCTCAAACAG/3SpC3/
rP RPA GGGCAGAGCCATCTATTGCTTACATTTGCTTCT
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cycles of denaturation at 95 °C for 15 seconds and annealing
and extension at 60 °C for 1 minute.

Single-use aliquots of DNA associated with all target
genotypes were prepared in 1× TE buffer and stored at −80
°C. Prior to each experiment, target DNA was diluted in
nuclease-free water.

Primer screens

All allele-specific forward primer candidates (Tables S1–S3†)
were screened in 50 μL TwistAmp nfo RPA reactions
according to manufacturer's instructions. Primers and probe
that amplified a 115 base pair region of the β-globin gene
were adapted from previous work.31 Specifically, the probe
was modified according to RPA nfo guidelines to incorporate
an antigenic label to allow for lateral flow detection,33 and
forward primer candidates were designed to incorporate
locked nucleic acids or primer-template mismatches within
the last three nucleotides to achieve selective amplification;
the βA and βC allele-specific primers were extended by one
nucleotide such that the 3′ end of the primers were
positioned on the βC point mutation site. Primers and probe
were prepared at 10 μM working concentrations in 1X TE
buffer. Each 50 μL reaction contained one nfo enzyme pellet,
and 37.5 μL of a master mix containing 29.5 μL rehydration
buffer, 2.1 μL antigenically labelled forward primer
candidate, 2.1 μL reverse primer, 0.6 μL fluorescein-labelled
probe, and 3.2 μL of nuclease-free water. 10 μL of target
containing either nuclease-free water of 104 input copies of
genomic DNA was added, and 2.5 μL of 280 mM magnesium
acetate catalyst was added to tube caps. Reactions were
initiated with a quick centrifuge, then incubated for 20
minutes at 39 °C on a T8-ISO (Axxin Pty Ltd., Australia); a 2
mm stainless steel ball bearing (Simply Bearings Ltd.,
Manchester, UK) was included with each reaction to provide
continual mixing during incubation. After amplification,
products were immediately diluted 1 : 50 in running buffer
(Milenia, Giessen, Germany), and 10 μL of diluted product
was added to the sample pad of commercially available
lateral flow strips (HybriDetect, Milenia). Strips were then
placed upright into 100 μL of running buffer and allowed to
develop for at least 3 minutes before scanning on a flatbed
scanner (Epson Perfection V550 Photo).

Singleplex RPA

Primers that were able to selectively amplify target DNA
containing either the healthy βA allele or the point mutation
of interest in the βS or βC allele were chosen for further
validation and designed to contain unique antigenic labels
compatible with multiplexed amplification and lateral flow
detection (Table 1).6 To conserve nfo enzyme pellets and
reduce per-test cost, small-volume 10 μL singleplex RPA
reactions were prepared by assembling 37.5 μL of master mix
as described above. Each lyophilized nfo enzyme pellet was
rehydrated with 37.5 μL of master mix, of which 7.5 μL was
aliquoted into individual PCR tubes. 2 μL of target was

added, and 0.5 μL of 280 mM magnesium acetate was added
to the caps. Reactions were initiated with a quick spin to
combine all reagents, vortexed briefly and spun again before
incubating for 20 minutes on a heat block set to 39 °C. After
four minutes, all reactions were removed from the heat block
and vortexed, then briefly centrifuged before replacing on the
heat block for the remaining 16 minutes of incubation.34

Following amplification, reactions were immediately diluted
with 90 μL of 1× PBST to stop the reaction. The entire 100 μL
volume of diluted RPA amplicons was pipetted onto the end
of a custom lateral flow strip, and followed with 100 μL of 1×
PBST as a running buffer. Strips were allowed to flow for ten
minutes, then scanned on a flatbed scanner.

