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A molecular diagnostic method for robust detection of Ebola virus (EBOV) at the point of care (POC) directly from blood samples is
described. This assay is based on reverse transcriptase loop-mediated isothermal amplification (RT-LAMP) of the glycoprotein gene
of EBOV. Complete reaction formulations were lyophilized in 0.2-mL polymerase chain reaction tubes. RT-LAMP reactions were
performed on a battery-operated isothermal instrument. Limit of detection of this RT-LAMP assay was 2.8 × 102 plaque-forming
units (PFU)/test and 1 × 103 PFU/test within 40 minutes for EBOV-Kikwit and EBOV-Makona, respectively. This assay was found to
be specific for the detection of EBOV, as no nonspecific amplification was detected in blood samples spiked with closely related
viruses and other pathogens. These results showed that this diagnostic test can be used at the point of care for rapid and specific
detection of EBOV directly from blood with high sensitivity within 40 minutes.
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Outbreaks of infectious diseases can turn into epidemics and/or
pandemics causing massive loss of life and huge economic dis-
ruptions [1]. This threat was indeed highlighted during the re-
cent outbreak of Ebola virus disease (EVD) in West Africa in
December of 2013, which quickly became the deadliest occur-
rence of the disease since it was discovered in 1976. As of 10
February 2016, the Centers for Disease Control and Prevention
reported 15 251 confirmed cases out of 28 639 suspected cases
and a morbidity count of 11 316 [2]. However, the World
Health Organization (WHO) believes these numbers are under-
estimates, owing to the inherent difficulty of collecting data in
low resource and often geographically isolated environments.
Although there has been a steady decline in the number of
new cases in all 3 affected countries, a low level of EVD trans-
mission might still be happening, as demonstrated by a new case
in Sierra Leone [3].

The incubation period, or the time from infection to onset of
symptoms, ranges from 2 to 21 days for EVD. Humans are not
infectious until symptoms appear; however, once the disease
presents, it still may take up to 3 days before the viral load reach-
es a level detectable by current methods [2]. Additionally, many
of the symptoms of EVD resemble those of other, more com-
mon infectious diseases, such as malaria, typhoid fever, measles,
West Nile virus infection, and other viral hemorrhagic fevers,
such as those due to Crimean-Congo hemorrhagic fever virus,

dengue virus, Lassa virus, and Marburg virus [4]. Timely diag-

nosis of infection and isolation of infected individuals is impor-

tant for prevention and control [5] of these outbreaks.
Without any approved therapeutics or vaccines to treat pa-

tients with Ebola virus (EBOV) infection [6], the role of diag-

nostics is even more important to ensure implementation of

control measures and optimization of healthcare resources

[7]. To date, many diagnostic tests such as GeneXpert [8], Idylla

[9], real-time reverse transcription–polymerase chain reaction

(RT-PCR) assays [10], and immunoassays [11],have been devel-

oped for the detection of EBOV, but most of these assays are

meant to be used by trained laboratory personnel and require

additional infrastructure, such as cold storage of regents, labo-

ratory equipment, and lengthy sample-preparation steps [12].

While these diagnostic tests are easy to run in countries that

have a good healthcare system, they are problematic in many

parts of the world, because of limited laboratory capacity and

logistical infrastructure [13]. Also, transportation of samples

to specialized laboratories from remote areas forces patients

and their families to wait several days for test results, postponing

treatment and increasing the chances for further transmission.

This crucial delay in treatment also leads to longer hospitaliza-

tion times, which increases the burden on the healthcare system

and increases the likelihood of nosocomial transmission [12,

14]. Long delays in transportation of samples from the point

of collection in remote areas to the central testing facilities

also affect the integrity of the sample, thus compromising the

test results [15]. Concerned over the lack of rapid diagnostic

tests for EVD, the WHO issued a call for developing rapid

and simple EVD diagnostic tests that can be used in low re-

source settings [13, 16].
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Isothermal amplification methods such as helicase-depen-
dent amplification [17] and loop-mediated isothermal amplifi-
cation (LAMP) [18] are suitable for diagnostic assays that can be
used at the point of care (POC). These methods offer advantag-
es over other nucleic acid testing methods, such as PCR, in
terms of faster time to results, capacity to use crude sample,
simple instrumentation, and ease of use. These advantages
allow the diagnostic assays to be performed outside of central-
ized laboratories, in POC environments like remote clinics, hos-
pital emergency rooms, and particularly in remote areas of
need.

