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Molecular  diagnosis  of malaria  by  nucleotide  amplification  requires  sophisticated  and  expensive  instru-
ments,  typically  found  only  in well-established  laboratories.  Loop-mediated  isothermal  amplification
(LAMP)  has  provided  a new  platform  for  an  easily  adaptable  molecular  technique  for  molecular  diagnosis
of malaria  without  the  use  of  expensive  instruments.  A new  primer  set  has  been  designed  targeting  the
18S  rRNA  gene  for the  detection  of Plasmodium  falciparum  in  whole  blood  samples.  The efficacy  of  LAMP
using  the  new  primer  set  was  assessed  in  this  study  in  comparison  to  that  of  a previously  described  set  of
LAMP  primers  as well  as  with  microscopy  and  real-time  PCR  as  reference  methods  for  detecting  P. falcip-
arum.  Pre-addition  of hydroxy  napthol  blue  (HNB)  in the  LAMP  reaction  caused  a  distinct  color  change,
thereby  improving  the  visual  detection  system.  The  new  LAMP  assay  was found  to  be 99.1%  sensitive
compared  to  microscopy  and  98.1%  when  compared  to real-time  PCR.  Meanwhile,  its specificity  was 99%
and  100%  in  contrast  to microscopy  and  real-time  PCR,  respectively.  Moreover,  the  LAMP  method  was  in

very good  agreement  with  microscopy  and  real-time  PCR  (0.94  and  0.98,  respectively).  This  new  LAMP
method  can  detect  at least  5  parasites/�L  of infected  blood  within  35  min,  while  the  other  LAMP  method
tested  in  this  study,  could  detect  a minimum  of  100 parasites/�L  of human  blood  after  60  min  of ampli-
fication.  Thus,  the new  method  is sensitive  and  specific,  can  be  carried  out  in a very  short  time, and  can
substitute  PCR  in  healthcare  clinics  and  standard  laboratories.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Accurate diagnosis of malaria is important for controlling the
isease as well as for limiting the increase in drug resistance
Murray and Bennett, 2009). Almost half of the world’s population,
esiding in 106 countries, is under the threat of malaria, but one

f the impediments to more universal diagnosis of malaria is the
ssociated cost (Murray and Bennett, 2009).
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Microscopy is still considered the gold standard for diagnosing
malaria, though it is difficult to implement due to lack of exper-
tise. However, its sensitivity and specificity is limited at about
80–90%, even in the best of settings (Reyburn et al., 2006). Because
of the limitations of microscopy, rapid diagnostic tests (RDTs) were
implemented for malaria diagnosis in healthcare and research.
Despite their significant contribution in the diagnosis of malaria
because of the ease with which they can be performed, RDTs have
several limitations, such as cross-reactivity with heterophile anti-
bodies and rheumatoid factors, false positivity due to a previous
infection, and decreased sensitivity in some instances, especially in
the case of lower parasite densities (Wongsrichanalai et al., 2007).
On the other hand, genetic diversity and deletion of histidine rich

protein 2 (HRP2) can lead to false-negative diagnosis, especially
in Peruvian cases of Plasmodium falciparum,  which lack HRP2 and
HRP3 (Baker et al., 2005; Gamboa et al., 2010). Furthermore, failure
to maintain the expected quality in each production cycle and the
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Table 1
List of primers and sequence.

Primer name Sequence (5′–3′)

Pf-F3 TGATAGGAATTTACAAGGTTCC
Pf-B3 GAAAACCTTATTTTGAACAAAGC
Pf-F1P TGCTATTGGAGCTGGAATTACCGTAGAGAAACAATTGGAGGGC
Pf-B1P GTTGCAGTTAAAACGTTCGTAGTTGTGGTTTTCCCAAACCAGTT
A.N. Mohon et al. / Act

nability to monitor treatment follow-up have made RDTs unre-
iable in some instances (Alam et al., 2011; Murray and Bennett,
009; Wilson, 2012).

