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ABSTRACT: In March 2020, the SARS-CoV-2 virus outbreak was
declared as a world pandemic by the World Health Organization
(WHO). The only measures for controlling the outbreak are
testing and isolation of infected cases. Molecular real-time
polymerase chain reaction (PCR) assays are very sensitive but
require highly equipped laboratories and well-trained personnel. In
this study, a rapid point-of-need detection method was developed
to detect the RNA-dependent RNA polymerase (RdRP), envelope
protein (E), and nucleocapsid protein (N) genes of SARS-CoV-2
based on the reverse transcription recombinase polymerase
amplification (RT-RPA) assay. RdRP, E, and N RT-RPA assays
required approximately 15 min to amplify 2, 15, and 15 RNA
molecules of molecular standard/reaction, respectively. RdRP and E RT-RPA assays detected SARS-CoV-1 and 2 genomic RNA,
whereas the N RT-RPA assay identified only SARS-CoV-2 RNA. All established assays did not cross-react with nucleic acids of other
respiratory pathogens. The RT-RPA assay’s clinical sensitivity and specificity in comparison to real-time RT-PCR (n = 36) were 94
and 100% for RdRP; 65 and 77% for E; and 83 and 94% for the N RT-RPA assay. The assays were deployed to the field, where the
RdRP RT-RPA assays confirmed to produce the most accurate results in three different laboratories in Africa (n = 89). The RPA
assays were run in a mobile suitcase laboratory to facilitate the deployment at point of need. The assays can contribute to speed up
the control measures as well as assist in the detection of COVID-19 cases in low-resource settings.

In December 2019, a virus causing severe acute respiratory
syndrome (SARS-CoV-2) was first identified in diseased

patients in China. Genome sequencing and phylogenic analysis
identified the virus as a close relative of SARS-CoV in the
genus Betacornavirus of subfamily Coronavirinae within the
family Coronaviridae.1 The respiratory disease soon after was
designated COVID-19 and rapidly spread first inside and then
outside of China. The World Health Organization (WHO)
announced COVID-19 as a global pandemic in March 2020.2

Currently, SARS-CoV-2 has infected more than 50 million
individuals worldwide due to a high transmissibility rate and a
low infectious dose.3 The only effective control measures are
early identification and isolation of infected cases, contact
tracing, as well as social distancing and compulsory use of facial
masks in closed rooms.4

Real-time reverse transcription polymerase chain reaction
(real-time RT-PCR) assays were quickly developed for the
detection of SARS-CoV-2.5 Real-time RT-PCR is highly
sensitive and specific. In general, the results can be produced
in less than 3 h under optimal conditions. If local diagnostic

capacity is not available, samples collected from suspected
cases have to be transported to diagnostic laboratories
providing suitable test capacities. In most of the cases, the
test results can be provided within a timeframe ranging from
24 h up to 3 days. Noteworthy, in the early phase of the
epidemic, diagnostic laboratories, e.g., in Germany, were
overwhelmed with the number of incoming samples.6

RPA is conducted at a single constant temperature (∼42
°C) and results are produced in 15 min or less. The speed of
the RPA is achieved via a more-than-exponential amplification
based on a mixture of enzymes and proteins (recombinase,
single-stranded DNA-binding protein, and strand-displacing
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polymerase).7 Polyethylenglycol (Carbowax20M) is used as a
crowding agent in the reaction and contributes significantly to
the amplification process by concentrating the proteins into
smaller reaction volumes. Real-time data acquisition is possible
using a fluorescent exo-probe.8 Recently, mathematical analysis
methods have been developed to allow quantification.9,10

RPA assays have been successfully evaluated for detection of
several emerging and neglected pathogens.11−19 It has been
successfully implemented into a solar-powered mobile suitcase
laboratory (Figure S1) and used as a point-of-need molecular
diagnostic tool during the Ebola virus outbreak in West
Africa.12

In this study, we developed and evaluated three real-time
reverse transcription-RPA (RT-RPA) assays targeting the
RNA-dependent RNA polymerase (RdRP), envelope protein
(E), and nucleocapsid protein (N) genes of SARS-CoV-2. The
limit of detection, cross-reactivity, and clinical performance
were determined and compared with real-time RT-PCR.