Here we report on the development of an RT-LAMP method
for rapid detection of EBOV directly from whole blood. This
assay is based on the amplification of glycoprotein (GP) gene
of EBOV and performed on a small, portable, battery-operated
device, AmpliFire (Douglas Scientific, Minnesota), with a total
assay time of 40 minutes. Furthermore, assay reagents were
dried in reaction tubes, and a simple, rapid sample-preparation
method was also developed to aid in quick reaction set up.

MATERIALS AND METHODS

Viral RNA Extracts
Viral RNA extracts of 2 strains of EBOV, H. sapiens wt/GIN/
2014/Makona- Gueckedou-C05 (EBOV-Makona; KJ660348.2)
and Zaire ebolavirus strain Kikwit 1995 (EBOV-Kikwit;
JQ352763), were obtained from the University of Texas Medical
Branch (UTMB; Galveston, Texas). RNA extraction was per-
formed using Trizol LS (Invitrogen, California) at a ratio of 1
mL of virus supernatant to 5 mL of Trizol LS, which has been
shown to inactivate filoviruses [19]. Briefly, in the biosafety level
4 (BSL-4) facility, 1 mL of virus supernatant was added to 5 mL
of Trizol LS for each virus examined, and the mixture was vor-
texed and allowed to sit for 10 minutes at room temperature.

This preparation was then placed in a new tube and disinfected
and passed through the disinfectant dunk tank for RNA extrac-
tion at a BSL-2 facility. RNA was then extracted with a Direct-
zol RNA mini-prep kit (Zymo Research, California) per the
manufacturer’s instructions.

LAMP Primer Design
Conserved regions of the EBOV GP were identified by aligning
the nucleotide sequences of various EBOV isolates (JQ352763,
KM233114, KM233110, KT725293, KR006941, KP096420,
KP342330, AF086833.2, KR006950, KP260802, KR817090,
KR817211, KJ660348, and KR534529) from GenBank (available
at: http://www.ncbi.nlm.nih.gov) using ClustalW (available at:
http://www.megasoftware.net). LAMP primers targeting con-
served 200–400 bp regions were designed using the online
primer design software Primer Explorer (available at: https://
primerexplorer.jp/e/). Primers were designed to provide 100%
specificity, based on BLAST analysis (available at: http://www.
ncbi.nlm.nih.gov; Table 1).

Cloning of EBOV LAMP Target Sequence
For use in a BSL-2 facility, a recombinant EBOV (rEBOV) was
generated by amplifying a short region of the GP gene (370 bp)
containing the EBOV target region corresponding to the ampli-
con generated by LAMP primers and cloning it into a plasmid.
For this, extracted EBOV-Makona RNAwas reverse transcribed
into complementary DNA (cDNA), using the OmniScript RT
Kit (Qiagen, Valencia, California) and the primers EBM13
For (5′- GATTGAATTCAAGATGGGGCTTCAGGTC-3′;
6284-6301) and EBM13 Rev (5′- GATTAAGCTTACATGGG-
TAATCCTCATGTTTGTGGTAGAATAATAGCCACTCGAC-
3′; 6654-6629), according to the manufacturer’s instructions.
The cDNA was purified and cloned into the HindIII-EcoRI
sites of a kanamycin-resistant derivative of pT3T7. The plasmid

Table 1. List of Loop-Mediated Isothermal Amplification Primers Used in the Present Study

Target, Primer Name Sequence (5′ to 3′) Genome Position Reference

Ebola virus

F3 GACGGGAGTGAGTGTCTACC 6388-6406 This study

B3 AGCTTGGGGCAGTATCAGAA 6605-6586

FL GCACATACCGGCACC 6453-6440

BL CTTCCTGTATGATCGACTTGCTTC 6516-6538

FIP (F1c + F2) GGCACATGGTCCCGTTCCTGATTTTTTAGCGCCAGACGGGATTCG 6482-6462; 6411-6427

BIP (B1c + B2) TGCCTTCCACAAAGAGGGTGCTTTTTGCGAAAGTCGTTCCTCGGT 6492-6511; 6568-6551

MS2 phage

F3 TGTCATGGGATCCGGATGTT 2050-2069 [20]