Multiplex RPA

All RPA primers and the probe listed in Table 1 were
prepared at 20 μM working concentrations in 1× TE buffer to
assemble multiplexed RPA reactions. Each lyophilized nfo
enzyme pellet was rehydrated with 37.5 μL containing 29.5
μL of rehydration buffer, 1.05 μL unmodified reverse primer,
0.5 μL biotinylated probe, 0.481 μL fP-S, 0.656 μL fP-C, 0.613
μL of fP-A, 1 μL of Tte UvrD helicase (New England Biolabs),
and 3.7 μL nuclease-free water. 10 μL multiplex RPA reactions
contained 7.5 μL of the rehydrated enzyme pellet mixture, 2
μL of target, and 0.5 μL of 280 mM magnesium acetate in the
caps, such that the final concentrations were 420 nM
unmodified reverse primer, 200 nM biotinylated probe, 192.5
nM fP-S, 245 nM fP-A, 262.5 nM fP-C, and 0.4 ng of Tte UvrD
helicase per reaction. Reactions were initiated with a quick
spin to combine all reagents, vortexed briefly and spun again
before incubating for 20 minutes on a heat block set to 39
°C, with a brief vortex and centrifuge step after four minutes
of incubation. After amplification, amplicons were detected
on custom lateral flow strips as described above.

Clinical samples: genomic DNA extraction and testing

De-identified venous blood samples from patients in the
Sickle Cell Program at Texas Children's Hospital were
collected under a protocol reviewed and approved by the
Institutional Review Boards at Rice University and Baylor
College of Medicine. Genotypes, as determined by HPLC,
were provided with samples. Venous blood samples from
healthy volunteers were obtained under Rice University IRB
Protocol 2017-303; these samples were presumed to have
genotype AA. All blood samples were collected into EDTA
anticoagulant tubes and stored at 4 °C until testing. Genomic
DNA was extracted from samples using the Qiagen DNA
Micro Kit (56304) or the Qiagen DNeasy Blood & Tissue Kit
(69504) according to manufacturer's instructions, with a final
elution step into either 50 or 100 μL of buffer AE. DNA was
stored at −20 °C until use. Upon thawing, samples were input
undiluted into the multiplexed reaction containing 168 nM
of fP-S, 269.5 nM fP-A, 262.5 nM fP-C, and 0.4 ng of Tte UvrD
helicase per reaction. DNA concentration of each sample was
also measured using a NanoDrop (ND-1000). Samples with
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discordant results were amplified with PCR and submitted
for Sanger sequencing (Azenta Life Sciences, Burlington, MA).

Lateral flow assays

Multiplexed lateral flow strips (Fig. S1†) were adapted from ref.
25 and were fabricated and stored at room temperature in a
desiccated foil bag until use. All paper components were cut
to size with a laser cutter (Universal Laser Systems VLS 3.60,
Scottsdale, AZ) prior to assembly.

Anti-FITC (ab19224, abcam, Cambridge, MA), anti-
digoxigenin (ab64509, abcam), and biotinylated goat anti-
mouse IgG (B7401, Sigma-Aldrich) were prepared as
previously described.3 Briefly, antibodies were diluted to
concentrations of 0.5 mg mL−1, 2.5 mg mL−1 and 1 mg mL−1

in a buffer containing 5% methanol and 2% sucrose in 100
mM sodium bicarbonate. Anti-TAMRA (MA1041,
ThermoFisher) was used undiluted at 1 mg mL−1. A
sciFLEXARRAYER S3 (Scienion, Berlin, Germany) was used to
deposit approximately 18 μg, 9 μg, 112.5 μg and 4.5 μg of
anti-TAMRA, anti-FITC, anti-digoxigenin, and biotinylated
anti-mouse IgG, respectively, in four parallel lines on a 31
mm × 250 mm backed sheet of nitrocellulose (Unistart CN95,
Sartorius, Goeingen, Germany). The first test line was printed
14.5 mm from the proximal edge, and subsequent test lines
printed three mm apart.

Conjugate pads were prepared by diluting streptavidin-
coated gold nanoshells (GSIR150, Nanocomposix, San Diego,
CA) in a three to five ratio with 5% BSA in 1X PBST. Two mL
were pipetted onto a 16 mm × 250 mm glass fiber pad (Grade
8980, Ahlstrom, Mt Holly Springs, PA), then lyophilized
without freezing for at least 24 hours in a freeze-drying
system (LabConco FreeZone 12, Kansas City, MO). After
lyophilization, the conjugate pad was then used for lateral
flow strip assembly.