■ EXPERIMENTAL METHODS

Molecular RNA Standard and RPA Oligonucleotide.
For assay validation, molecular RNA standards based on the
RdRP, E, and N genes (accession number: NC_045512,
nucleotides: 14977−15975, 26112−26479, and 28280−29536,
respectively) were synthesized by GenExpress (Berlin,
Germany). The E gene RNA was also used as a positive
control for the RT-PCR. Oligonucleotides for the RdRP and E
genes were updated from our previous design for SARS-CoV
and MERS CoV (unpublished data), whereas the N gene
amplicon was modified from a previously published article20

(Table 1). All oligonucleotides were synthesized by TIB
MOLBIOL GmbH (Berlin, Germany).
RT-RPA Analytical Sensitivity and Specificity. Serial

dilutions of the molecular standards (106−100 RNA mole-
cules/per reaction) were screened in the respective RT-RPA
assays. To determine the minimal number of RNA molecules
per reaction detected in 95% of cases, a probit regression
analysis of five datasets from the replicate RPA reactions of the
complete standard dilution range was performed using
STATISTICA software (StatSoft, Hamburg, Germany), and
the graph was created by GraphPad Prism version 6.07
software (GraphPad Software, Inc., San Diego, California).
The analytical specificity of the RT-RPA assays was tested with
genomes of the viruses listed in Table 2. The nucleic acid
extracts were provided by Charite ́ Medical University (Berlin,
Germany), Robert Koch Institute (Berlin, Germany), Land-
esgesundheitsamt Niedersachsen (Hannover, Germany), Qual-
ity Control for Molecular Diagnostics (Glasgow, Scotland),

and the Friedrich-Loeffler-Institute (Greifswald-Insel Riems,
Germany).

RT-RPA Reaction Conditions. For RT-RPA, the Twist-
Amp exo kit (TwistDx, Cambridge, UK) was used in
combination with lyophilized RevertAid reverse transcriptase
(Life Technologies, Darmstadt, Germany). Per reaction, 29.5
μL of rehydration buffer, 2.5 μL of RevertAid reverse
transcriptase (200 U/μL), 9.7 μL of H2O, 2.1 μL of forward
primer (10 pmol/μL), 2.1 μL of reverse primer (20 pmol/μL),
0.6 μL of exo-probe (10 pmol/μL), 2.5 μL of 280 mM
magnesium acetate, and 1 μL of the template were added into
the lid of the reaction tube containing the freeze-dried pellet.
The tube was closed, centrifuged, mixed, centrifuged, and

Table 1. RT-RPA Assay Oligonucleotidesa

gene oligonucleotide sequence 5′-3′
RdRP forward TATGCCATTAGTGCAAAGAATAGAGCTCGCAC

reverse CAACCACCATAGAATTTGCTTGTTCCAATTAC
exo-probe TCCTCTAGTGGCGGCTATTGATTTCAATAAbTXfTTTGATGAAACTGTCTATTG-PH

E forward GAAGAGACAGGTACGTTAATAGTTAATAGCGTA
reverse AAAAAGAAGGTTTTACAAGACTCACGTTAACsA
exo-probe ATCGAAGCGCAGTAAGGATGGCTAGbTXfTAACTAGCAAGAATAC-PH

N forward CCTCTTCTCGTTCCTCATCACGTAGTCGCAAC
reverse AGTGACAGTTTGGCCTTGTTGTTGTTGGCCTT
exo-probe TAGAATGGCTGGCAATGGCGGTGATGCTGCbTXfTTGCTTTGCTGCTGCTT-PH

aBHQ1-dt (bT), tetrahydrofuran (X), Fam-dT (fT), phosphothioate backbone (s), and PH: 3′ phosphate to block elongation.