B3 CAATAGAGCCGCTCTCAGAG 2252-2233

FL CCAGAGAGGAGGTTGCCAA 2113-2095

BL TGCAGGATGCAGCGCCTTA 2176-2194

FIP (F1c + F2) GCCCAAACAACGACGATCGGTAAAACCAGCATCCGTAGCCT 2136-2115; 2074-2092

BIP (B1c + B2) GCACGTTCTCCAACGGTGCTGGTTGCTTGTTCAGCGAACT 2140-2158; 2218-2200

For Ebola virus, strain H.sapiens-wt/GIN/2014/Makona-Gueckedou-C05 (KJ660348) was used a reference, and for MS2 phage, strain DL 54 (JQ966308) was used as a reference.
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was transformed into the bacterial strain E. cloni 10G (Lucigen,
Wisconsin).

Instrumentation and Threshold Cutoff
Initial optimization experiments were performed on a real-time
thermocycler instrument (iQ5, Bio-Rad, California). Amplifica-
tion was monitored by detection of FionaGreen fluorescence
and quantified by the instrument software at 30-second inter-
vals. The time to result was set as the time at which the fluores-
cence crossed a threshold of 10% of maximum fluorescence.
Samples were considered negative if they failed to cross the
threshold. Later experiments were performed on the AmpliFire
instrument (Douglas Scientific, Minnesota). This device is op-
timized for isothermal chemistry and allows real time monitor-
ing of amplification. To calculate the time to result, threshold
was set as half of the maximum fluorescence.

Optimization of EBOV RT-LAMP Assay
An RT-LAMP assay for detection of EBOV was developed using
OmniAmp 2X Isothermal Master Mix (Lucigen, Wisconsin).
This master mix is formulated for LAMP and contains optimal
concentrations of betaine, salts, dNTPs, and OmniAmp poly-
merase [20]. The final concentrations of the reaction mixes
were 1X OmniAmp Master Mix, 2 mM FionaGreen dye (Mark-
er Gene, OR), 1X LAMP primer mix (IDT, IA; stock solution,
20X), and 5 μL of RNA, brought to volume (25 μL) with DNase-
RNase–free water and incubated in a real-time thermocycler
(iQ5, Bio-Rad, California) at an optimum temperature for 40
minutes. The optimum reaction temperature was determined
using a gradient of 68°C–74°C. To further verify the results, re-
action products were visualized by electrophoresis on ethidium
bromide–stained 2% agarose gels.

EBOV RT-LAMP With Lyophilized Reagents
To allow ambient storage, 50-µL aliquots of the complete 1X
RT-LAMP formulation, including OmniAmp polymerase,
primers, and Fiona Green dye, were dispensed into 0.2-mL
PCR tubes (USA Scientific, Florida) and lyophilized in-house,
using a VirTis AdVantage 2.0 bench-top lyophilizer (SP Scien-
tific, New York). To overcome the inhibitory effect of the sam-
ple input matrix (whole blood), the optimal lyophilized
formulation contained higher concentrations of magnesium
sulfate, dye, and primers relative to the wet formulation. Addi-
tionally, 10% Trehalose (Sigma, St. Louis, Missouri; stock solu-
tion, 40%) was used as an excipient to aid in the lyophilization
process. After lyophilization, tubes were capped and packed in
foil bags (Sorbent Systems, California) with a desiccant pouch
and stored at room temperature until used.

Development of a Rapid Sample-Preparation Method
For use in low-resource settings, we developed a rapid sample-
preparation method based on dilution of the sample into a lysis
buffer, followed by filtration and addition to the lyophilized re-
agents. Field samples were simulated by using human whole

blood (BioreclamationIVT, New York) spiked with E. cloni
cells containing a plasmid carrying the LAMP target sequence.
Samples were added to the lysis buffer (Lucigen, Wisconsin) at
5% dilution followed by filtration using an SQ Easy filter (pore
size, 10 μm; Porex, Georgia) into a clean 1.5-mL microcentri-
fuge tube. As a positive control for the sample-preparation
step, MS2 phage (Zeptomatrix, New York) was included in
the lysis buffer at a final concentration of 107 PFU/mL and de-
tected with MS2-specific LAMP primers (Table 1). The result-
ing filtrate was used directly as a template in the LAMP reaction.