Lateral flow strips (Fig. S1†) were assembled on an 80 mm
backing card (MIBA-010, Diagnostics Consulting Network,
Carlsbad, CA). The covertape between the kiss cuts at 17 mm
and 43 mm was removed, and the nitrocellulose membrane
was aligned. Then, a 19 mm × 250 mm cellulose wicking pad
(CFSP223000, Millipore) was placed at the distal edge of the
nitrocellulose membrane, with a two mm overlap. The
conjugate pad was placed at the proximal end of the
nitrocellulose membrane, also with a two mm overlap.
Finally, a 27 mm × 250 mm glass fiber sample pad (Ahlstrom
Grade 8951) was placed at the proximal end, overlapping
three mm with the conjugate pad with a six mm overhang.
The assembled card was cut into five mm wide strips using
an A-Point Digital guillotine cutter (Arista Biologicals,
Allentown, PA, USA).

Image analysis

Signal-to-background ratios (SBR) at the test and control lines
were calculated using a custom image analysis program in
MATLAB. Raw RGB images were converted to grayscale and
inverted, and the average pixel intensity values across the

width of the strip were computed to create a mean intensity
line profile along the length of the strip. For custom lateral
flow strips containing three test lines, the signal at the A, S,
and C test lines was found by searching for the highest peaks
within a 15-pixel windows centered 20, 40, and 60 pixels from
the control line peak, respectively; if no peaks were found,
then the median pixel value of the mean intensity line profile
in each window was taken. The background was calculated
by averaging the mean intensity line profile at pixels centered
between the test line search regions, (i.e. located 10, 30, and
50 pixels away from the control line location) to form one
overall background signal value. The SBR at each test line
was then calculated as the ratio of the test line signal to that
of the background. For Milenia strips used during primer
screens, the SBR was calculated similarly; the signal at the
test line was found by searching for the highest peak within
a 15-pixel window centered 60 pixels from the control line
peak, the background signal was the average of the highest
peaks in the inverted mean intensity line profile, and the
SBR was calculated by dividing the test line signal over the
background signal.

Data analysis

To set positivity thresholds for the singleplex allele-specific
RPA reactions, the mean SBR of no-target controls at the test
line of interest was calculated, and the positivity threshold
was set three standard deviations above the mean. For the
optimized multiplexed allele-specific RPA, the positivity
threshold for A, S, or C lines was set by averaging the SBR at
the test line of interest of no-target controls and samples
containing off-target alleles, adding three standard deviations
to the mean, and increasing the resultant value by ten
percent.

The positivity thresholds for the A, S, and C lines in the
multiplex reaction were then used to determine the genotype
for each clinical sample according to the following algorithm
(Fig. S2†): 1) if only the signal at the A test line exceeded the
A positivity threshold, then the sample was assigned
genotype AA; 2) if the signal at both the A and S test lines
exceeded the corresponding positivity thresholds, then the
sample was assigned genotype AS; 3) if only the signal at the
S test line exceeded its positivity threshold, then the sample
was assigned genotype SS; 4) if the signals at both the S and
C test lines exceeded the corresponding positivity thresholds,
or if the signal at all three test lines exceeded their thresholds,
the sample was assigned genotype SC; 5) if the signal at all test
lines was below the corresponding positivity threshold, the
test was considered invalid, as it is expected that all
individuals tested will have at least one of the three targeted
β-globin alleles, and the absence of test lines likely
indicates that sufficient amplification did not occur.

To evaluate whether the mean DNA concentration was
significantly different for clinical samples that produced valid
and invalid results, a one-tailed unpaired t-test assuming
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unequal variances was performed (GraphPad Prism, version
9.5.1).

