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ABSTRACT: This work describes a proof-of-concept multi-
plex recombinase polymerase amplification (RPA) assay with 
lateral flow readout that is capable of simultaneously detect-
ing and differentiating DNA from any of the diarrhea-causing 
protozoa Giardia, Cryptosporidium, and Entamoeba. Together, 
these parasites contribute significantly to the global burden of 
diarrheal illness. Differential diagnosis of these parasites is 
traditionally accomplished via stool microscopy. However, 
microscopy is insensitive and can miss up to half of all cases. 
DNA-based diagnostics such as polymerase chain reaction 
(PCR) are far more sensitive; however, they rely on expensive thermal cycling equipment, limiting their availability to centralized 
reference laboratories. Isothermal DNA amplification platforms, such as the RPA platform used in this study, alleviate the need 
for thermal cycling equipment and have the potential to broaden access to more sensitive diagnostics. Until now, multiplex RPA 
assays have not been developed that are capable of simultaneously detecting and differentiating infections caused by different 
pathogens. We developed a multiplex RPA assay to detect the presence of DNA from Giardia, Cryptosporidium, and Entamoeba. 
The multiplex assay was characterized using synthetic DNA, where the limits-of-detection were calculated to be 403, 425, and 
368 gene copies per reaction of the synthetic Giardia, Cryptosporidium, and Entamoeba targets, respectively (roughly 1.5 orders of 
magnitude higher than for the same targets in a singleplex RPA assay). The multiplex assay was also characterized using DNA 
extracted from live parasites spiked into stool samples where the limits-of-detection were calculated to be 444, 6, and 9 parasites 
per reaction for Giardia, Cryptosporidium, and Entamoeba parasites, respectively. This proof-of-concept assay may be reconfigured 
to detect a wide variety of targets by re-designing the primer and probe sequences. 
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to three different diarrhea-causing protozoa. The multiplex assay 
builds on work we previously published describing three separate 
RPA assays to diagnose Cryptosporidium species, Giardia lamblia 
(G. lamblia), and Entamoeba histolytica (E. histolytica).1−3 

RPA and other DNA diagnostics such as polymerase chain 
reaction (PCR) can amplify detect trace levels of pathogen DNA 
to levels that are easily detected. Because very low concentrations 
of pathogen can be detected, DNA tests are typically significantly 
more sensitive than traditional diagnostic methods such as 
microscopy or antibody-based tests.4−7 

While PCR is considered to be the gold standard for 
diagnosing many infectious diseases, it requires the use of heat-
labile reagents, technical expertise to avoid cross-contamination, 
and specialized thermal cycling equipment, which often limits its 
availability to centralized reference laboratories. A number of 
nucleic acid amplification methods have been developed recently 
to bypass the requirement for a thermal cycler.8−11 These plat-
forms use a fixed temperature heater instead of a thermal cycler, 
which costs an order of magnitude less, potentially allowing 
broader access to diagnostics based on isothermal amplifica-
tion.12 

One isothermal amplification platform, RPA, offers significant 
advantages. RPA enzymes are provided in an easy-to-transport 
format that does not require refrigeration. Moreover, RPA is 
tolerant to sample impurities that inhibit other nucleic acid (NA) 
amplification platforms and provides test results that can be easily 
visualized in the field using lateral flow strips.13,14 

Detection and differentiation of multiple DNA targets allows 
clinicians to run syndromic panels to simultaneously test for 
several diseases that present similarly in the clinic but require 
different treatments.17 Steps toward a multiplexed RPA assay 
have been reported, though these approaches require the use of a 
fluorescence reader.18−20 Even basic fluorescence detectors may 
cost thousands of dollars and are thus not appropriate for low-
resource settings.21 The ability to detect multiple targets using 
a low-cost platform such as a lateral flow strip that could be 
interpreted visually or with a simple reader could facilitate the 
implementation of DNA-based diagnostics for syndromic panels. 
In this work we detail the development and optimization of a 

multiplex RPA reaction capable of amplifying DNA from three 
different diarrheal-causing protozoa in a single tube. The results 
can be read with easy-to-make multiplex lateral flow strips 
containing three different detection zones and a positive control 
zone. The multiplex RPA assay amplifies different DNA targets 
from the G. lamblia, E. histolytica, and Cryptosporidium species 
genomes. These three parasites were selected for this proof-of-
concept assay because they are significant contributors to diar-
rheal disease and resulting malnutrition around the world, all 
have similar clinical presentations, but require different treatment 
regimens to be managed effectively.22−24 