Sensitivity and Specificity of EBOV RT-LAMP Assay
For sensitivity testing, 10-fold serial dilutions of EBOV RNA
(ZEBOV-Kikwit and EBOV-Makona) were made in 25 mM
Tris buffer (pH 8.0), and 5 µL of each dilution was used as
the template in a 25-µL reaction mixture. Reaction tubes were
incubated at 72°C in a real-time thermocycler (iQ5, Bio-Rad,
California) for 40 minutes.

To determine the sensitivity of the rapid sample-preparation
method, 10-fold serial dilutions of target viruses, ZEBOV-Kikwit
(stock concentration, 1.12 × 107 PFU/mL) and EBOV-Makona
(4 × 107 PFU/mL) were made in human whole blood (Biorecla-
mationIVT, New York). Blood with viral dilutions of 10−1 to
10−4 was added to the lysis buffer (containing 107 PFU/mL
MS2 phage) at 5% vol/vol, followed by filtration into 1.5-mL mi-
crocentrifuge tubes. One tube with no template added was used
as a negative control. Fifty microliters of each filtrate was added
to the lyophilized reagents and incubated in the AmpliFire in-
strument at 72°C for 40 minutes.

Specificity of this RT-LAMP assay was evaluated using vari-
ous bacterial and viral pathogens (Table 2). For specificity test-
ing, a 1:10 dilution of each pathogen was made in human whole
blood (BioreclamationIVT, New York) and analyzed as de-
scribed above. Final reaction products were visualized by elec-
trophoresis on 2% agarose gels stained with ethidium bromide.

Real-time RT-PCR
Primers/probe targeting the VP30 gene of EBOV were used for
quantitative real-time PCR [21] with the probe 6-carboxyfluor-
escein (6FAM)-5′-CCG TCA ATC AAG GAG CGC CTC -3′-6
carboxytetramethylrhodamine (Life Technologies, California).
EBOV RNA was detected using the CFX96 detection system
(BioRad Laboratories, California) in One-step probe qRT-
PCR kits (Qiagen, California) with the following cycle condi-
tions: 50°C for 10 minutes, 95°C for 10 seconds, and 40 cycles
of 95°C for 10 seconds and 59°C for 30 seconds. Cycle thresh-
olds representing EBOV genomes were analyzed with CFX
Manager Software, and data are shown as genome equivalents
(GEq). To create the GEq standard, RNA from EBOV stocks
was extracted, and the number of EBOV genomes was calculat-
ed using Avogadro’s number and the molecular weight of the
EBOV genome.
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Biosafety Testing of Sample-Preparation Buffer
A virus seed stock for ZEBOV-Makona (NCBI accession
KJ660347) was used to spike 100 μL into 100 μL of blood or
cell culture medium. A total of 25 μL of this mixture was
added to 475 μL of sample-preparation buffer (Lucigen, Wis-
consin) or cell culture medium alone as a positive control.
Virus and inactivation buffer mixtures were allowed to incubate
for 10 minutes at room temperature or at 80°C. Tubes were al-
lowed to cool (if necessary) for 5 minutes and then the mixtures
were transferred to a new tube and allowed to incubate for an-
other 10 minutes to mimic the time it would take to retrieve the
sample after disinfection procedures for removal.

Inactivation was assessed by placing dialyzed sample onto
Vero E6 cells and observing cells for cytopathic effect (CPE)
or by plaque-forming unit (PFU) analysis. Prior to the addition
of the ZEBOV/inactivation buffer mixture to the cell culture,
the mixture was subjected to dialysis, using a single-use Rapid
Equilibrium Dialysis device to remove cell-toxic salts. The inac-
tivation efficiency of the buffer was determined by adding the
dialysate to Vero E6 cells (ATCC, CRL-1586) and monitoring
the CPE over 12 days of incubation. If any virus CPE was ob-
served at day 8 after infection, the PFU assay was used to verify
and quantify any remaining live virus in the medium.

PFU were assessed by 10-fold dilutions of cell culture super-
natant from inactivation tests, placing 100 μL of supernatant
into 900 μL of diluent. Duplicate wells using 200 μL from the
dilutions were used to inoculate Vero E6 monolayers.