Results and discussion
Primer screens

To facilitate LFA detection, we incorporated a 5′ antigenic
label to the previously published allele-specific primer for the
βS gene and modified the probe according to RPA nfo
guidelines to allow for direct amplicon detection on
commercially available lateral flow strips.33 However, the
primer could no longer differentiate between the βA and the
βS alleles in this adapted format (Fig. 1, fP-S-4). To overcome
this limitation, we screened primers listed in Table S1,† and
found that the primer demonstrating the best specificity had

a locked nucleic acid on the 3′ end of the primer at the point
mutation site, and an additional strategic mismatch on the
third base from the 3′ end (fP-S). The difference in specificity
observed between the RPA nfo and the RPA exo kit is likely
due to the 3′ to 5′ exonuclease activity.22,30 Both the LNA and
the ARMS mutation were found to be necessary to suppress
off-target amplification of the βA allele – the lack of an LNA
on the point mutation site (fP-S-1) and the lack of an
additional mismatch (fP-S-3) resulted in amplification of both
the βA and the βS alleles, but more than one LNA in the last
three bases of the primer resulted in markedly reduced
amplification efficiency of the βS allele (fP-S-2, fP-S-5, fP-S-6).

We then adapted the allele-specific primer design to
selectively amplify the βC allele and confirmed that the
specificity enhancing modifications (strategic mismatch on

Fig. 1 βS Allele-Specific Forward Primer Design and Screening. (A) Allele-specific forward primers for the βS allele were designed to incorporate
specificity-enhancing modifications listed in the table. Primers were subsequently screened using 10000 input copies of either AA or SS target.
Signal-to-background ratios of the resultant lateral flow assays are graphed. Individual replicates are represented by a circle, and horizontal lines
represent the mean (n = 2). fP-S, containing an LNA on the point mutation site and a strategic ARMS mismatch, is highlighted as it was the only
combination to have a statistically significant difference in signal formation between the two targets (p = 0.0006, two-tailed unpaired t-test). (B)
Schematic of specificity enhancing modifications incorporated into fP-S that achieve allele-specific amplification of DNA encoding for the βS

globin allele.
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third base and LNA on the mutation site) were enough to
suppress amplification of both the βS and the βA alleles while
maintaining amplification of the βC allele (Fig. S3†). Finally,
we sought to re-design our previously published βA allele
primer such that off-target amplification of both the βS and
the βC alleles was suppressed. We extended the length of the
βA primer such that the 3′ end was positioned on the βC point
mutation and applied design strategies to suppress both βS

and βC allele amplification – the final primer designs are
listed in Table S3.† We then screened these βA primer
candidates using target DNA with genotypes AA, SS, and CC
(Fig. 2A).

Results show that previously successful primer designs for
allele-specific amplification, such as the use of an LNA on
the penultimate base (A-v1) or the combination of an LNA on
the 3′ end with an additional mismatch on the third base
from the 3′ end (A-v2), were unable to suppress both off-
target βS and βC amplification. In fact, many of the primer
designs screened were unable to successfully suppress βS

amplification; this is perhaps because the βS mutation site
was located at the penultimate nucleotide position of the βA

primer, and RPA has been shown to be tolerant to
mismatches on the interior of primers.20–22 We found that it
was necessary to include specificity enhancing modifications

Fig. 2 βA Allele-Specific Forward Primer Design and Screening. (A) Allele-specific forward primers for the βA allele were designed to incorporate
specificity-enhancing modifications listed in the table. Primers were subsequently screened using 10000 input copies of AA, SS, or CC target.
Signal-to-background ratios of the resultant lateral flow assays are graphed. Individual replicates are represented by a circle, and horizontal lines
represent the mean (n = 2). fP-A, containing an LNA one base from the 3′ end and a strategic mismatch on the 3′ end (highlighted) had a
statistically significant difference in signal formation between target containing only the βA globin allele and off-targets containing either the βS

globin allele (p = 0.004) or the βC globin allele (p = 0.004), while maintaining strong signal formation of the target allele. **p < 0.01; ***p < 0.001;
****p < 0.0001; significance determined for each primer pair by a one-way ANOVA with post-hoc Tukey's test. (B) Schematic of specificity
enhancing modifications incorporated into fP-A that achieve allele-specific amplification of DNA encoding for the βA globin allele.
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on both the penultimate and ultimate base to suppress both
βS and βC allele amplification (fP-A, A-v7). fP-A was chosen as
the best primer for allele-specificity given its ability to
suppress both off-target alleles while maintaining strong
amplification of the target βA globin allele; A-v7, while
successful at suppressing amplification for off-target alleles,
had reduced amplification efficiency of the target βA allele,
likely due to the proximity of two LNAs in the 3′ end of the
primer.