The multiplex assay was characterized with three synthetic 
DNA targets, and its performance was compared to singleplex 
assays using the same targets. The singleplex assays had limits-of-
detection of 10−40 gene copies, roughly an order of magnitude 
more sensitive than the limits-of-detection for the multiplex assay 
for each of the respective targets. The limits-of-detection for the 
multiplex assay using stool spiked with live parasites was around 
10 parasites per reaction for Entamoeba and Cryptosporidium and 
400 parasites per reaction for Giardia. 
This is the first lateral-flow-based multiplex RPA assay that is 

capable of simultaneously amplifying three different genetic 
targets. This work contributes to a better understanding of how 

to integrate RPA assays into syndromic panels and therefore 
expand the use of syndromic RPA panels. 

■ METHODS 
Singleplex RPA Assays. Singleplex RPA reactions were 

assembled according to the manufacturer’s recommended 
protocol, but with slight modifications to probe design described 
in later text.14 Each reaction contained an RPA TwistAmp nfo 
enzyme pellet that was rehydrated with 45.5 μL of a master-mix 
consisting of 29.5 μL of supplied rehydration buffer, 11.2 μL of  
nuclease free water, 2.1 μL of 10  μM forward primer, 2.1 μL of  
10 μM 5′-biotinylated reverse primer, and 0.6 μL of 10  μM 
5′-labeled probe. The probe was designed according to the 
manufacturer’s recommendations with a 5′ label, an internal 
spacer replacing a base, and a 3′ carbon blocker. The 5′ labels for 
the Giardia, Entamoeba, and Cryptosporidium probes were Alexa 
Fluor488, fluorescein, and digoxigenin, respectively. See Table 1 
for a complete description of primers and probes for each assay. 
After rehydrating the enzyme pellet with 45.5 μL of the 

master-mix, 2 μL of target (synthetic DNA standard or DNA 
extracted from stool) were added to each reaction. Next, 2.5 μL 
of the supplied magnesium acetate was added to the lid of each 
tube containing a reaction. All reactions were simultaneously 
initiated by centrifuging the magnesium acetate into the reaction 
mixture and transferring the tubes to a 37 °C heat block for 
35 min. 
After incubation in the heat block, 5 μL of RPA amplicons 

were removed and diluted in a tube containing 95 μL of tris-
buffered saline solution (25 mM tris, 150 mM NaCl, 0.05% 
Tween 20). The conjugate pad end of one of the multiplex lateral 
flow strips was then placed vertically inside the tube. After 10 min 
of flow, the strip was removed and immediately scanned using a 
flatbed scanner (V500, Epson, Long Beach, CA, USA). 
Agarose gel electrophoresis was used to visualize reaction pro-

ducts. In the presence of target DNA, RPA reactions generated 
two RPA products: a long product from the forward and reverse 
primer and a shorter, dual-labeled product from the probe and 
the reverse primer. Primers and probe with standard fluorescein 
modifications were initially screened via gel electrophoresis to 
ensure visualization of desired products. Alternative probe modi-
fications were similarly screened using standard probe modifi-
cations as a control. 
The dual-labeled DNA amplicons (labeled with biotin and 

either Alexa Fluor488, fluorescein, or digoxigenin depending on 
which target and probe(s) were in the assay) were detected via 
lateral flow strips as shown schematically in Figure 1. Addition of 
the reaction product to the lateral flow strips rehydrates the dried 
gold nanoparticles and initiates flow. If present, biotin-labeled 
DNA product binds to the streptavidin-coated gold nanoparticles 
and is captured at one of the three detection zones in a traditional 
sandwich assay, causing a color change that is easily visualized with 
the naked eye (Figure 3). Any unbound streptavidin-coated gold is 
captured at the positive control line by a biotinylated IgG. 