Statistical Analysis
The Tukey-Kramer honest significant difference test was used to
compare the mean values of the time to result (minutes), with a
P value of <.05 considered to be significant. The analysis was
performed using JMP statistical software (JMP, SAS Institute,
2003).

RESULTS

Optimization of Reaction Temperature
For determination of optimum temperature, reactions were per-
formed using viral RNA extracts of EBOV-Makona as a tem-
plate at temperatures of 68°, 70°, 72°, and 74°C for 40 minute.
Optimum time to result (minutes), sensitivity, and lack of non-
specific amplification were obtained when the reaction was per-
formed at 72°C. All subsequent reactions were performed at 72°C.

Sensitivity and Specificity of the RT-LAMP Assay
The sensitivity of EBOV detection by this new RT-LAMPmeth-
od was compared to that of real-time RT-PCR, using 10-fold
serial dilutions of viral RNA of 2 strains of EBOV, Makona
and Kikwit. The limit of detection (LOD) was about 10 RNA
copies/µL for both the strains. These results were comparable
or superior to those of real-time PCR (Table 3).

Sensitivity and Specificity of the Rapid Sample Preparation Method
To evaluate the sensitivity of the rapid sample-preparation
method, 10-fold serial dilutions of the target (EBOV-Kikwit
and EBOV-Makona) were made in human whole blood, and

Table 2. List of the Pathogens Used for the Evaluation of the Specificity of Ebola Virus (EBOV) Reverse Transcription–Loop-Mediated Isothermal
Amplification (RT-LAMP)

Sample Isolate Source Part Number Stock Titer Titer/Test (50 µL)

1a Marburg virus–Angola UTMB Not available 8 × 107 PFU/mL 2 × 104 PFU/mL

2a Marburg virus–Musoke UTMB Not available 4.4 × 106 PFU/mL 1.1 × 103 PFU/mL

3a Lassa virus UTMB Not available 1.75 × 106 PFU/mL 4.25 × 102 PFU/mL

4a Crimean-Congo hemorrhagic fever virus UTMB Not available 1 × 107 PFU/mL 2.5 × 103 PFU/mL

5 Respiratory syncytial virus A (2006 isolate) Zeptometrix 0810040ACF 1.95 × 107 U/mL TCID50 5.36 × 103 units

6 Respiratory syncytial virus B (CH93(18)-18) Zeptometrix 0810040CF 1.51 × 106 U/mL TCID50 4.16 × 102 units

7 Influenza A virus (Wisconsin/67/05) Zeptometrix 0810252CF 1.41 × 105 U/mL TCID50 3.88 × 101 units

8 Influenza B virus (Massachusetts/2/12) Zeptometrix 0810239CF 1.41 × 105 U/mL TCID50 3.88 × 101 units

9 Salmonella enterica subspecies arizonae ATCCd ATCC 13314 1.30 × 108 CFU/vial (1 mL) 3.58 × 104 CFU

10 Salmonella enterica serotype Typhi Zeptometrix 0801933 1.89 × 109 CFU/mL 5.20 × 105 CFU

11 Pseudomonas aeruginosa ATCC ATCC 10145 9.15 × 107 CFU/mL 2.52 × 104 CFU

12 Salmonella sonnei ATCC ATCC 29930 >104 CFU/mL 2.75 × 101 CFU

13 Plasmodium vivax ATCC ATCC 30152 4.90 × 106 U/mL TCID50 1.35 × 103 units

14 Plasmodium falciparum ATCC ATCC 30932 2.84% parasitemia/vial (0.7 mL) 0.02% parasitemia

15 Dengue virus serotype 1 (Hawaii) Zeptometrix 0810088CF 2.45 × 105 U/mL TCID50 6.74 × 101 units

16 Dengue virus serotype 2 (New Guinea) Zeptometrix 0810089CF 3.16 × 105 U/mL TCID50 8.69 × 101 units

17 Dengue virus serotype 3 (strain H87) Zeptometrix 0810090CF 1.15 × 107 U/mL TCID50 3.16 × 103 units

18 Dengue virus serotype 4 (H241) Zeptometrix 0810091CF 3.39 × 107 U/mL TCID50 9.32 × 103 units

19 Vibrio cholerae (Z133) Zeptometrix 0801902 1.90 × 1010 CFU/mL 5.23 × 106 CFU

Abbreviations: ATTC, American Type Culture Collection; CFU, colony-forming units; PFU, plaque-forming units; TCID50, 50% tissue culture infective dose; UTMB, University of Texas Medical
Branch, Galveston.
a Specificity experiments using these pathogens were done at the UTMB in a biosafety level 4 facility.
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dilutions of 10−1–10−4 were tested using lyophilized RT-LAMP
reagents. The assay gave a positive result down to 2.8 × 102