Singleplexed allele-specific RPA

We next sought to translate the allele-specific assays to a
custom lateral flow strip that would allow simultaneous
visualization of all three allele-specific products. We
incorporated a unique antigenic tag on each allele-specific
primer and fabricated lateral flow strips that captured
products at separate test lines (Fig. 3A), then validated that
the translated amplification and lateral flow detection assays

Fig. 3 Assay overview and singleplex performance. (A) Schematic of amplification (left) and lateral flow detection (right) of allele-specific
amplification products. Each allele-specific forward primer contains a distinct antigenic label that allows for lateral flow capture and visualization
of allele-specific products at separate test lines on a custom lateral flow assay. (B) Scans of representative lateral flow strips following amplification
of 10000 input copies of DNA per reaction from purchased DNA samples with clinically relevant genotypes AA, AS, SS, or SC. DNA was amplified
using each of the allele-specific primers in singleplex reactions and detected on custom lateral flow strips. (C) Signal-to-background ratio (SBR) of
test lines for each condition shown in (B). Horizontal line represents the mean SBR for three replicates of DNA or the mean SBR for four negative
replicates containing only water. Only genotypes containing the allele of interest result in signal formation above the positivity threshold (dashed
line) at the corresponding test line of interest. NTC: no-target control.
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were able to maintain allele specificity and correctly
differentiate purchased genomic DNA for the following
clinically relevant genotypes: healthy (AA), trait (AS), sickle
cell anemia (SS), and hemoglobin SC disease (SC).

In a singleplex format, the allele-specific reactions only
yield signal at the test line of interest for genotypes
containing the target allele (Fig. 3B and C). Interestingly, the
signal at the C test line is lower than the signal at either the
S of A test lines, which is likely a result of the increased flow
rate in the proximal portion of the strip that allows less
reaction time for antigen and antibody binding, whereas flow
is slower at the more distal S and A test lines, allowing for
more reaction time to form stronger signal.35,36

Optimized multiplexed allele-specific RPA

To further simplify assay set-up, we next sought to multiplex
the three allele-specific amplification assays into a single
reaction. We optimized primer concentrations (Fig. S4 and
S5†), magnesium concentration (Fig. S6†), reaction additives
(Fig. S7†), and reaction temperature (Fig. S8†). We then
evaluated the performance of the optimized multiplexed
reaction with purchased DNA of both homozygous (AA, SS)
and heterozygous (AS, SC) genotypes of interest in triplicate.
The resultant lateral flow strips are shown in Fig. 4A.

Faint non-specific signal formation is observed at the A
test line even when the βA allele is not present in the
multiplexed reaction, especially for SC samples, despite
extensive optimization of the multiplexed reaction. This is

likely due to concentration dependent specificity, where fP-A
is unable to maintain allele specificity as millions of copies
of off-target amplicons are generated. Thus, SC target was
excluded when setting the positivity threshold for the A line.
Using the combination of signals formed on the lateral flow
strips that cross the corresponding threshold for positivity,
the optimized multiplexed assay could successfully
differentiate DNA from healthy individuals (AA), DNA from
patients with sickle cell trait (AS), and DNA from patients
with sickle cell anemia (SS) or hemoglobin SC disease (SC)
(Fig. 4B). To increase usability of the assay in the field and
enable definitive and consistent genotype predictions, the
allele-specific positivity thresholds could be programmed into
a low-cost lateral flow reader to automate strip interpretation.

Performance of multiplexed assay with clinical samples

Finally, we evaluated the performance of the multiplexed
amplification and detection assay with genomic DNA
extracted from whole blood samples from both sickle cell
patients and healthy volunteers using the workflow outlined
in Fig. 5A. A total of 20 samples were tested (seven AA
samples, seven SS samples, and six SC samples), of which 13
had valid results by the algorithm in Fig. S2;† seven samples
were considered invalid as they did not have any test lines
above the corresponding positivity thresholds, indicating
amplification was not sufficient to produce detectable
amplicons. Lateral flow strips and SBRs for each clinical
sample are shown in Fig. S9.† Fig. 5B shows a confusion