Table 2. Viral Genomes Analyzed for the Cross-Reactivity
by the Three SARS-CoV-2 RT-RPA Assays

viral nucleic acid RdRP E N

SARS-CoV-2 + + +
SARS-CoV-1 + + −
coronavirus 229E − − −
coronavirus NL63 − − −
coronavirus OC43 − − −
MERS-Coronavirus − − −
influenza A (H1N1 pdm09) − − −
influenza A (H3N2) − − −
influenza A (H5N1) − − −
influenza A (H1N1 H275Y) − − −
influenza B (Victoria) − − −
influenza B (Yamagata) − − −
parainfluenza virus 1 (patient isolate) − − −
parainfluenza virus 2 (patient isolate) − − −
parainfluenza virus 3 (patient isolate) − − −
parainfluenza virus 4 (patient isolate) − − −
respiratory syncytial virus A and B − − −
human rhinovirus A 16 − − −
human rhinovirus B 5 − − −
human metapneumovirus A1 − − −
human metapneumovirus B2 − − −
adenovirus type 1 − − −
adenovirus type 4 − − −
adenovirus type 34 − − −
A/Anhui/1/13 (H7N9) − − −
A/ Chicken/Germany/79 “Taucha“ (H7N7) − − −
A/Chicken/Brescia/19/02 (H7N7) − − −
A/Cygnusolor/Germany/R1377/07 (H5N1) − − −
newcastle disease virus clone 30 − − −
infectious laryngotracheitis virus U76 − − −
infectious bronchitis M41 − − −
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placed immediately into the T8 (Axxin, Fairfield, Australia)
isothermal fluorescence reader. The reaction was incubated at
42 °C for 15 min. A mixing step was conducted after 230 s for
the RdRP and E RT-RPA assays and after 320 s for the N RT-
RPA assay. The threshold time (TT) was calculated as the
starting point of the amplification curve above the threshold of
the negative control (water as template) in the first derivative
analysis in the T8 Desktop software (Axxin, Fairfield,
Australia).
Clinical Samples. The three RT-RPA assays were validated

with leftover RNA extracts from suspected COVID-19 cases
diagnosed at the Leipzig University Hospital by real-time RT-
PCR (E based assay as screening test and RdRP as
confirmatory test). A total of 18 positive and 18 negative
samples (blinded) were tested. Diagnostic sensitivity and
specificity, positive predictive value (PPV), and negative
predictive value (NPV) for the RT-RPA assays were calculated
using standard formulas against the real-time RT-PCR as
reference test (Table 3).21 Preliminary testing of clinical
samples was performed at the Institute Pasteur Dakar in Dakar
(Senegal), laboratory at the Kumasi Centre for Collaborative
Research in Tropical Medicine (Ghana), and Ain Shams and
Cairo Universities (Egypt), in comparison to real-time RT-
PCR assays used in these laboratories.
Real-Time RT-PCR. In Germany, the RNA extracts from

patient materials were tested with a real-time PCR assay
combining commercial SARS-CoV-2-E oligonucleotides (TIB
MOLBIOL GmbH, Berlin, Germany) and Superscript III
Platinum One-Step qRT-PCR kits (Life Technologies,
Darmstadt, Germany) according to the manufacturer’s
instructions using the following temperature profile: 50 °C
for 15 min, 95 °C for 2 min followed by 40 cycles of 95 °C for
15 s and 60 °C for 30 s on an Agilent Technologies Stratagene
Mx 3000p Real-Time PCR system. The same protocol was
followed in Egypt but using the LightCycler Multiplex RNA
Virus Master kit (Roche, Mannheim, Germany). At the
laboratory in Dakar, RNA was extracted from 140 μL of
swab VTM using the QIAamp viral RNA mini kit (Qiagen,
Heiden, Germany). The samples were tested with the same

SARS-CoV-2-E oligonucleotides as above using the Luna
Universal One-Step RT-qPCR Kit (New England BioLabs,
UK) according to the manufacturer’s instructions using the
following temperature profile: 55 °C for 10 min, 95 °C for 1
min followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s
on a CFX96 Real-Time PCR System (Bio-Rad, CA). At the
Kumasi Centre for Collaborative Research in Ghana, RNA was
extracted from swab VTM using the nucleic acid extraction
and purification reagents series Cspin column method
(Guangzhou LBP Medical Science & Technology Co. Ltd.).
The RT-PCR used was the DA AN Gene PCR kit (Da an
Gene Co. Ltd. Sun Yat-Sen University, Guangzhou, China)
targeting the SARS-CoV 2 ORF1ab and N genes, according to
the manufacturer’s instructions. Three microliters of the RNA
extracts were used in the RT-PCR assays.