PFU/test for EBOV-Kikwit and 1 × 103 PFU/test for EBOV-
Makona within 40 minutes (Figure 1). No amplification was ob-
served with non-EBOV targets when tested in the presence of
blood. To further confirm the result, postamplification reaction
products were analyzed by gel electrophoresis. The MS2-posi-
tive control and EBOV samples showed a ladder-like pattern
of multiple amplification bands, as is typical for LAMP prod-
ucts; none of the other pathogens showed any amplification
(Figure 2), suggesting that this RT-LAMP method is specific
for EBOV.

Biosafety Testing of Sample Preparation Buffer
Results of biosafety testing of sample-preparation buffer are pre-
sented in Table 4. Results indicate that no detectable ZEBOV
could be detected 8 days after infection in the presence of the
sample-preparation buffer after 10-minute incubation at 80°C.
No loss in virus titer was observed in positive controls, with or
without incubation at 80°C.

Guard Banding
To ensure robustness of the RT-LAMP diagnostic test, we tested
a range of blood input volumes (from 3.5% to 6%). We also test-
ed different volumes of filtrate, ranging from 40 µL to 60 µL,
used to reconstitute the lyophilized reagents. This test showed
a broad working range at the LOD, tolerating blood inputs of
4%–5.5% without any significant differences in the time to re-
sult (Figure 3A and 3B). Similarly, the test was able to tolerate
variations of ±10% in volume of filtrate without any significant
change in the time to result when tested at LOD.

DISCUSSION

The recent outbreak of EVD in West Africa demonstrated that
national and world health organizations are ill prepared for
countering such infectious disease crises. One factor that con-
tributed to the severity of the outbreak was the lack of diagnostic
tests that could be used at the POC for patient screening. Al-
though the WHO and other international organizations de-
ployed mobile laboratories for sample testing [13], their
effectiveness was hampered by numerous challenges, such as
testing cost, time to result, maintenance of cold storage for re-
agents, and a high level of biosafety [12]. But, most importantly,
the majority of these testing laboratories were based in urban
centers, thus requiring blood samples to be transported from re-
mote rural areas for testing. This centralized testing of samples
delayed the reporting of results from a few days to up to a week
[22]. As a result, the WHO issued a call for developing “rapid,
sensitive, safe and simple Ebola diagnostic tests” and issued
guidelines for an ideal rapid diagnostic test [13, pp 4–5].

Toward this goal, we have developed a diagnostic test for
rapid detection of EBOV at the POC. This assay is based on
RT-LAMP amplification of the GP gene of EBOV and uses a
thermotolerant enzyme, OmniAmp polymerase, which allows
the reaction to be performed at an elevated temperature,
which was 72°C in the present study [19]. Most diagnostic as-
says for EBOV detection target either the polymerase, nucleo-
protein, or GP genes [8, 10, 23] For this RT-LAMP assay, we
chose the GP gene because it is an important virulence factor
of EBOV [21]. The GP gene is the target for other assays,
such as Xpert [8], Idylla [9], and another RT-LAMP [7].

RT-LAMP methods for EBOV detection have been previously
reported [7, 24–26], but all these methods require extraction of
RNA from blood samples. Because the reaction developed in
the present study is performed at high temperature, lysis and

Figure 1. Sensitivity of the Ebola virus (EBOV) reverse transcription–loop-mediated
isothermal amplification method. Sensitivity was determined against 2 strains of
EBOV, EBOV-Kikwit (stock concentration, 1.12 × 107 plaque-forming units [PFU]/mL)
and EBOV-Makona (4 × 107 PFU/mL). Ten-fold serial dilutions of each virus were
made in human whole blood. Each dilution was added to the lysis buffer at 5%,
and 50 µL of this suspension was used to reconstitute lyophilized reagents. Abbre-
viations: NEG, negative control; POS, positive control (MS2 phage).