Fig. 4 Multiplexed allele-specific RPA can genotype the β-globin gene in a single round of amplification. (A) Lateral flow strips and (B)
corresponding signal-to-background ratios at each test line of purchased genomic DNA amplified and detected with the optimized multiplexed
assay in triplicate. Genotypes AA, AS, SS, and SC are visually distinguishable, and samples containing the allele of interest result in SBRs above the
positivity threshold (dashed lines) at the corresponding test lines of interest. NTC: no-target control.
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matrix of the genotype predictions from the multiplexed
assay (left) compared to the genotypes reported by HPLC
(top). Of the 13 tests that produced valid results, four AA
samples were correctly genotyped as AA, three SS samples
were correctly genotyped as SS and one was incorrectly
genotyped as AS, and all five SC samples were correctly
genotyped as SC. The misidentification of a patient with SS
genotype as sickle cell trait (AS) could delay critical care. The
discordant sample was submitted for Sanger sequencing to
identify if the sample was contaminated by amplicons in the
laboratory workspace during DNA purification; however,
sequencing confirmed the genotype identified by HPLC.
Thus, the multiplexed assay's overall accuracy at genotype
prediction for valid samples was 92.3%, with a sensitivity for
SCD detection of 89% and a specificity of 100%.

Next, we compared the DNA concentration for samples
that produced invalid results to that for samples that
produced valid results, as we hypothesized invalid results
were produced when the amount of input DNA was below the

multiplexed assay limit of detection. We found that the mean
DNA concentration of samples that produced invalid results
was not significantly lower than the mean DNA concentration
of samples that produced valid results (Fig. 5C; p = 0.1102,
significance determined using a one-tailed unpaired t-test
assuming unequal variances). The one SC sample that had
an invalid test result had an input DNA concentration of 18.2
ng μL−1; however two SC samples with similar input
concentrations of 16.7 and 18.4 ng μL−1 had valid test results.
Similarly, the three SS samples that produced invalid results
had DNA concentrations between 17.5 and 42.3 ng μL−1 (Fig.
S8†), but one SS sample with a DNA concentration in that
range of 33.5 ng μL−1 produced a valid test result. These
results are likely due to some stochastic variability near the
multiplexed assay's limit of detection. However, the invalid
AA samples tended to have higher DNA concentrations of 31–
62.5 ng μL−1. A larger validation with clinical samples is
needed to better understand the relationship between input
DNA concentration and assay performance.

Fig. 5 Testing workflow and performance of multiplexed assay with clinical samples. (A) Overview of the workflow used to test clinical samples.
(B) Confusion matrix of test results predicted by the multiplexed assay (left) compared to the genotypes reported by the reference standard HPLC
(top). (C) DNA concentration (ng μL−1) as measured by NanoDrop of clinical samples that produced invalid and valid test results. The mean DNA
concentration in samples that produced invalid test results was not significantly different than the mean DNA concentration for clinical samples
that produced valid test results (p = 0.1102), as determined by a one-tailed unpaired t-test assuming unequal variances. (D) Allele sensitivity and
specificity within the multiplexed reaction was calculated based on samples that generated valid results.
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Finally, we calculated the sensitivity and specificity of the
multiplexed assay to identify the presence of the βA, βS, and
βC alleles based on samples that produced valid results
(Fig. 5D). For the βA allele, the assay correctly identified four
of four valid AA samples as having the βA allele, and correctly
predicted eight of nine SCD samples as negative for the βA

allele, resulting in a sensitivity of 100% and a specificity of
90% for βA. Of the nine SCD samples that produced valid
results, all nine were correctly identified as having the βS

allele present, and all four AA samples were correctly
classified as not having the βS allele, leading to a sensitivity
and specificity of 100% for the βS allele. Similarly, the assay
correctly identified the presence of the βC allele in five of five
valid SC samples, and correctly did not identify the βC in
eight AA and SS samples; thus, the multiplexed assay has a
100% sensitivity and 100% specificity at βC allele detection.