Multiplex RPA Assay. The three, separate singleplex assays 
were then integrated into one multiplex assay. Multiplex RPA 
reactions capable of amplifying up to three different targets were 
assembled by rehydrating an RPA nfo enzyme pellet with 41.5− 
45.5 μL of a master-mix (depending on the volume of target in 
each reaction). The master-mix consisted of 29.5 μL of rehy-
dration buffer, 7−11 μL of nuclease free water, 0.74 μL each of 
Giardia forward and reverse primers, 0.28 μL of  Giardia probe, 
0.81 μL of  Entamoeba forward and reverse primers, 0.38 μL 
of Entamoeba probe, 0.53 μL of  Cryptosporidium forward and 
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reverse primers, and 0.2 μL of  Cryptosporidium probe (all primers 
and probes stored at 10 μM concentration). After rehydrating the 
enzyme pellet, 2−6 μL of target was added to each reaction. 
Limit-of-detection (LOD) experiments were conducted using 
2 μL of 1 target. Experiments when the multiplex RPA assay was 
used to amplify two or three targets simultaneously utilized a 
total of 4 or 6 μL (2  μL for each of up to three different targets). 
Otherwise, multiplex RPA assays were conducted exactly as 
singleplex RPA assays were. 

Multitarget Amplification. The multiplex RPA assay 
was used to simultaneously amplify various combinations and 
concentrations of Giardia, Entamoeba, and Cryptosporidium 
synthetic targets. All combinations contained DNA from two 
or three targets using either a low target DNA concentration (103 

gene copies per reaction) or a high target DNA concentration 
(105 gene copies per reaction) for each target. Each of the 20 
combinations was tested three different times. 

Objective Determination of Test Results. Objective 
determination of positive and negative test results was accom-
plished using a custom MATLAB script that has been previously 
described.1,15 Briefly, a signal-to-background ratio (SBR) at each 
detection zone was calculated and compared to a threshold SBR 
for that zone. The threshold SBR was set at the average plus three 
standard deviations of the SBR from nine negative control 
reactions. If the signal intensity of a given detection zone was 
greater than the threshold for that zone, the test was considered 
positive for that target. In this study, as with previous studies, 
visual determination almost always corresponded with the 
objective determination. 

Assembly of Lateral Flow Strips. Dual-labeled RPA 
products were detected with lateral flow strips as described in 
Methods on the “singleplex RPA assay”. Lateral flow strips were 
assembled as follows and stored for up to 1 month prior to 
use. Streptavidin-coated gold colloid for lateral flow strips was 
made according to a protocol adapted from Toubanaki et al.25 

Briefly, the pH of 1 mL of 50 nm gold colloid (15707-1, Ted 
Pella, Redding, CA, USA) was adjusted to 9.5 using 1 μL of  
200 mM sodium borate (S248, Fisher, Pittsburgh, PA, USA). In a 
separate microcentrifuge tube, 2 μL of 2 mg/mL streptavidin 
(S000-01, Rockland, Limerick, PA, USA) was mixed with 398 μL 
of 2 mM sodium borate. The diluted streptavidin was added to 
the pH-adjusted gold in 50 μL increments, vortexing after each 
addition. The gold and streptavidin were incubated for 45 min at 
room temperature. They were then mixed with 155.6 μL of 10% 
bovine serum albumin (A3059-50g, Sigma-Aldrich, St. Louis, 
MO, USA) in 2 mM sodium borate and incubated at room 
temperature for 15 min. The gold was then washed 3 times by 
centrifuging at 5,000 rcf for 8 min, removing the supernatant, and 
resuspending the gold in 1 mL of 1% BSA in 2 mM sodium 
borate. Finally, the gold was centrifuged at 5,000 relative cen-
trifugal force (rcf) for 8 min again, the supernatant removed, and 
resuspended in 250 μL of  a  buffer containing 5% bovine serum 
albumin, 137 mM sodium chloride (S671, Fisher), and 0.025% 
Tween 20 (P9416, Sigma-Aldrich). 
Sixteen separate tubes of streptavidin-coated gold were pre-

pared in parallel according to the protocol described previously 
and then mixed to obtain a final volume of 4 mL of streptavidin-
coated gold. A 1 mL aliquot of gold was then pipetted onto 
four separate 7 mm × 300 mm laser cut glass fiber pads 
(GFCP203000, Millipore, Billerica, MA, USA), spread evenly, 
and dried on the benchtop overnight. 
The next day lateral flow strips were prepared by striping 

capture antibodies onto a plastic-backed nitrocellulose card 
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Figure 1. Schematic of simultaneous lateral flow detection of multiple targets. The biotin end of dual-labeled amplicons binds to streptavidin-coated 
gold and wicks down the lateral flow strips. The other end of the dual-labeled amplicons is captured at one of the three detection zones. 