Table 3. Comparative Sensitivity of Reverse Transcription–Loop-
Mediated Isothermal Amplification (RT-LAMP) With Real-time
Polymerase Chain Reaction (PCR) Analysis

RNA Level,
Copies/µL

EBOV-Kikwit EBOV-Makona

LAMP, Time to
Result, min

Real-time
PCR, GEq

LAMP, Time to
Result, min

Real-time
PCR, GEq

1 × 108 11.3 19.7 8.0 18.8

1 × 107 12.3 24.3 9.2 22.5

1 × 106 15.5 28.6 10.5 26.1

1 × 105 19.0 31.0 12.9 29.7

1 × 104 26.5 34.1 16.4 33.2

1 × 103 31.2 38.3 20.4 36.9

1 × 102 28.2 ND 25.3 39.9

1 × 101 26.3 ND 27.2 ND

For RT-LAMP, 5 µL of template (genomic RNA) was used in a 25-µL reaction. For qRT-PCR,
Ct values representing EBOV genomeswere analyzedwith CFXManager Software, and data
are shown as genome equivalents, based on an EBOV RNA genomic standard.

Abbreviations: EBOV, Ebola virus; GEq, genome equivalent; ND, not detected.
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amplification occur concurrently. Because of this modification,
reaction set up is easy, requires little time or expertise for sample
preparation, and requires only simple equipment. Also, to reduce
dependence on a cold chain for storage of reagents during ship-
ping as well as in the laboratory, we lyophilized a complete for-
mulation sufficient for 50-µL volumes in 0.2-mL PCR tubes
without any loss in amplification efficiency for up to 60 days
when stored at 22°C or 15 days at 42°C (data not shown).

To aid in interpretation, this assay is performed on a simple
and easy to use isothermal amplification and detection

platform, the AmpliFire instrument (Douglas Scientific, Minne-
sota). AmpliFire is a small bench-top instrument that is light-
weight and battery operated, allowing it to be used at the
POC. In this RT-LAMP, we used a fluorescent DNA-binding
dye, FionaGreen, in the reaction mixture. Double-stranded
DNA generated as a result of amplification binds to dye, allow-
ing the reaction to be monitored in real time. On-board soft-
ware determines whether a sample has positive, negative, or
invalid results, thus minimizing user interpretation. In the
RT-LAMP method described by Xu et al [7], lateral flow devices

Figure 2. Specificity of the Ebola virus (EBOV) reverse transcription–loop-mediated isothermal amplification (RT-LAMP) method. After completion of the reaction (40 minutes)
LAMP reaction products were separated on 2% agarose gel. A, Specificity of EBOV RT-LAMP, using RNA extracts. A total of 5 µL of RNA was used as template in a 25-µL
reaction mix. The reaction was performed at 72°C for 40 minutes. CCHFV, Crimean-Congo hemorrhagic fever virus; CHIKV: Chikungunya virus; DENV-1, dengue virus serotype 1;
DENV-2, dengue virus serotype 2; DENV-3, dengue virus serotype 3; DENV-4, dengue virus serotype 4; EBOV, Ebola virus-Makona; LASV-J, Lassa virus–Josiah; LASV-S, Lassa
virus–Sauer; MARV, Marburg virus–Musoke; WNV: West Nile virus. B, Specificity of EBOV RT-LAMP, using different pathogens. Each pathogen was diluted 1:10 in human
whole blood. Each dilution was added to the lysis buffer at 5%, and 50 µL of this suspension was used to reconstitute lyophilized reagents. The reaction was performed at 72°C
for 40 minutes. Abbreviations: MS2, MS2 phage (positive control); Neg, negative control (no target); rEBOV, recombinant EBOV-Makona complementary DNA plasmid. A list of
other pathogens is provided in Table 2.
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were used to visualize the amplification reaction. This method
requires an additional step after amplification because reaction
tubes need to be transferred into the lateral flow cassette, which
increases the chance of sample mix-up. The cost of the assay is
also higher because of the addition of lateral flow cassettes. Kur-
osaki et al [26] developed an RT-LAMP method performed on
the Genie II instrument (Optigene, United Kingdom), in which
the readout is based on detection of turbidity. This method is
suitable for use with only extracted RNA and cannot be used

to detect EBOV directly from blood samples, as the color of
blood will make it difficult to detect the turbidity, making it un-
stable for POC situations. Use of dye in the RT-LAMP method
described in this study enables the amplification signal to be de-
tected even in presence of blood.