Conclusion

We successfully developed a novel, multiplexed, allele-
specific recombinase polymerase amplification assay with
lateral flow detection that can detect pathologic β-globin
alleles, βS and βC, in a single round of isothermal
amplification. The results of the multiplexed amplification
and detection assay can be used to predict a patient's
genotype, and thus differentiate patients with sickle cell
disease that require treatment (SS and SC) from patients
without a sickling mutation (AA) or patients with sickle cell
trait who do not require treatment (AS). When validated in a
pilot set of extracted genomic DNA from individuals with AA,
SS and SC genotypes, the assay demonstrated an overall
genotype prediction accuracy of 92.3%, with 100% sensitivity
and 100% specificity at detecting pathologic alleles βS and βC

in samples that produced valid test results.
Following additional optimization and validation, the test

developed here could meet the urgent need for a rapid, low-
cost, and easy-to-use diagnostic for SCD suitable for use in
all patients.37 Most children born in LMICs die of severe
anemia or bacterial infections before age five, often without
having received a diagnosis8,38,39 due to the high cost and
complexity of conventional diagnostic methods for SCD.
Although there are several commercially available tests to
reduce the cost and infrastructure requirements associated
with SCD diagnosis, including lateral flow immunoassays
such as SickleScan™ and HemotypeSC™,40–45 and paper-
based electrophoresis devices,46–48 protein-based diagnostics
generally cannot be used reliably on patients without a prior
diagnosis of SCD who have recently received a transfusion of
red blood cells, as transfusions contain globin proteins from
the donor,49–51 leading individuals with SCD to be
misdiagnosed as having sickle cell trait. This is a significant
limitation that delays diagnosis and critical life-saving care
for many SCD patients who are emergently transfused
without a prior diagnosis.50,51 In contrast, the DNA-based
diagnostic developed here circumvents the challenges of
protein-based testing by identifying the underlying genetic

cause of SCD, and could enable more timely diagnosis for
potential SCD patients who have recently undergone a blood
transfusion.

The work presented here adds to the growing body of
literature of using RPA to detect point mutations in a single
round of isothermal amplification,26,27,29–31,52 and further
elucidates the impacts of locked nucleic acids and strategic
mismatches as specificity enhancing strategies in RPA.
Moreover, to our knowledge, it is the first report of an assay
to achieve multiplexed point mutation detection in a single
round of RPA that is compatible with lateral flow readout,
which simplifies the workflow and reduces the cost
associated with multiple reactions and expensive readout
equipment. In addition, the assay described significantly
reduces instrumentation requirements of previous reports by
coupling RPA with lateral flow detection. Overall, the test
achieves an estimated per-test materials cost of <$7 USD
(Table S4†), of which $5 USD is due to the use of pre-
functionalized gold nanoshells. With an alternative reporter
such as gold nanoparticles,3 and additional cost reductions
expected with at-scale manufacturing, the developed test
could meet the price threshold for a diagnostic SCD test
determined by previous cost analyses.53

The assay developed here has some limitations that
should be addressed in future work. In its current format,
the test still requires manual transfer of amplicons to the
sample pad of the lateral flow strip, which could lead to
workspace contamination with amplified DNA. Integration
into a manufacturable, self-contained disposable could
mitigate the risks of such contamination. In addition, point-
of-care sample preparation strategies, such as alkaline lysis
with sodium hydroxide,31 enzymatic lysis with
achromopeptidase,24,25,54 or heat lysis,18 need to be
integrated with the assay to make it more suitable for use in
low-resource settings. Moreover, additional optimization to
improve assay specificity, genotype accuracy, and enable
consistent and definitive visual interpretation is needed; in
the assay's current form, a low-cost lateral flow reader would
be required for genotype prediction. Finally, a validation
study with a larger set of clinical samples, especially in
samples with genotype AS, is needed to better understand
the assay's ability to differentiate SS patients that require
treatment from AS patients that do not.

In conclusion, we developed a multiplexed RPA assay with
lateral flow readout that is capable of identifying human
genomic DNA containing point mutations encoding for
pathologic βS and βC globins in a single round of isothermal
amplification, and can be used to determine a person's
genotype. We validated its performance with extracted
genomic DNA from clinical samples and demonstrated
strong genotype prediction agreement with a clinical
reference test. With incorporation of sample preparation
strategies, additional assay optimization, and a larger clinical
evaluation, the developed test could enable DNA-based
diagnosis of sickle cell disease for patients in low-resource
settings.
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