Figure 2. Schematic of lateral flow card assembly. Cards were made by 
striping antibodies onto plastic-backed nitrocellulose and then layering a 
glass fiber pad containing dried gold nanoparticles, and a sample pad, on 
the upstream ends, and an absorbent pad on the downstream end. 

(HF135MC100, Millipore). Anti-Alexa antibodies (A619224, 
Life Technologies, Carlsbad, CA, USA) were diluted to a final 
concentration of 0.5 mg/mL using the antibody buffer con-
taining 5% methanol (494437 Sigma-Aldrich) and 2% sucrose 
(IB37160, IBI Scientific, Peosta, IA, USA) in 100 mM sodium 
bicarbonate (S233 Fisher). Similarly, anti-FITC (ab19224, 
abcam), antidigoxigenin (ab64509, abcam, Cambridge, MA, 
USA), and biotinylated antimouse IgG (B7401, Sigma-Aldrich) 
antibodies were diluted to final concentrations of 0.5 mg/mL, 
2.5 mg/mL, and 1 mg/mL respectively. All antibodies were 
striped onto the nitrocellulose cards using a lateral flow reagent 
dispenser (LFRD, Claremont BioSolutions, Upland, CA, USA) 
set to a head speed of 2 cm/s and a syringe pump (F200, 
Chemyx, Stafford, TX, USA) set to a flow rate of 0.1 mL/min. 
After the four antibodies were striped on the card, the card was 
dried at 37 °C for 1 h. 
The cards were then assembled by first placing a 17 mm × 

300 mm absorbent pad (CFSP223000, Millipore) on the down-
stream side of the plastic-backed nitrocellulose card, overlapping 
with the nitrocellulose by 2 mm (Figure 2). Next, the 7 mm × 
300 mm glass fiber pad containing the dried gold nanoparticles 
was placed on the upstream side of the plastic-backed card, 
overlapping the nitrocellulose by 2 mm. Finally, a 12 mm × 300 mm 

1613 

GF sample pad was placed overlapping the upstream edge of the 
gold nanoparticle pad by 2 mm. After assembly, the cards were 
immediately cut into 3 mm wide strips using an A-Point Digital 
guillotine cutter (Arista Biologicals, Allentown, PA, USA) and 
stored with desiccant for up to 1 month. The total cost per strip 
was under $1, significantly less than the cost of commercially 
available strips that can only detect one or two targets (MGHD 1 
and MGHD2 1, Milenia, Germany). 

Synthetic DNA Standards. Bench-top characterization of 
each assay was performed using double-stranded synthetic 
DNA. Sequences corresponding to each of the three genetic 
targets used in previously published work on singleplex assays 
(Supporting Information Table S1) were purchased from IDT 
(gblock, Integrated DNA Technologies, Coralville, IA, USA).1−3 

The synthetic sequences were serially diluted in a buffer con-
taining 10 mM Tris (AM9855G, Life Technologies), 0.1 mM 
EDTA (AM9261, Life Technologies), and 1 ng/μL carrier  gDNA  
(AB360486, Life Technologies) to obtain standards. These 
standards were used in RPA reactions to determine the LOD for 
each of the three singleplex assays and for each target in the 
multiplex assay. 

DNA Extraction of Spiked Stool Samples. G. lamblia and 
Cryptosporidium parvum (C. parvum) parasites were purchased 
from Waterborne (P101 and P102C, Waterborne, New Orleans, 
LA, USA). E. histolytica were purchased from ATCC (50525, 
ATCC, Manassas, VA, USA). Aliquots of 200 μL each of stool 
samples from normal healthy volunteers were spiked with 105 

parasites in accordance with University of Texas Medical Branch 
(UTMB) approved IRB protocol 07-285. DNA was then 
extracted using the QuickGene Mini80 DNA extractor 
(Autogen, Holliston, MA, USA) and the QuickGene tissue kits 
(FK-DTS, Autogen). The spiked stool was incubated in 200 μL 
of lysis buffer at 56 °C for 1 h and passed through the DNA 
binding columns. The DNA binding columns were washed 2 
times with 350 μL of washing buffer, and then the DNA was 
eluted in 200 μL of nuclease free water. 