■ RESULTS
Analytical Sensitivity and Specificity. To determine the

analytical sensitivity of the RdRP, E, and N RT-RPA assays,
each assay was tested with a serial dilution of 106−100 RNA
molecules/reaction of the respective molecular RNA standard
in five replicates. Molecular RNA standards with the
concentration from 106 to 102 molecules/reaction were
detected in all five RPA runs of the three RT-RPA-assays.
The E and N RT-RPA identified 100 RNA molecules in 3/5
RT-RPA runs, while in RdRP RT-RPA, all five runs were
positive. Only the RdRP RT-RPA amplified one RNA copy in
2/5 RT-RPA runs. With this dataset, probit regression analysis
was performed and revealed a 95% detection limit of two RNA
molecules for the RdRP RT-RPA assay, and 15 RNA molecules
each for E and N RT-RPA assays (Figure 1).
RdRP and E RT-RPA assays were able to amplify genomic

RNA of both SARS-CoV-1 and -2, whereas the N RT-RPA
assay recognizes SARS-CoV-2 RNA only. None of the assays
shows cross-reactivity to nucleic acid extracts from other
respiratory viruses listed in Table 2.

Clinical Samples. All extracted RNA samples provided by
the University of Leipzig, which had been stored at −80 °C
were first tested by the three RT-RPA assays and retested by

Table 3. Retrospective Samples University of Leipziga

result
tables

RT-RPA
real-time
RT-PCR

reference
test real-
time RT-
PCR CT

analyzed
test RT-
RPA sensitivity specificity PPV NPV n

RT-
RPA pos neg

<35 RdRP estimate: 0.93 [0.69; 0.99] 1 [0.82; 1.0] 1 [0.77; 1.0] 0.95 [0.76; 0.99] 32 pos 13 0
neg 1 18

>35 95% CI: 1 [0.5; 1.0] 1 [0.84; 1.0] 1 [0.51; 1.0] 1 [0.84; 1.0] 22 pos 4 0
neg 0 18

<35 E estimate: 0.93 [0.69; 0.99] 0.5 [0.29; 0.71] 0.59 [0.39; 0.77] 0.9 [0.60; 0.98] 32 pos 13 9
neg 1 9

>35 95% CI: 0.5 [0.15; 0.85] 0.5 [0.29; 0.71] 0.18 [0.05; 0.48] 0.82 [0.52; 0.95] 22 pos 2 9
neg 2 9

<35 N estimate: 0.93 [0.66; 0.99] 0.94 [0.74; 0.99] 0.93 [0.69; 0.99] 0.94 [0.74; 0.99] 32 pos 13 1
neg 1 17

>35 95% CI: 0.5 [0.15; 0.85] 0.5 [0.29; 0.71] 0.18 [0.05; 0.48] 0.81 [0.52; 0.95] 22 pos 2 9
neg 2 9

aSensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of RdRP, E, and N RT-RPA assays in comparison to
real-time RT-PCR results (n = 36).
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real-time RT-PCR to confirm previous results. The RT-RPA
assay targeting the RdRP gene produced the best clinical
performance (Table 3). All RT-RPA assays detected samples
with a CT > 30 at a maximum of 12 min (Figure 2).

In Dakar, Senegal, CT range 19.1−39.1 was scored positive
by the RdRP RT-RPA assay, whereas the E and N assays
showed poor performance (Table S1(i)). Initially, it was
unclear why the RdRP RT-RPA assay performed poorly in the
lab in Kumasi (Table S1(ii)), where only 7/11 scored positive
(CT range 18.1−36.1) until it emerged that RNA extracts had

been stored at −20 °C. In Egypt (Table S1(iii)), the RNA
extracts were stored at −80 °C, but were subsequently
transported to another laboratory, where they were refrozen
(7/16 positive; CT range, 17.0−39.7). The RdRP RT-RPA
results from Dakar were confirmed when testing was repeated
in Egypt with extracts from fresh swabs (26/26). Similar results
were achieved at the lab in Dakar where 16/16 samples albeit
in a low CT range (19−39) scored positive by RdRP RT-RPA.
We calculated the clinical sensitivity and specificity for all
RdRP RT-RPA results from African labs, which resulted in
similar values as those observed for the samples from Germany
(Table 4); however, the RdRP RT-RPA assay showed 100%
concordance with real-time RT-PCR results when the results
from fresh extracts only (Table S1(i and iv)) were considered.