Conversely, molecular methods such as PCR and real-time PCR
re more sensitive and can detect 1–5 parasites/�L  of blood in
ome instances. But these methods are very expensive, require
ophisticated instruments, and are feasible only in well-established
aboratories with proper technical expertise (Mohon et al.,
012).

Notomi et al. (2000) described a novel DNA amplification
ethod named loop mediated isothermal amplification (LAMP).

n this method, a specific fragment of DNA can be amplified in
eat block without a thermal cycler, which can be too expensive

or PCR application in the field. Four specially designed primers
nd two additional loop forming primers amplify the target DNA
ith a large fragment of Bst polymerase, which has exclusive strand
isplacement activity in the LAMP method. Immense amplifica-
ion leads to accumulation of magnesium pyrophosphate, which
urns the solution turbid; this turbidity is visible to the naked
ye or can be measured with a turbidity meter (Notomi et al.,
000).

Eventually, LAMP has attracted great interest from a number of
nvestigators worldwide. Consequently, several diagnostic meth-
ds were implemented for protozoan parasite detection (Mori and
otomi, 2009) as well as malaria (Abdul-Ghani et al., 2012). Poon
t al. (2006) first reported the use of LAMP for the diagnosis of
linical malaria caused by P. falciparum; later, Han et al. (2007),
sing primers targeting an 18S rNA gene, implemented genus- and
pecies-specific LAMP for the diagnosis of four Plasmodium species
hat infect humans. Polley et al. (2010) reported better sensitivity
f LAMP than earlier methods using primers designed for targeting
itochondrial DNA.
Despite these developments, visual detection of the LAMP prod-

ct requires practical skill, and individual variation occurs in
etecting positive reactions, especially in the setting of lower copy
umbers of template DNA (Goto et al., 2009). Furthermore, a tur-
idity meter or fluorescent reader or portable fluorescence reader

ncreases the cost and the number of instruments required. Post-
ddition of SYBR Green requires opening of the reaction tubes,
hich may  lead to severe contamination in the laboratory, whereas
re-addition to the reaction mixture inhibits the amplification
eactions. Pre-addition of Calcein with MnCl2 can surmount the
roblem of contamination, but it does not lead to significant devel-
pment in the visual system (Goto et al., 2009). Moreover, cost is

 big constraint in using SYBR Green and Calcein in LAMP visual-
zation. Goto et al. (2009) introduced the concept of pre-addition
f hydroxy naphthol blue (HNB), a cheap and easily visible dye
n the reaction mixture, that does not inhibit the amplification.

assive amplification produces a pyro-phosphate by-product that
recipitates with Mg2+ ion in the solution. In this process, HNB, the
agnesium-chelating dye, loses its bound magnesium to provide
agnesium to pyrophosphate, which has stronger affinity to mag-

esium than HNB. Consequently, absorption and emission spectra
f the HNB complex are altered. Eventually, the color of the reac-
ion mixture changes from violet to sky blue. Moreover, HNB
rovides a detection threshold similar to that provided by SYBR
reen (Goto et al., 2009). Consequently, several LAMP-based meth-
ds were developed using HNB for the diagnosis of various targets
uch as Mycobacterium tuberculosis, coronavirus, trypansomes, and
nfluenza H1N1 (Cardoso et al., 2010; Grab et al., 2011; Hong et al.,
012; Ma  et al., 2010).

In this study, HNB was introduced for the visualization of LAMP

urbidity, and a new primer set was designed and its efficacy was
ompared with the primer set described by Poon et al. (2006) to
etect P. falciparum in clinical samples using real-time PCR and
onventional microscopy as reference methods.
Pf-LPF GCTGCTGGCACCAGACTT
Pf-LPB ATTAAAGAATCCGATGTTTCATTT

2. Materials and methods

2.1. Samples

The study area and sample collection procedures were described
previously (Alam et al., 2011). The study samples included 106
microscopy-positive P. falciparum monoinfection and 105 micro-
scopically negative samples. All the subjects had febrile illness and
were suspected of malaria.