Statistical Analysis. The LOD at 95% probability for all 
targets and assays was determined by probit analysis using the 
dose−effect function of XLSTAT for Microsoft Excel 
(Addinsoft, New York, NY, USA) with at least six replicates 
per concentration. 

■ RESULTS 

Singleplex and Multiplex Limits-of-Detection. Typical 
scanned images from lateral flow strips are shown in Figure 3. 
These scanned images were used to objectively determine 
positive and negative test results as described in Objective 
Determination of Test Results. 
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Figure 3. Multiplex lateral flow detection strips with three detection 
zones and a positive control zone. Strips tested positive (shown from top 
to bottom) for Giardia, E. histolytica, Cryptosporidium, Giardia + 
Cryptosporidium, E. histolytica + Cryptosporidium, Giardia + E. histolytica, 
and Giardia + Cryptosporidium + E. histolytica, and no pathogens. 

Probe Optimization. Initial integration of the three assays 
using the previously published probe sequences resulted in false 
positives in the Cryptosporidium detection zone any time the 
Giardia target was present.1−3 The LOD of the multiplex assay 
for the Entamoeba target was also 5−6 orders of magnitude 
higher in the multiplex assay as compared to the singleplex assay 
for the same target. After reviewing the sequence alignment for 
the targets, primers, and probes, we found there was significant 
sequence overlap between the three probes. The probes were 
then re-designed such that the functional part of the probes (the 
portion to the 3′ side of the cleavable spacer) overlapped with the 
forward primer. These regions had significantly less sequence 
alignment and also reduced the functional number of different 
DNA sequences interacting in the master-mix. Re-designing the 
probes eliminated the Cryptosporidium and Giardia cross-talk and 
improved the LOD for the Entamoeba target by 4 orders of 
magnitude. 
When tested using synthetic DNA targets, the LOD of the 

singleplex Giardia assay was 39 gene copies (95% probability by 
probit analysis with six replicates per concentration). Similarly, 
the LODs of the singleplex E. histolytica assay and singleplex 
Cryptosporidium assay were 11 and 36 synthetic gene copies per 
reaction, respectively. 
The LODs for each target in the multiplex assay were 403 

synthetic gene copies per reaction of the Giardia target, 425 of 
the Cryptosporidium target, and 368 of the Entamoeba target 
(95% probability by probit analysis with six replicates per 
concentration). Figure 4 compares the average SBR of the 
singleplex assays and the same target in the multiplex assay. The 
markers represent the average SBR of six separate reactions using 
a synthetic DNA target, and the error bars represent one standard 
deviation of the SBR. 
When the multiplex assay was tested using DNA extracted 

from live parasites spiked into stool at various concentrations, the 
respective LOD at 95% probability for Giardia, Entamoeba, and 
Cryptosporidium were 444, 6, and 9 parasites per reaction. 
Simultaneous Multitarget Amplification. For all three 

replicates of each of the 20 different combinations of targets 
and target concentrations tested, the multiplex assay correctly 

detected all positive tests. None of the 60 tests yielded false 
positive test results. 

■ DISCUSSION 
We previously developed and tested three separate lateral 
flow assays to detect Cryptosporidium sp., G. lamblia, and 
E. histolytica.1,2 To integrate these three individual assays into a 
multiplexed assay, we developed a lateral flow detection strip 
with distinct detection zones for each of the three different 
targets (Figure 1). In the previously published studies, these 
singleplex assays were developed according to the TwistDx 
recommended protocol utilizing a biotin-labeled reverse DNA 
primer and a fluorescein-labeled DNA probe. However, to allow 
for differentiation between amplicons from three different targets 
on the same lateral flow strip, alternative probes were designed 
for the Giardia and the Cryptosporidium assays utilizing Alexa 
Fluor488 and digoxigenin instead of fluorescein. 
These alternative haptens were selected as probe labels based 