Suitcase Lab. The assays were performed in the suitcase
lab (Figure S1), which is a water- and dust-resistant case and
fully equipped to conduct isothermal amplification assay at
low-resource settings. The suitcase lab has a size of 62 + 49 +
30 cm. The power source is via a solar-powered battery (Goal
Zero South Bluffdale, UT).19 To protect the lab technician
while handling highly infectious samples, glovebox (Bodo
Koennecke, Berlin, Germany) was used to achieve the first lysis
step.16

■ DISCUSSION

For molecular amplification targets, the CDC, Atlanta,
recommends two regions in the N gene, while the WHO
recommends two targets, e.g., the E gene followed by a SARS-
CoV-2 confirmatory assay targeting RdRP.22

To identify a highly sensitive and specific SARS-CoV-2 RPA
assay, three RT-RPA assays targeting the RdRP, E, and N
genes of the SARS-CoV-2 genome were evaluated. The RdRP
RT-RPA assay produced sensitivity and specificity similar to a
real-time RT-PCR within less than 15 min. The speed and
clinical accuracy of the RT-RPA assay make it an ideal
candidate molecular assay at point of need.
Real-time RT-PCR is currently the method of choice for

molecular laboratory screening of samples from suspected
COVID-19 patients. Satisfactory results have been achieved
from swab and saliva samples23 and also sputum, blood, urine,
and stool have been successfully tested.24 The identification of
asymptomatic carriers relies entirely on nasopharyngeal,
oropharyngeal swab, or saliva testing.25

In general, state and commercial diagnostic laboratories in
developed countries have all the infrastructure for real-time
RT-PCR. A compilation of SARS-CoV-2 diagnostic kits hosted
by Foundation for Innovative New Diagnostics (FIND)

Figure 1. Probit regression analysis for RdRP, E, and N RT-RPA
assays. The limit of detection in 95% of cases is two RNA molecules/
reaction for the RdRP RT-RPA assay (red) and 15 RNA molecules
per reaction each for E and N RT-RPA assays (black).

Figure 2. Results of 36 clinical samples analyzed with real-time RT-
PCR for the E gene and RT-RPA assays for the RdRP, E, and N
genes. CT is the cycle threshold, and TT is the threshold time. The red
dot represents the real-time RT-PCR sample not detected by the
RdRP RT-RPA, and the horizontal red lines indicate the median of
TT or CT values.

Table 4. Retrospective Samples of Four Laboratories in Africa (see Table S1)a

result
tables

RT-RPA
real-time
RT-PCR

reference test real-
time RT-PCR CT

analyzed test
RT-RPA sensitivity specificity PPV NPV n

RT-
RPA pos neg

<35 RdRP estimate:
95% CI:

0.93 [0.87; 0.98] 1.00 [0.84; 1] 1.0 [0.93; 1] 0.87 [0.768; 0.96] 73 pos 50 0
neg 3 20

>35 RdRP estimate:
95% CI:

0.31 [0.14; 0.55] 1.0 [0.84;1] 1.0 [0.57; 1] 0.64 [0.47; 0.79] 36 pos 5 0
neg 11 20

aAll results were used (n = 89 samples) to calculate sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of
the RdRP RT-RPA assay in comparison to real-time RT-PCR assays.
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currently lists 108 commercial PCR kits and more than 200 in-
house real-time RT-PCR kits.26 In emerging nations, usually
only reference laboratories are adequately equipped to perform
real-time RT-PCR16 and alternative testing formats are needed.
For direct virus detection, the FIND webpage currently lists
only 21 rapid antigen detection tests (RDT) with an IVD
license.27 RDT are easy to use, very fast, and cheap to produce,
but less sensitive and can produce a high false-negative rate.28