2.2. Microscopy

Thick and thin smear slides were prepared in duplicate using
two drops of blood for each sample. Microscopy was performed by
experienced microscopists according to WHO  standard procedures,
as described elsewhere (Alam et al., 2011).

2.3. DNA extraction

DNA was extracted from 200 �L preserved whole blood using
the QiaAmp blood mini kit (Qiagen GmbH, Germany) following
manufacturer’s instructions.

2.4. Real-time PCR

Real-time PCR was done on extracted DNA according to the pro-
cedure described by Alam et al. (2011) using InvitrogenTM SYBR
Green I supermix UDG (Life Technologies Corporation, USA).

2.5. LAMP method

Initially, the LAMP method was carried out following the pro-
tocol and primer set described by Poon et al. (2006), although
pre-addition of 120 �M HNB was  introduced in the reaction
mixture. 2 �L of extracted DNA was  used as the template for ampli-
fication. The tubes were heated at 60 ◦C for 60 min.

A slightly different region in the 18S rRNA gene of P. falciparum
3D7 type was  selected using the NCBI-BLAST tool. Primers were
designed with Primer Explorer V4: an online primer-designing
tool (http://primerexplorer.jp/elamp4.0.0/index.html) developed
by Eiken Chemical Co. LTD, Japan. Primer sequences are listed in
Table 1 and Fig. 1.

For the newly designed primer set, a 2X reaction mixture was
prepared comprising 40 mM Tris–HCl (pH 8.8), 20 mM (NH4)2SO4
(pH 8.8), 20 mM KCl, 16 mM MgSO4, 1 M betain, 2.4 mM each of
the DNTPs, 120 �M HNB, and 0.01% Tween 20. The primer mixture
was prepared with 2.4 �M of F1P and B1P, 0.6 �M of LPF and LPB,
and 0.2 �M of F3C and B3 primers. All reactions were carried out
in 25 �L tubes using 2 �L of template DNA, 12.5 �L 2X reaction
mixture, 9.5 �L of primer mixture, and 1 �L (8U) of Bst polymerase.
All tubes were heated at 60 ◦C for 40 min  in a heat block.
Changes in the color of the reaction mixture for both LAMP
methods were observed by the naked eye. The color of the mix-
ture in the tubes containing detectable amount of P. falciparum DNA
changed from violet to sky blue (Fig. 2).

http://primerexplorer.jp/elamp4.0.0/index.html
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PF3D7_0112300 18S riboso mal  RNA  

GGAAGGCAGCAGGCGCGTAAATT ACCC AAT TCTA AAAAAGAGAGGT AGTGACAAGAAATA 480 

ACAATACAATA TCGAAAAAT GAT TTTG TAAT TGGAA TGAT AGGAATTT ACAAG GTT CCTA  540   Poon  Pf-F3 Pf-F3  

GAGAAACAATT GGAGGGC AAGTCT GGTGCC AGCAGCCGCGGTA ATTCCAGCTC CAATA GC 600  3’ Pf-F1P  Pf-LBF  

ATA TAT TAAAATT GTTGCAGTT AAAACGTTCGT AGT TGAA TAT TAAAGAATC CGATG TTT  660  Pf-LPB  

CAT TTAAACTG GTT TGGGAAAAC CAAATATA TTA TAT ATTTT GCTTT GTT CAAAATA AGG  720  Pf-B1P  Pf- B3  

TTTTCTA ATA AAT TATG TTTT TATCAGATATG ACAGAATCTTTTTTA AAATCTCTTCA AT 780   

ATGCTTT TAT TGCTTTT GAGAGGT TTT GTTACTTTGAGTA AAATTAAGT GTTCAT AAC AG 840   

Fig. 1. Overlap of the LAMP primer sets on the PF3D7 0112300 18S rRNA gene. The new forward primer begins after the initial 11 nucleotides of the Poon et al.’s forward
primer.  The reverse primer Pf-B3 are identical. The other new primers, which are underlined, are shifted from the Poon et al.’s corresponding primers by 4–10 nucleotides.
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Fig. 2. Visualization of the LAMP reaction using HNB. The color c