on their relatively low cost and the availability of complementary 
high-affinity antibodies capable of capturing the large hapten− 
DNA−gold nanoparticle complex. There were several probe 
labels that either inhibited amplification (as visualized by the 
absence of the expected probe-reverse-primer band on the gel 
electrophoresis) or proved difficult to match with a high-affinity 
antibody. These included the Integrated DNA Technologies 5′ 
modifications Cy3, Cy5, bromodeoxyuridine, tetrachlorofluor-
escein, and hexachlorofluorescein. It should be noted that it was 
necessary to screen several antibody vendors since products from 
different vendors demonstrated widely varying performance. 
After the alternative probes were designed, the LODs using 

the alternative labels and noncommercial strips were compared 
to the LODs using the traditional fluorescein label and com-
mercially available single-target strips (MGHD1, Milenia, 
Germany). There was no significant difference in the LODs 
(data not shown). The singleplex assays were also optimized by 
varying the primer-to-probe ratio to maximize the signal-to-
background ratio (SBR) for each target (data not shown). The 
three singleplex assays were then integrated into the multiplex 
format. Lastly, the reaction master-mix was optimized by 
adjusting the amount of magnesium acetate, the total reaction 
volume, the total amount of primers, and the relative amount of 
primers between each target. In the end, the optimized master-
mix did not vary significantly from that recommended by 
the manufacturer (roughly 5 μL of total primers, 2.5 μL of  
magnesium acetate, and 50 μL of total reaction volume). 
As seen in Figure 4, even after optimization, the LOD for each 

target in the multiplex assay was roughly an order of magnitude 
higher than for the same target in the singleplex assays. Also, even 
for high target concentrations, the SBR of the multiplex assay 
was significantly lower than that for the singleplex assays. Inter-
estingly, when multiple targets were amplified in the same 
multiplex RPA reaction, the SBR was greater than when only one 
target was present. The reduced SBR for single-target amplifica-
tion in the multiplex assay was likely the result of reduced 
amplification efficiency. When only one target sequence is 
present, the primers and probes for the other targets have no 
high-affinity target to bind to and may interfere with the efficient 
binding between the primers and target that are present. 
While the LODs for the three different targets in the multiplex 

assay were comparable using synthetic targets, the LOD using 
live parasites was significantly higher for Giardia. The lower limit-
of-detection for Cryptosporidium and Entamoeba is unsurprising 
given that there are up to 200 copies of the targeted 18s RNA 
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Figure 4. Signal-to-background ratios for singleplex (SX) assays and the same target in the multiplex (MX) assay. Left to right: SBR for various target 
concentrations for Giardia, Entamoeba, and Cryptosporidium. For a given target concentration, the SBR of the singleplex assay was significantly higher 
than that for the same target concentration in the multiplex assay. 

genes in both the Cryptosporidium and Entamoeba genomes, 
whereas there is just a single copy of the targeted β giardin gene 

26−28in the Giardia genome. 
For the first time, we demonstrated that it is possible to use 

RPA to simultaneously detect and amplify DNA from multiple 
parasites and detect those products using lateral flow strips. It 
should be noted that the multiplex format required significant 
further optimization of the individual component assays and still 
increased the LOD by roughly 1 order of magnitude compared to 
a singleplex assay targeting the same sequence, which may be of 
clinical consequence depending on the expected pathogen 
burden and the number of target copies per pathogen. Given the 
absence of any false positives after probe optimization, it was 
decided that the minimal benefits of a positive control were 
outweighed by the potential for reduced sensitivity associated 
with integrating a fourth set of primers. For assays prone to false 
positives, a positive control should be considered. Experiments 
involving live parasites should be conducted early in the opti-
mization process, especially for genetic targets with low copy 
numbers. 
A number of steps are needed to refine the multiplexed assay 

so that it is more amenable to use at the point-of-care, including 
incorporation of sample preparation. While this particular assay 
targets robust parasites that require extensive sample prepara-
tion, multiplexed RPA assays for less robust targets could easily 
integrate sample preparation at the point-of-care. Future studies 
should also explore methods to mitigate reduced amplification 
efficiency in multiplex assays, perhaps by using self-avoiding 
molecular recognition systems (SAMRS), which have been used 
in other RPA assays to enhance sensitivity.29 For large-scale 
clinical studies, researchers should collaborate with the RPA 
enzyme manufacturers to have their final primer mix lyophilized 
with the enzymes to reduce the likelihood of user error when 
assembling reactions. 
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