Since the pandemic spread to Africa and South America, there
is an urgent need for molecular assays with performance and
accuracy known from real-time RT-PCR and applicability in
low-resource settings. Isothermal amplification assays have the
potential to provide rapid direct virus detection in infra-
structure limited settings.19

Although there has been a flurry of publications on LAMP
assays, only two are commercially available with an IVD
license.29 The pH drop occurring during the LAMP
amplification reaction has been recently exploited for the
detection of SARS-CoV-2 to allow simple phenol red- or cresol
red-based colorimetric distinction between positives and
negatives just by sight.30,31 In general, RT-LAMP assays have
a run time of about 30 min and need devices to maintain an
amplification temperature of 65 °C. The longer run time of this
isothermal amplification, however, makes unspecific amplifica-
tions more likely and requires to define a cutoff for each LAMP
assay.32 In contrast, RPA is very fast (3−15 min), requires a
lower temperature, and has already shown to perform at high
clinical sensitivity and specificity during the Ebola virus disease
outbreak in Guinea.12

The RdRP RT-RPA assay described here shows great
accuracy even with samples containing less than 10 target
molecules corresponding to real-time RT-PCR CT values > 35
(Figure 2 and Table 3). In this respect, the performance of
RdRP RT-RPA is comparable to several real-time RT-PCRs.33

The N gene is the main target of the CDC real-time RT-
PCR22 and the reverse transcription recombinase-aided
amplification (RT-RAA) assay,34 and both generated excellent
clinical sensitivity and specificity. Both the N and E RT-RPA
assays described here produced very good analytical sensitivity
(15 copies per reaction); nevertheless, the clinical perform-
ances were poor, especially for samples with low viral loads.
RPA oligonucleotide design has a great influence on the
sensitivity of RPA assays, and RPA amplicons always need to
be validated with patient material to come to a final
assessment.
The E gene RT-RPA was disqualified because it produced

too many false positives in a TT range of 10−12 min (Figure
2), i.e., at a low-target RNA load. Contamination as described
for real-time RT-PCR developments was excluded since
amplification was not observed in any of the negative
controls.35,36 False-positive real-time RT-PCR results in
clinical material with low viral loads have been observed for
PCR assays.37 By comparing three RT-RPA assays and
validating them with clinical samples, we were able to pick a
highly accurate RPA assay, i.e., RdRP RT-RPA.
Our preliminary result indicates that the developed RdRP

RT-RPA assay performs well across several laboratories if RNA
is extracted from fresh swab samples (Table 3, S1(i and iv))
and can achieve concordance to real-time RT-PCR results. The
observation on the quality of the RNA or sample confirms
earlier observations made for the foot and mouth disease virus
and for dengue virus RT-RPA assays.8,11 Therefore, to achieve
the best results, RT-RPA should be used directly with RNA

extracts and results obtained with stored samples may
underestimate the performance of the assay. Moreover, the
postextraction contamination with RNase must be avoided.
The limitation of the study is that several different real-time

RT-PCR assays were used in the various laboratories;
moreover, the sample size is small. Therefore, a larger study
is needed to determine reliable clinical sensitivities and
specificity in comparison to a real-time RT-PCR used across
all participating labs. This has already been shown by a
Chinese group, which tested 926 samples by RT-RAA, an RT-
RPA equivalent using E.coli SSB instead of GP32 in the
enzyme mixture.38 These results indicate that a good
performance of the RPA assays with clinical samples can be
expected. Inclusion of an internal positive control will increase
the practicability of the developed RPA assay since the effect of
inhibitors will be excluded in case of false-negative results. In
addition, establishing a duplex RPA assay relaying on both
RdRP and N genes will boost the assay clinical specificity.
The ID-Now system (Abbott) combines a simple extraction

nonpurification protocol in combination with the isothermal
nicking enzyme amplification reaction (NEAR). The total
turnaround time is 17 min. The ID-Now showed great efficacy
for Influenza A and B testing,39 but has a limited clinical
sensitivity for SARS-CoV-2, especially for samples with CT

value > 30,40 which drove the FDA to release an alert against
using the ID-Now.41