In order to set the reaction time, initially LAMP was carried
n serially diluted DNA samples with parasitemia of 10000, 1000,
00, 10, 5, and 1. Each sample was amplified for five rounds. In
ach round of assay, reactions with 5 parasites/�L  template DNA
as amplified and changed the color within 30–32 min. Sometimes

eactions with 1 parasite/�L template DNA were amplified within
pproximately 35–36 min. Incubation for longer duration did not
how any color change. Therefore, 40 min  was chosen as the reac-
ion time.

.6. Analytical sensitivity and specificity

Two confirmed microscopically positive P. falciparum samples
ere selected and slides were analyzed by three independent
icroscopists. Parasitemia were calculated according to WHO

tandard procedures. The average parasite count was  calculated
sing three independent results from each microscopist for each
f the sample. These samples were diluted with a healthy negative
ontrol blood sample to establish the parasitemia of 10000, 1000,
00, 10, 5, and 1 parasite/�L. Then DNA was extracted and LAMP
eactions were carried out on the DNA of the diluted samples for
ve rounds following the procedures described above.

A negative control panel was made available comprising of 20
. vivax, 3 P. malariae, 10 Leishmania donovani, and 10 M. tuberculo-
is positive blood samples and DNA was extracted. The infection

tatus of the samples was confirmed by PCR. Then LAMP reac-
ion was carried out to assess the cross-reactivity of the newly
esigned primers with this set of nonmalaria microbial DNA in
lood.
s from violet (negative reaction) to sky blue (positive reaction).

2.7. Data analysis

All data were analyzed in STATA version 11.0 (StataCorp, College
Station Texas, USA). Sensitivity, specificity, predictive values, and
accuracy were calculated with their corresponding 95% confidence
intervals (95% CI) by the McNemar test and exacted by the same
test using the ‘diagt’ command.

2.8. Ethical approval and anonymity

The study was approved by the Institutional Research Review
Committee (RRC) and Ethical Review Committee (ERC) of icddr,b. A
written consent was  obtained from all adult subjects and from the
legal guardians in the case of minor subjects prior to the collection
of blood samples. Anonymity was maintained at every step of the
research procedure.

3. Results

3.1. Microscopy and real-time PCR

All of the 106 microscopy-positive samples were also found pos-
itive by P. falciparum-specific real-time PCR. On the contrary, among
the 105 microscopy-negative samples, two  tested positive for P.
falciparum by real-time PCR (Table 2).
3.2. Limit of detection and specificity

The LAMP primers described by Poon et al. (2006) detected
a minimum of 100 parasites/�L  in each of the five rounds of
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Table  2
Comparison of the two  LAMP methods with microscopy and real-time PCR.

Test Result Microscopy Real-time PCR

Positive Negative Positive Negative

Poon et al.’s LAMP Positive 102 2 103 1
Negative 4 103 5 102
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New  LAMP Positive 105 

Negative 1 

mplification within 60 min. No alteration in the initial color
as observed after heating the samples for up to 90 min. Con-

ersely, LAMP with newly designed primers successfully detected
 parasites/�L  within 35 min  in each of the five amplification
ounds. Additional heating to 60 min  resulted in the detection of

 parasite/�L in two of the five rounds of amplification.
All the 43 samples in the negative panel of P. vivax, P. malariae, L.

onovani, and M.  tuberculosis tested negative by both of the LAMP
rimer sets. Thus, analytical specificity with this panel was  100%
or both primer sets.

.3. Clinical sensitivity and specificity

Following pre-addition of HNB, LAMP with the primer set
escribed by Poon et al. (2006) had a sensitivity of 96.2% (95% CI,
0.06–99.0; 102/106) and a specificity of 98.1% (95% CI, 93.3–99.8)

n comparison with microscopy. Meanwhile, sensitivity decreased
lightly to 95.4% (95% CI, 88.4–98.0) with somewhat improved
pecificity when real-time PCR was considered as the reference
Tables 2 and 3).