The sensitivity of our RT-LAMP method was found to be 10
RNA copies/µL, which is similar to that reported by others [7,
24], and the specificity was high. This RT-LAMP method
showed sensitivity similar to that of the real-time RT-PCR
method for both strains of EBOV (Makona and Kikwit), indi-
cating that this method can detect the low copy numbers of tar-
get RNA. Although the real-time RT-PCR used in this study
targets different region of EBOV genome, this method [21] is
highly sensitive for the detection of EBOV.

The total assay time for RT-LAMP was 40 minutes, which is
similar to that reported by Xu et al [7] but faster than what was
reported by Kurosaki et al [26]. Furthermore, the LOD of this
assay for direct detection of EBOV particles spiked into blood
samples was 2.8 × 102 PFU/test for ZEBOV-Kikwit and
1 × 103 PFU/test for EBOV-Makona. Also, the assay was
shown to have a wide working range (4%–5.5% blood input)
without any loss in sensitivity.

Preliminary data indicate that 10-minute incubation at 80°C
in the presence of the sample-preparation buffer inactivates
EBOV. However, further studies are needed to verify this.
Given the highly infectious nature of EBOV, this assay should
be performed using full personal protective equipment, and

Table 4. Biosafety Testing of Sample Preparation Buffer

Treatment

Virus Titer 8 d After Infection

Room Temperature (22°C) 80°C

Positive control

Virus + CCMa >1 × 107 >1 × 107

Virus + blood >1 × 106 >1 × 107

Negative control

Bufferb + CCM Not tested <25

Test

Virus + CCM+ buffer >1 × 107 <25

Virus + blood + buffer >1 × 107 <25

Zaire ebolavirus strain Makona (National Center for Biotechnology Information accession no.
KJ660347) was mixed with whole blood and added to cell culture medium or sample-
preparation buffer. After incubation for 10 minutes at room temperature (22°C) and 80°C,
samples were added to monolayers of Vero E6 cells.
a Minimum essential medium for cell culture (Gibco, New York).
b Sample preparation buffer (Lucigen, Wisconsin).

Figure 3. Performance of the Ebola virus (EBOV) reverse transcription–loop-mediated isothermal amplification method using different levels of sample input. A, Human
whole blood was spiked with target (E. colni cells and recombinant EBOV) and added to the lysis buffer at various levels (3.5%–6%). A total of 50 µL of this suspension was
used to reconstitute lyophilized reagents, followed by incubation at 72°C for 40 minutes. Means with the same letter are not significantly different from each other (P > .05, by
the Tukey-Kramer test,). B, Human whole blood was spiked with target (recombinant EBOV) and added to the lysis buffer at 5%. Various volumes (40–60 µL) of this suspension
were used to reconstitute lyophilized reagents, followed by incubation at 72°C for 40 minutes. Means with the same letter are not significantly different from each other
(P > .05, by the Tukey-Kramer test).
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any waste generated (before and after amplification) should be
considered infectious and disposed of by following established
guidelines for biohazardous waste.

In conclusion, the RT-LAMP assay described in this article
can detect EBOV directly from blood within 40 minutes by
using a portable instrument. This test meets the criteria for
use at the POC as set by the WHO for a rapid diagnostic test.
Advantages of this test are (1) the use of lyophilized reagents;
(2) direct detection of EBOV from blood, with no sample-prep-
aration step required; (3) easy work flow, as the reaction can be

set up in 4 easy steps with no measuring required (Figure 4); and
(4) the need for only a simple, easy-to-use instrument, with re-
sults displayed on screen at the end of a run and no need for
interpretation by the user. This test can be used as an aid to
gold-standard testing methods, as samples can be quickly
screened at the POC and only presumptive positive samples
tested further for confirmation by a secondary method such
as real-time PCR. Use of this test enables healthcare workers
to be better prepared to respond to EBOV outbreaks or any
other disease outbreaks that can happen in the future.
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