We introduced few improvements during the development
of the RPA assays for SARS-CoV-2. First, the best assay
sensitivity was achieved using double concentration of the
reverse primer. Coronaviruses have a positive-sense single-
stranded RNA genome and more reverse primer produces
more cDNA for the following amplification step.42,43 Second,
during the oligonucleotide design, any sequences pairing to the
human genome were strictly excluded to avoid problems as
reported for some real-time RT-PCR assays.44 Third, to avoid
primer dimer and nonspecific amplification, phosphothioate
nucleotides were introduced in selected RPA primers.45

In addition to the amplification and detection, the virus
inactivation and extraction are crucial steps in the diagnosis of
SARS-CoV-2. To assure the safety of the healthcare worker or
laboratory technician, sample inactivation is recommended in a
BSL-2 cabinet and under field condition in a mobile
glovebox.22 The German committee for biological reagents
(ABAS) has, however, recently relaxed its regulations and a
BSL-2 bench is now not required if swabs are immersed into an
inactivating lysis buffer immediately after sampling while
wearing PPE.46

For swabs collected from an Ebola-infected patient, we
showed that the combination of detergent and heat in the
SPEEDXTRACT protocol can be achieved in 10 min.12

Several rapid and simple extraction procedures that use a mix
of detergents and heating have now been published for SARS-
CoV-2 samples.47−49 Most of these methods generate crude
extracts, and RPA is very robust in crude samples and works in
the presence of agents with an inhibitory effect on PCR
including 15 ± 25% of milk, 50 g/L hemoglobin, 4% V/V
ethanol, and 0.5 U of heparin.50 Virus RNA was detectable in
preparations containing 1:10 dilutions of crude human serum,
urine, and tick pool homogenate.50−52 We are now
investigating such an approach for integration into the suitcase
laboratory.
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■ CONCLUSIONS
With the current clinical performance of the developed RdRP
RT-RPA assay, the test provides a promising approach for the
use at point of need. It could be deployed at local hospitals,
healthcare centers, and walk-through test centers. The robust
suitcase laboratory concept would work in infrastructure
limited settings. Currently, the limited commercial availability
of RT-RPA reagents is an obstacle for wide implementation of
RT-RPA for in vitro diagnostic use. License-free RT-RPA
reagents would be a boost for diagnostics in infrastructure-poor
settings.
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Dana Rüster − Institute of Animal Hygiene and Veterinary
Public Health, University of Leipzig, 04103 Leipzig,
Germany

Susanne Bo ̈hlken-Fascher − Division of Microbiology and
Animal Hygiene, Georg-August-University, 37077 Goettingen,
Germany

Jonas Kissenko ̈tter − Division of Microbiology and Animal
Hygiene, Georg-August-University, 37077 Goettingen,
Germany

Ole Behrmann − Institute of Microbiology & Virology,
Brandenburg Medical School, 01968 Senftenberg, Germany;
orcid.org/0000-0002-7846-7917

Michael Frimpong − Kumasi Centre for Collaborative
Research in Tropical Medicine, Department of Molecular
Medicine, Kwame Nkrumah University of Science and
Technology, Kumasi, Ghana

Moussa Moïse Diagne − Virology Department, Institute
Pasteur de Dakar, Dakar, Senegal

Martin Faye − Virology Department, Institute Pasteur de
Dakar, Dakar, Senegal

Ndongo Dia − Virology Department, Institute Pasteur de
Dakar, Dakar, Senegal

Mohamed A. Shalaby − Virology Department, Faculty of
Veterinary Medicine, Cairo University, 12211 Giza, Egypt

Haitham Amer − Virology Department, Faculty of Veterinary
Medicine, Cairo University, 12211 Giza, Egypt

Mahmoud Elgamal − Virology Department, Faculty of
Veterinary Medicine, Cairo University, 12211 Giza, Egypt

Ali Zaki − Department of Medical Microbiology and
Immunology, Faculty of Medicine, Ain Shams University,
11591 Cairo, Egypt

Ghada Ismail − Department of Clinical Pathology, Faculty of
Medicine, Ain Shams University, 11591 Cairo, Egypt