LAMP with newly designed primers was 99.1% (95% CI,
4.9–100) and 98.1% (95 CI%, 93.5–98.8) sensitive compared to
icroscopy and real-time PCR, respectively, while specificity was

9% (95% CI, 94.8–100) and 100% (95% CI, 96.5–100) for the assess-
ents (Table 3).
Positive predictive values (PPV), negative predictive values

NPV), and the agreement of both LAMP methods in comparison
ith microscopy and real-time PCR are presented in Table 3.

. Discussion

The LAMP primer sets assessed in this study were able to
etect clinical falciparum malaria with great accuracy in compari-
on with microscopy and real-time PCR. LAMP with newly designed
rimers is more sensitive as it can detect a minimum of 5 P. fal-
iparum parasites/�L  of human blood. This method has very good
oncordance with microscopy and real-time PCR (0.94 and 0.98
espectively). A high PPV of the test method indicates its ability
o detect actual positive cases. Conversely, a high NPV reveals its
ccuracy in excluding false-positive cases, which is also reflected
n the 100% specificity of the new LAMP method.

LAMP method comprising auto-cycling and strand displace-

ent DNA synthesis has become superior to other nucleic acid

mplification techniques due to its simplicity, rapidity, sensitivity,
pecificity, and cost effectiveness (Abdul-Ghani et al., 2012). This
ethod is very robust, and rare mutations do not affect its efficacy

able 3
ensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV

Reference Method Method Sensitivity (95% CI) Specificity (95% C

Microscopy Poon et al.’s LAMP 96.2% (90.6–99.0) 98.1% (93.3–99.8
New  LAMP 99.1% (94.9–100.0) 99.0% (94.8–100

Real  time PCR Poon et al.’s LAMP 95.4% (89.5–98.5) 99.0% (94.7–100
New  LAMP 98.1% (93.5 –99.8) 100.0% (96.5–100
1 106 0
104 2 103

unless they occur in the extreme ends of the primer-binding sites
(Notomi et al., 2000).

Poon et al. (2006) described 95% sensitivity and 99% specificity in
regard to PCR in their first implementation of LAMP in malaria. The
same primer set was replicated in the genus-and species-specific
LAMP described by Han et al. (2007), where all of the 12 microscopy
and PCR-positive P. falciparum samples were successfully detected
by LAMP. Poschl et al. (2010) described 100% sensitivity and speci-
ficity of LAMP compared to nested PCR using the same primer
set and reaction conditions. Lucchi et al. (2010) have also utilized
the same primer set in real-time fluorescence LAMP with portable
fluorescence reader, with 98.8% sensitivity and 100% specificity,
while Paris et al. (2007) described 73.1% sensitivity compared to
microscopy using the same primer set with 100% specificity. In
this study, the primer set described by Poon et al. (2006) has
failed to detect five real-time PCR-positive samples despite the pre-
addition of HNB for easy visual detection, while four of the samples
were positive by microscopy also. Three of these four samples had
parasitemia of 16 parasites/�L.  However, one sample was found
positive only when real-time PCR crossed the detection threshold in
its last cycle. This study also confirmed that the primer set described
by Poon et al. (2006) can detect a minimum of 100 parasites/�L.
Thus, it is an inherent limitation of Poon et al.’s (2006) primer set
that it would miss those four samples. However, this set also failed
to detect one P. falciparum positive sample of 25,000 parasites/�L.
Any significant mutation in the extremes of the primer-binding site
as discussed earlier might contribute to this phenomenon. On the
other hand, the fact that one negative sample was  a false-positive
for P. falciparum using this primer set may be due to rare cross-
reactivity of the primers. Both of these discordant events were not
confirmed by sequence analysis in this study. The factors discussed
here might also contribute to such variations in outcome of the
same primer set in the different studies mentioned above.

The newly designed primer set has overlapping regions with the
primer set described by Poon et al. (2006) in the F3 region, shown
in gray in Fig. 1. This primer set can efficiently bind with three
copies of 18S rRNA genes residual of at least three different chromo-
somes of the same parasite (NCBI BLAST request ID: DD77A3ZC0R,
DD7KBG8J016, DD80J0X6013). Since this primer set can detect
5 parasites/�L, it requires approximately 15 copies of template
to obtain significant visible amplification. However, Notomi et al.
(2000), in their initial design, mentioned that the LAMP method can
conduct visible amplification from six copies of template within

45 min  when primer designing and reaction conditions are per-
fectly optimized. This primer set have failed to detect two of the
real-time PCR-positive samples when one of them was micro-
scopically positive with a low parasitemia (16 parasites/�L). These

) of LAMP methods in comparison with microscopy and real-time PCR.

I) PPV (95% CI) NPV (95% CI) Kappa (�)

) 98.1% (93.2–99.8) 96.3% (90.7–99.0) 0.94
.0) 99.1% (94.9–100.0) 99.0% (94.8–100.0) 0.98

.0) 99.0% (94.8–100.0) 95.3% (89.4–98.5) 0.94

.0) 100.0% (96.6–100.0) 98.1% (93.3–99.8) 0.98
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eal-time PCR-positive samples had high threshold values and low
elative fluorescence unit (RFU). Both the samples also tested neg-
tive by the LAMP method of Poon et al. (2006). Despite this minor
ncongruity in sensitivity, the new primer set was 100% successful
n avoiding false-positive diagnosis due to cross-reactivity.

Yamamura et al. (2009) designed another 18S rRNA–based
rimer set for P. falciparum detection, which can detect 10 copies
f plasmid DNA after 80 min  of amplification. This method was
etermined to be 97.8% sensitive and 85.7% specific. However,
ross-reactions of the primers with P. vivax and other unde-
ned targets were ignored by melt curve analysis. This method
lso required sophisticated instruments like Genopattern Analyzer
P1000, which limits its wide application (Yamamura et al., 2009).

Mitochondrial DNA has 20–150 copies in the same parasite.
olley et al. (2010) described another primer set targeting mito-
hondrial DNA for the detection of P. falciparum malaria. Thus, this
et also can detect 5 parasites/�L. This primer set is 93.3% sensi-
ive and 100% specific in identifying P. falciparum cases. Recently,

 commercial Pan/Pf LAMP assay was developed and evaluated in
wo different settings (Hopkins et al., 2013; Polley et al., 2013).
oth of these studies reported highly sensitive detection of malaria
ases but one study (Hopkins et al., 2013) reported compromised
pecificity and NPV when implemented in field, which is due to the
etection of a high number of false-positive samples. The kit used
xpensive Calcein or turbidity meter. Calcein fluorescence has some
rawbacks also, such as lower detection sensitivity and brightness
f the fluorescence (Goto et al., 2009).

Bst DNA polymerase can endure several inhibitors, while PCR is
nhibited by minimal concentration of hemoglobin, IgM, and IgG
Abdul-Ghani et al., 2012).

Introducing easier sample preparation rather than Qiagen
xtraction with this sensitive and specific primer set, and simple
nd cheap endpoint visual detection, might provide a practical way
o develop a LAMP assay for P. falciparum for routine diagnostic pur-
oses. Future studies will validate this method with heat-treated
amples or the simple boil and spin extraction for practical use in
ndemic countries.

In conclusion, the new LAMP method is highly sensitive and
pecific for the diagnosis of symptomatic falciparum malaria. This
ethod can be an alternative molecular diagnostic tool to PCR

nd might become a standard method for wide use. Furthermore,
his method has immense potential to become a tangible tool for
oint-of-care diagnosis of malaria and treatment monitoring in
ealthcare and epidemiological studies.
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