Marco Kaiser − GenExpress Gesellschaft für Proteindesign,
12103 Berlin, Germany

Victor M. Corman − Charité−Universitätsmedizin Berlin,
Institute of Virology, Berlin, Germany; German Centre for
Infection Research (DZIF), 10117 Berlin, Germany

Matthias Niedrig − Expert Virus Diagnostics, 12165 Berlin,
Germany

Olfert Landt − TIB MOLBIOL, 12103 Berlin, Germany
Ousmane Faye − Virology Department, Institute Pasteur de
Dakar, Dakar, Senegal

Amadou A. Sall − Virology Department, Institute Pasteur de
Dakar, Dakar, Senegal

Frank T. Hufert − Institute of Microbiology & Virology,
Brandenburg Medical School, 01968 Senftenberg, Germany

Uwe Truyen − Institute of Animal Hygiene and Veterinary
Public Health, University of Leipzig, 04103 Leipzig,
Germany

Uwe G. Liebert − Institute of Medical Microbiology and
Virology, Leipzig University Hospital, 04103 Leipzig,
Germany

Manfred Weidmann − Institute of Microbiology & Virology,
Brandenburg Medical School, 01968 Senftenberg, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.0c04779

Author Contributions
A.A.E.W. and P.P. contributed equally to this work.
Conceptualization was performed by A.A.E.W., P.P., F.T.H.,
and M.W. A.A.E.W., P.P., M.M., C.P., D.R., S.B.-F., J.K., O.B.,
M.F., M.M.D., M.G., N.D., M.K., M.N., O.L., A.A.S., M.A.S.,
O.F., U.T., U.G.L., and M.W. contributed to data curation.
Formal analysis was conducted by A.A.E.W., P.P., M.M., C.P.,
D.R., J.K., O.B., M.F., M.M.D., M.G., M.K., H.A., M.E., A.Z.,
G.I., and M.W. A.A.E.W., P.P., M.M., C.P., D.R., S.B.-F., and
M.W. performed the investigation. Methodology was designed
by A.A.E.W., P.P., V.M.C., M.F, F.T.H., U.T., U.G.L., and
M.W. Resources were obtained by N.D., O.F., A.A.S., M.A.S.,
V.M.C., O.L., F.T.H., U.T., and U.G.L. A.A.E.W., P.P., D.R.,
and M.W. contributed to software. A.A.E.W., N.D., O.F.,
A.A.S., F.T.H., U.T., U.G.L., and M.W. supervised the study.
A.A.E.W., P.P., and M.W. contributed to validation, visual-
ization, and writing of the original draft. Review and editing
was done by all authors.

Notes
The authors declare the following competing financial
interest(s): All authors except Marco Kaiser and Olfert
Landt are in the public research sector. Mentioned authors
are employed by GenExpress and/or Tib MolBiol, manufac-
turer of molecular standard or oligonucleotides. This does not
alter the authors adherence to all the scientific policies on
sharing data and materials.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.0c04779
Anal. Chem. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.analchem.0c04779?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04779/suppl_file/ac0c04779_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+Abd+El+Wahed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3347-6075
mailto:ahmed.abd_el_wahed@uni-leipzig.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pranav+Patel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melanie+Maier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Corinna+Pietsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dana+Ru%CC%88ster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susanne+Bo%CC%88hlken-Fascher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Kissenko%CC%88tter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ole+Behrmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7846-7917
http://orcid.org/0000-0002-7846-7917
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Frimpong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moussa+Moi%CC%88se+Diagne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Faye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ndongo+Dia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+A.+Shalaby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haitham+Amer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahmoud+Elgamal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+Zaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ghada+Ismail"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Kaiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+M.+Corman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Niedrig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olfert+Landt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ousmane+Faye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amadou+A.+Sall"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+T.+Hufert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uwe+Truyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uwe+G.+Liebert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manfred+Weidmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04779?ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c04779?ref=pdf


■ ACKNOWLEDGMENTS

The clinical evaluation in Ghana and Senegal was supported by
EDCTP grant RIA2020EF-2937. The reference viral RNA
extracts from cell culture used for the cross-detection studies
were part of the Bill & Melinda Gates Foundation (grant ID
INV-005971) to ChariteUniversitaẗsmedizin Berlin. The
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